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Сажетак: Циљ овога рада био је да се испита нутритивни профил мале јестиве гљиве 
Coprinellus disseminatus пореклом из Србије са акцентом на протеине, аминокиселине, масне 
киселине и минерални састав, као и да се одреди њен фенолни профил. Садржај укупних 
протеина анализиране гљиве износио је 9.72%. Електрофорезом је идентификовано петнаест 
протеинских фракција молекулских маса у распону од 1.6 до 63.6 kDa, при чему присуство 
протеинске фракције молекулске масе 27.5 kDa указује на могућу антифунгалну активност. 
Садржај укупних есенцијалних и неесенцијалних аминокиселина износио је 29.57 и 96.69 mg/g 
СМ, респективно. Најзаступљенија есенцијална аминокиселина је леуцин. Маснокиселинкси 
састав C. disseminatus одликују полинезасићене масне киселине (PUFA, 59.1% од укупних 
масних киселина) које доминирају над засићеним (SFA, 23.1% од укупних масних киселина) и 
мононезасићеним масним киселинама (MUFA, 17.9% од укупних масних киселина). Доминантне 
масне киселине су линолна (56.6%), палмитинска (13.9%) и олеинска киселина (12.0%). C. Dis-
seminatus је најбогатија калијумом, калцијумом и магнезијумом од макроелемената, док од 
микроелемента доминира гвожђе. У метанолном екстракту C. disseminatus квантификовано је 
осам фенолих једињења применом LC-MS/MS, при чему су највиши садржаји забележени за p-
хидроксибензоеву киселину (9.46 ± 0.2 µg/g СМ) и p-кумаринску киселину (7.8 ± 0.1 СМ).  

Кључне речи: гљива, протеини, аминокиселине, профил масних киселина, фенолни 
профил, минерални састав   
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ABSTRACT: The paper analyses the effect of cooling/heating rate of chicken meat (Pectoralis major) 
on the crystallization temperature (Tcon, Tc, Tcend), melting temperature (Tmon, Tm, Tmend), 
crystallization enthalpy (ΔHc) and melting enthalpy (ΔHm). Chicken meat samples were scanned by 
differential scanning calorimetry (DSC) at five rates (2, 5, 10, 15, 20 °C/min), from 20 °C to -40 °C, and 
then from -40 °C to 20 °C.The results of the statistical analysis show that the fastest cooling rate (20 
°C/min) significantly (p<0.05) affects the mean enthalpy value (-202.87 J/g) compared to other 
analysed rates. The cooling/heating rate affects the crystallization temperature (Tcon, Tc, Tcend) and 
melting temperature (Tmon, Tm, Tmend) (p<0.05). The heating rate of chicken meat highly correlates 
with Tm, Tmend and ΔTm (the correlation coefficients were 0.993, 0.998 and 0.998, respectively). 

Key words: DSC, chicken meat, crystallization, melting, freezable water, unfreezable water 

 

 

INTRODUCTION 

Differential scanning calorimetry (DSC) is 
a technique commonly used for the ana-
lysis of phase transition and thermo-phy-
sical properties of food (Zaidul et al., 2008; 
Dahimi et al., 2014; Tolstorebrov et al., 
2014; Karthikeyan et al., 2015). The me-
thod involves scanning the analyzed sam-
ple and the reference sample at a preset 
cooling/heating rate. On the curve ob-
tained during the DSC analysis, each dif-
ference in heat energy is recorded as a 
certain peak (Schubring, 1999; Zielbauer 
et al., 2016). The DSC generated thermo-
gram indicates the change of the thermal 

flow depending on the temperature. In this 
way, it is possible to obtain data on the 
amount of energy which is released or 
received during phase transition (Toma-
szewska-Gras, 2013; Tolstorebrov et al., 
2014). 
DSC can be used for the determination of 
the thermo-physical properties and their 
changes depending on temperature and 
food structure. Previous researches have 
been devoted to the determination of pro-
perties of fishery products (Schubring, 
1999), fresh meat (Voutila et al., 2009; 
Castro-Giráldez et al., 2014; Savanović et 
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al., 2016; Savanović et al., 2017), bread 
(Ribotta and Le Bail, 2007a), bread dough 
(Matuda et al., 2011), partially baked 
bread (Ribotta and Le Bail, 2007b) and 
fruit (Falcao-Rodrigues et al., 2007; Sya-
maladevi et al., 2010). DSC is commonly 
used to determine the phase transitions 
such as crystallization and melting in food 
(Hamdami et al., 2004; Yilmaz and Kara-
kaya, 2009; Matuda et al., 2011; Tolsto-
rebrov et al., 2014). 
Crystallization of water during freezing, as 
well as melting of ice which occurs in the 
process of thawing, are the most frequent 
phase transitions in food (Grujić et al., 
1993; Kiani and Sun, 2011; Tolstorebrov et 
al., 2014). Freezing is one of the oldest 
and most commonly used food preser-
vation methods. Compared to other pre-
servation methods, in frozen foods, the 
main ingredients and labile food com-
ponents are best preserved. Changes of 
the proteins of meat and fish during fre-
ezing do not cause great quality losses 
during long-term storage of these frozen 
products (Soyer et al., 2010). Freezing 
and frozen storage are widely performed 
methods in meat industry in order to 
preserve nutritional and sensory properties 
of meat products (Soyer et al., 2010; 
Bueno et al., 2013; Xanthakis et al., 2013). 
Physico-chemical and sensory characte-
ristics of meat may be altered after fre-
ezing and thawing, and, due to this, these 
processes have a large effect on the qua-
lity of meat (Petrović  et al., 1993; Grujić et 
al., 2003; Bueno et al., 2013).  
Therefore, studying the effects of freezing 
and frozen storage on physical and che-
mical changes in meat is very important 
for meat processing (Bertram et al., 2007). 
DSC is a method suitable for measuring 
the freezing and melting properties of 
food, for example the freezing, melting, 
and the glass transition temperatures. 
DSC analysis can be performed with dif-
ferent scanning rates. However, there are 
only few studies in the literature which 
compare DSC thermograms with respect 
to different cooling and heating rate of 
food. The aim of this paper was to define 
the temperatures of crystallization, melting 
and glass transition of chicken meat 
(Pectoralis major), using differential scan-

ning calorimetry (DSC), at different co-
oling/heating rates. 

MATERIALS AND METHODS 
Standard procedure 
The study investigated fresh post-rigor chi-
cken meat (Pectoralis major), purchased 
at a slaughter house. 
Differential scanning calorimetry thermo-
grams were obtained using a differential 
scanning calorimeter DSC (204 F1 
Phoenix, Netszch). The samples (14±2 
mg) were weighed into 25 µl capacity 
aluminum pans. After that, the pans were 
hermetically sealed. An equal empty pan 
was used as a reference sample during 
the experiments. Cell calibration was 
carried out according to the DSC recom-
mendations provided by the manufacturer. 
The flow rate of purge nitrogen gas was 20 
ml min-1.  
The temperatures of onset crystallization 
(Tcon), peak crystallization (Tc), end crys-
tallization (Tcend) and enthalpy of crys-
tallization (ΔHc) were measured from the 
cooling curves and analyzed for the 
crystallization process. The following tem-
peratures were analyzed for the melting 
process: the temperatures of onset melting 
(Tmon), peak melting (Tm) and end melting 
(Tmend). The melting temperature interval 
was computed as the width of the melting 
peak (ΔTm=Tmend-Tmon) and the crystal-
lization temperature interval was calcu-
lated as the width of the crystallization 
peak (ΔTc=Tcon-Tcend). The enthalpy of 
melting ΔHm (J/g) was calculated as the 
area between the melting curve and the 
baseline. The DSC thermogram analysis 
and the determination of thermo-physical 
properties of chicken meat were con-
ducted using the Proteus software, version 
6.1.0 (NETZSCH–Gerätebau GmbH, Ger-
many). The glass transition temperature 
(Tg) was calculated from the DSC melting 
curves, using Proteus software. 

The influence of the scanning rate on 
thermo-physical properties of chicken 
meat 
The samples of chicken meat were cooled 
and heated at five rates (2, 5, 10, 15, 20 
°C/min). First of all, the samples were 
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equilibrated (20 °C for 5 min) and cooled 
to -40 °C at a selected rate. After an iso-
thermal phase (-40 °C for 5 min), the 
samples were heated at the identical rate 
to 20 °C. The analysis of all the samples 
was repeated three times. 
Determination of freezable water 
The percentage of freezable water (FW) in 
chicken meat was determined according to 
Eq.1 (Xanthakis et al., 2013): 

𝐹𝐹𝐹𝐹 (%) =  ∆𝐻𝐻𝑚𝑚 ∙100
𝐻𝐻𝑓𝑓∙𝑚𝑚𝑠𝑠

       (1) 

                     
Where FW is the percentage of freezable 
water, ΔHm is the enthalpy of melting (J/g), 
Hf represents theoretical enthalpy of 
melting ice at 0 °C (333.50 J/g) and ms is 
the mass of the sample. The percentage 
of unfreezable water (UFW) was deter-
mined as the difference between the total 
water percentage and percentage of fre-
ezable water (Simmons et al., 2012). The 
total water content of chicken meat was 
determined by drying at 105±2 °C to con-
stant mass (AOAC, 2006). 
Statistical analysis 
The obtained results are expressed as the 
mean values and standard deviations of 
three measurements. One factor analysis 
of variance (ANOVA) was done by ap-
plying the IBM SPSS Statistics for Win-
dows, version 22.0 (Armonk, NY, United 
States). The Duncan's Post-hoc test, at a 
significance level of 0.05, was used for the 
comparison of treatment means and crea-
ting statistically homogeneous groups. 

RESULTS AND DISCUSSION 
The influence of the scanning rate on 
the crystallization processes in chicken 
meat  
Meat is a complex system including va-
rious compositions and structures. There-
fore, the characterization of meat can be 
challenging. Many analytical methods 
have been used to study food, including 
DSC. This technique can be used to 
investigate thermal transition of various 
food products (Schubring, 1999; Toma-
szewska-Gras, 2013; Dahimi et al., 2014). 
Figure 1 presents crystallization curves of 

chicken meat obtained using different 
cooling rates (2, 5, 10, 15 and 20 °C/min). 
For the tested chicken meat samples, 
various cooling rates caused diverse peak 
shapes, different sizes and different tem-
peratures. As seen in Figure 1, the width 
of crystallization peaks decreased with the 
decrease in cooling rate, which led to a 
significant (p<0.05) change of the crystal-
lization enthalpy (ΔHc) of chicken meat. 
The mean values of the crystallization 
enthalpy (ΔHc) for the rate 20 °C/min (-
202.87 J/g) was markedly (p<0.05) 
different from the values of crystallization 
enthalpy for other rates (Table 1). Si-
milarly, Tomaszewska-Gras (2013) ob-
served a decrease in the width of crys-
tallization peaks of milk fat with a decrease 
in cooling rate.  

Different transition temperatures of crys-
tallization for chicken meat were recorded 
for various cooling rates (2, 5, 10, 15 and 
20 °C/min). The study did not find any 
significant (p>0.05) differences between 
the values of the onset crystallization 
temperature (Tcon), as well as the tempe-
rature of peak crystallization (Tc) for the 
cooling rates 2, 5 and 20 °C/min (Table 1). 
The temperature at which the process of 
crystallization (Tcon) in chicken meat 
begins, for the rates 10 and 15 °C/min 
were -18.90 °C and -17.77 °C, respecti-
vely, which is significantly different 
(p<0.05) from the other rates. Similarly, 
the mean values of peak temperatures (Tc) 
for chicken meat, for the rate 10 and 15 
°C/min, were -19.27 °C and -18.30 °C, 
respectively, being significantly different 
(p<0.05) from the peak temperatures 
detected in DSC curves at 2, 5 and 20 
°C/min cooling rates. The mean values of 
end crystallization temperature (Tcend) for 
chicken meat significantly (p<0.05) 
changed with the increase in the cooling 
rate (Table 1). The mean value of Tcend of 
chicken meat was -14.97 °C (rate 2 
°C/min), -22.20 °C (rate 15 °C/min) and -
18.73 °C (rate 20 °C/min). It was observed 
that the cooling rate had a significant 
(p<0.05) effect on the crystallization 
temperature interval (ΔTc), which in-
creased with the increase in the cooling 
rate from 1.37 °C (rate 2 °C/min) to 5.97 
°C (rate 20 °C/min) (Table 1). 
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(Matuda et al., 2011), partially baked 
bread (Ribotta and Le Bail, 2007b) and 
fruit (Falcao-Rodrigues et al., 2007; Sya-
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such as crystallization and melting in food 
(Hamdami et al., 2004; Yilmaz and Kara-
kaya, 2009; Matuda et al., 2011; Tolsto-
rebrov et al., 2014). 
Crystallization of water during freezing, as 
well as melting of ice which occurs in the 
process of thawing, are the most frequent 
phase transitions in food (Grujić et al., 
1993; Kiani and Sun, 2011; Tolstorebrov et 
al., 2014). Freezing is one of the oldest 
and most commonly used food preser-
vation methods. Compared to other pre-
servation methods, in frozen foods, the 
main ingredients and labile food com-
ponents are best preserved. Changes of 
the proteins of meat and fish during fre-
ezing do not cause great quality losses 
during long-term storage of these frozen 
products (Soyer et al., 2010). Freezing 
and frozen storage are widely performed 
methods in meat industry in order to 
preserve nutritional and sensory properties 
of meat products (Soyer et al., 2010; 
Bueno et al., 2013; Xanthakis et al., 2013). 
Physico-chemical and sensory characte-
ristics of meat may be altered after fre-
ezing and thawing, and, due to this, these 
processes have a large effect on the qua-
lity of meat (Petrović  et al., 1993; Grujić et 
al., 2003; Bueno et al., 2013).  
Therefore, studying the effects of freezing 
and frozen storage on physical and che-
mical changes in meat is very important 
for meat processing (Bertram et al., 2007). 
DSC is a method suitable for measuring 
the freezing and melting properties of 
food, for example the freezing, melting, 
and the glass transition temperatures. 
DSC analysis can be performed with dif-
ferent scanning rates. However, there are 
only few studies in the literature which 
compare DSC thermograms with respect 
to different cooling and heating rate of 
food. The aim of this paper was to define 
the temperatures of crystallization, melting 
and glass transition of chicken meat 
(Pectoralis major), using differential scan-

ning calorimetry (DSC), at different co-
oling/heating rates. 

MATERIALS AND METHODS 
Standard procedure 
The study investigated fresh post-rigor chi-
cken meat (Pectoralis major), purchased 
at a slaughter house. 
Differential scanning calorimetry thermo-
grams were obtained using a differential 
scanning calorimeter DSC (204 F1 
Phoenix, Netszch). The samples (14±2 
mg) were weighed into 25 µl capacity 
aluminum pans. After that, the pans were 
hermetically sealed. An equal empty pan 
was used as a reference sample during 
the experiments. Cell calibration was 
carried out according to the DSC recom-
mendations provided by the manufacturer. 
The flow rate of purge nitrogen gas was 20 
ml min-1.  
The temperatures of onset crystallization 
(Tcon), peak crystallization (Tc), end crys-
tallization (Tcend) and enthalpy of crys-
tallization (ΔHc) were measured from the 
cooling curves and analyzed for the 
crystallization process. The following tem-
peratures were analyzed for the melting 
process: the temperatures of onset melting 
(Tmon), peak melting (Tm) and end melting 
(Tmend). The melting temperature interval 
was computed as the width of the melting 
peak (ΔTm=Tmend-Tmon) and the crystal-
lization temperature interval was calcu-
lated as the width of the crystallization 
peak (ΔTc=Tcon-Tcend). The enthalpy of 
melting ΔHm (J/g) was calculated as the 
area between the melting curve and the 
baseline. The DSC thermogram analysis 
and the determination of thermo-physical 
properties of chicken meat were con-
ducted using the Proteus software, version 
6.1.0 (NETZSCH–Gerätebau GmbH, Ger-
many). The glass transition temperature 
(Tg) was calculated from the DSC melting 
curves, using Proteus software. 

The influence of the scanning rate on 
thermo-physical properties of chicken 
meat 
The samples of chicken meat were cooled 
and heated at five rates (2, 5, 10, 15, 20 
°C/min). First of all, the samples were 
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equilibrated (20 °C for 5 min) and cooled 
to -40 °C at a selected rate. After an iso-
thermal phase (-40 °C for 5 min), the 
samples were heated at the identical rate 
to 20 °C. The analysis of all the samples 
was repeated three times. 
Determination of freezable water 
The percentage of freezable water (FW) in 
chicken meat was determined according to 
Eq.1 (Xanthakis et al., 2013): 

𝐹𝐹𝐹𝐹 (%) =  ∆𝐻𝐻𝑚𝑚 ∙100
𝐻𝐻𝑓𝑓∙𝑚𝑚𝑠𝑠

       (1) 

                     
Where FW is the percentage of freezable 
water, ΔHm is the enthalpy of melting (J/g), 
Hf represents theoretical enthalpy of 
melting ice at 0 °C (333.50 J/g) and ms is 
the mass of the sample. The percentage 
of unfreezable water (UFW) was deter-
mined as the difference between the total 
water percentage and percentage of fre-
ezable water (Simmons et al., 2012). The 
total water content of chicken meat was 
determined by drying at 105±2 °C to con-
stant mass (AOAC, 2006). 
Statistical analysis 
The obtained results are expressed as the 
mean values and standard deviations of 
three measurements. One factor analysis 
of variance (ANOVA) was done by ap-
plying the IBM SPSS Statistics for Win-
dows, version 22.0 (Armonk, NY, United 
States). The Duncan's Post-hoc test, at a 
significance level of 0.05, was used for the 
comparison of treatment means and crea-
ting statistically homogeneous groups. 

RESULTS AND DISCUSSION 
The influence of the scanning rate on 
the crystallization processes in chicken 
meat  
Meat is a complex system including va-
rious compositions and structures. There-
fore, the characterization of meat can be 
challenging. Many analytical methods 
have been used to study food, including 
DSC. This technique can be used to 
investigate thermal transition of various 
food products (Schubring, 1999; Toma-
szewska-Gras, 2013; Dahimi et al., 2014). 
Figure 1 presents crystallization curves of 

chicken meat obtained using different 
cooling rates (2, 5, 10, 15 and 20 °C/min). 
For the tested chicken meat samples, 
various cooling rates caused diverse peak 
shapes, different sizes and different tem-
peratures. As seen in Figure 1, the width 
of crystallization peaks decreased with the 
decrease in cooling rate, which led to a 
significant (p<0.05) change of the crystal-
lization enthalpy (ΔHc) of chicken meat. 
The mean values of the crystallization 
enthalpy (ΔHc) for the rate 20 °C/min (-
202.87 J/g) was markedly (p<0.05) 
different from the values of crystallization 
enthalpy for other rates (Table 1). Si-
milarly, Tomaszewska-Gras (2013) ob-
served a decrease in the width of crys-
tallization peaks of milk fat with a decrease 
in cooling rate.  

Different transition temperatures of crys-
tallization for chicken meat were recorded 
for various cooling rates (2, 5, 10, 15 and 
20 °C/min). The study did not find any 
significant (p>0.05) differences between 
the values of the onset crystallization 
temperature (Tcon), as well as the tempe-
rature of peak crystallization (Tc) for the 
cooling rates 2, 5 and 20 °C/min (Table 1). 
The temperature at which the process of 
crystallization (Tcon) in chicken meat 
begins, for the rates 10 and 15 °C/min 
were -18.90 °C and -17.77 °C, respecti-
vely, which is significantly different 
(p<0.05) from the other rates. Similarly, 
the mean values of peak temperatures (Tc) 
for chicken meat, for the rate 10 and 15 
°C/min, were -19.27 °C and -18.30 °C, 
respectively, being significantly different 
(p<0.05) from the peak temperatures 
detected in DSC curves at 2, 5 and 20 
°C/min cooling rates. The mean values of 
end crystallization temperature (Tcend) for 
chicken meat significantly (p<0.05) 
changed with the increase in the cooling 
rate (Table 1). The mean value of Tcend of 
chicken meat was -14.97 °C (rate 2 
°C/min), -22.20 °C (rate 15 °C/min) and -
18.73 °C (rate 20 °C/min). It was observed 
that the cooling rate had a significant 
(p<0.05) effect on the crystallization 
temperature interval (ΔTc), which in-
creased with the increase in the cooling 
rate from 1.37 °C (rate 2 °C/min) to 5.97 
°C (rate 20 °C/min) (Table 1). 
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Figure 1. DSC crystallization curves of chicken meat at different cooling rates  

(2, 5, 10, 15 and 20 °C/min) 

 
Figure 2. DSC melting curves of chicken meat at different heating rates (2, 5, 10, 15 and 20 °C/min) 

 
Figure 3. Relationship between heating rate (2, 5, 10, 15 and 20 °C/min) and Tm; Tmend; ΔTm 
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Figure 4.The content of freezable (FW) and unfreezable water (UFW) in chicken meat 
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Table 1.  
Crystallization temperatures and enthalpy for chicken meat in relation to cooling rate 

Rate 
(°C/min) 

Crystallization (from +20 °C to -40 °C) 

ΔHc (J/g) Tcon (°C) Tc (°C) Tcend (°C) ΔTc (°C) 

2 -178.13b 

±6.95 
-13.60b 

±1.70 
-13.70b 
±1.60 

-14.97c 
±1.25 

1.37a 
±0.45 

5 -185.67b 

±2.90 
-15.10b 

±0.40 
-15.40b 
±0.50 

-17.80b 
±1.10 

2.70b 
±0.70 

10 -183.33b 

±6.53 
-18.90a 

±1.21 
-19.27a 
±1.15 

-22.00a 
±1.30 

3.10b 
±0.10 

15 -187.67b 

±6.08 
-17.77a 
±1.27 

-18.30a 
±1.21 

-22.20a 
±1.01 

4.43c 
±0.25 

20 -202.87a 

±0.61 
-12.77b 
±1.24 

-14.23b 
±0.87 

-18.73b 
±0.85 

5.97d 
±0.42 

Data are expressed as mean ± standard deviation.  
a,bMean values in the same colon followed by different online letters indicate significant difference (p<0.05); 
ΔHc - enthalpy of crystallization; Tcon - temperature of onset crystallization; Tc - temperature of peak 
crystallization; Tcend - temperature of end crystallization; ΔTc - width of crystallization peak 

Table 2.  
Melting temperature and enthalpy for chicken meat, in relation to heating rate 

Rate  
(°C/min) 

Melting (from -40 °C to +20 °C) 

ΔHm (J/g) Tg (°C) Tmon (°C) Tm (°C) Tmend (°C) ΔTm (°C) 

2 173.67a 
±10.03 

-6.90a 
± 0.26 

-3.03a 
±0.15 

1.30a 
±0.10 

1.87a 
±0.06 

4.90a 
±0.10 

5 186.17ab 
±4.16 

-6.44ab 
± 0.62 

-3.03a 
±0.15 

1.93b 
±0.06 

3.17b 
±0.06 

6.20b 
±0.17 

10 188.53b 
±7.96 

-6.03bc 
± 0.15 

-2.80ab 
±0.00 

4.40c 
±0.44 

6.20c 
±0.36 

9.00c 
±0.36 

15 191.83bc 
±4.27 

-5.93bc 
± 0.23 

-2.23c 
±0.21 

6.37d 
±0.15 

8.90d 
±0.20 

11.13d 
±0.25 

20 205.20c 
±10.12 

-5.40c 
± 0.18 

-2.50bc 
±0.44 

8.07e 
±0.25 

11.27e 
±0.35 

13.77e 
±0.15 

Data are expressed as mean ± standard deviation.  
a,bMean values in the same colon followed by different online letters indicate significant difference (p<0.05); 
ΔHm - enthalpy of melting;Tmon - temperature of onset melting; Tm - temperature of peak melting; Tmend - 
temperature of end melting; ΔTm- width of melting peak;Tg -glass transition temperature  

The first ice crystals start to form at a tem-
perature which is defined as the initial 
freezing point. Marini et al. (2014) ob-
served considerably different initial fre-
ezing temperatures and the end points of 
freezing for mechanically deboned chicken 
meat, chicken sausages (frankfurter type) 
and mortadella sausage (bologna type). In 
their study, the following values of the 
initial freezing temperature and the end 
freezing temperature were measured: -
0.43 ºC and -4.46 ºC (mechanically de-
boned chicken meat), -2.49 ºC and -9.71 
ºC (frankfurter sausages), -4.46 ºC and -
10.14 ºC (bologna type sausage). Meat is 
a complex mixture and many different rea- 

ctions occur in it during processing and 
storage (Zhu et al., 2006), which is not the 
case with clear substances. The initial 
values for a clear substance should al-
ways be the same, despite various scan-
ning rates. For the analyzed food samples, 
different cooling rates caused disparate 
flows of crystallization, and the obtained 
peaks have unequal sizes and shapes, as 
well as different temperatures (Toma-
szewska-Gras, 2013). The factors which 
affect the freezing process in food are the 
following: the content of water, properties 
and contents of other food ingredients, 
soluble and insoluble solid substances, 
specific heat, enthalpy and the transfer of 
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Figure 1. DSC crystallization curves of chicken meat at different cooling rates  

(2, 5, 10, 15 and 20 °C/min) 

 
Figure 2. DSC melting curves of chicken meat at different heating rates (2, 5, 10, 15 and 20 °C/min) 

 
Figure 3. Relationship between heating rate (2, 5, 10, 15 and 20 °C/min) and Tm; Tmend; ΔTm 
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Figure 4.The content of freezable (FW) and unfreezable water (UFW) in chicken meat 
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Table 1.  
Crystallization temperatures and enthalpy for chicken meat in relation to cooling rate 

Rate 
(°C/min) 

Crystallization (from +20 °C to -40 °C) 

ΔHc (J/g) Tcon (°C) Tc (°C) Tcend (°C) ΔTc (°C) 

2 -178.13b 

±6.95 
-13.60b 

±1.70 
-13.70b 
±1.60 

-14.97c 
±1.25 

1.37a 
±0.45 

5 -185.67b 

±2.90 
-15.10b 

±0.40 
-15.40b 
±0.50 

-17.80b 
±1.10 

2.70b 
±0.70 

10 -183.33b 

±6.53 
-18.90a 

±1.21 
-19.27a 
±1.15 

-22.00a 
±1.30 

3.10b 
±0.10 

15 -187.67b 

±6.08 
-17.77a 
±1.27 

-18.30a 
±1.21 

-22.20a 
±1.01 

4.43c 
±0.25 

20 -202.87a 

±0.61 
-12.77b 
±1.24 

-14.23b 
±0.87 

-18.73b 
±0.85 

5.97d 
±0.42 

Data are expressed as mean ± standard deviation.  
a,bMean values in the same colon followed by different online letters indicate significant difference (p<0.05); 
ΔHc - enthalpy of crystallization; Tcon - temperature of onset crystallization; Tc - temperature of peak 
crystallization; Tcend - temperature of end crystallization; ΔTc - width of crystallization peak 

Table 2.  
Melting temperature and enthalpy for chicken meat, in relation to heating rate 

Rate  
(°C/min) 

Melting (from -40 °C to +20 °C) 

ΔHm (J/g) Tg (°C) Tmon (°C) Tm (°C) Tmend (°C) ΔTm (°C) 

2 173.67a 
±10.03 

-6.90a 
± 0.26 

-3.03a 
±0.15 

1.30a 
±0.10 

1.87a 
±0.06 

4.90a 
±0.10 

5 186.17ab 
±4.16 

-6.44ab 
± 0.62 

-3.03a 
±0.15 

1.93b 
±0.06 

3.17b 
±0.06 

6.20b 
±0.17 

10 188.53b 
±7.96 

-6.03bc 
± 0.15 

-2.80ab 
±0.00 

4.40c 
±0.44 

6.20c 
±0.36 

9.00c 
±0.36 

15 191.83bc 
±4.27 

-5.93bc 
± 0.23 

-2.23c 
±0.21 

6.37d 
±0.15 

8.90d 
±0.20 

11.13d 
±0.25 

20 205.20c 
±10.12 

-5.40c 
± 0.18 

-2.50bc 
±0.44 

8.07e 
±0.25 

11.27e 
±0.35 

13.77e 
±0.15 

Data are expressed as mean ± standard deviation.  
a,bMean values in the same colon followed by different online letters indicate significant difference (p<0.05); 
ΔHm - enthalpy of melting;Tmon - temperature of onset melting; Tm - temperature of peak melting; Tmend - 
temperature of end melting; ΔTm- width of melting peak;Tg -glass transition temperature  

The first ice crystals start to form at a tem-
perature which is defined as the initial 
freezing point. Marini et al. (2014) ob-
served considerably different initial fre-
ezing temperatures and the end points of 
freezing for mechanically deboned chicken 
meat, chicken sausages (frankfurter type) 
and mortadella sausage (bologna type). In 
their study, the following values of the 
initial freezing temperature and the end 
freezing temperature were measured: -
0.43 ºC and -4.46 ºC (mechanically de-
boned chicken meat), -2.49 ºC and -9.71 
ºC (frankfurter sausages), -4.46 ºC and -
10.14 ºC (bologna type sausage). Meat is 
a complex mixture and many different rea- 

ctions occur in it during processing and 
storage (Zhu et al., 2006), which is not the 
case with clear substances. The initial 
values for a clear substance should al-
ways be the same, despite various scan-
ning rates. For the analyzed food samples, 
different cooling rates caused disparate 
flows of crystallization, and the obtained 
peaks have unequal sizes and shapes, as 
well as different temperatures (Toma-
szewska-Gras, 2013). The factors which 
affect the freezing process in food are the 
following: the content of water, properties 
and contents of other food ingredients, 
soluble and insoluble solid substances, 
specific heat, enthalpy and the transfer of 
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mass and energy (Jie et al., 2003). The 
insoluble components such as fat and 
insoluble proteins will not affect the 
change of freezing point, but the soluble 
components, such as heterogeneous su-
gars, ions and acids and soluble proteins, 
can cause the depression of freezing 
point. Components that have high mole-
cular masses, such as protein and starch, 
contribute insensibly to the mole fraction of 
solutes while the molecules with small mo-
lecular masses such as sugars, ions and 
acids, contribute noticeably (Miles et al., 
1997). 
The influence of scanning rate on the 
melting processes in chicken meat  
Figure 2 presents the melting curves of 
chicken meat obtained at different heating 
rates (2, 5, 10, 15 and 20 °C/min), 
following the cooling of samples with the 
same rates to the final temperature of -40 
°C. As shown in Figure 2, heating of 
chicken meat at different rates (from 2 to 
20 °C/min) caused various changes in the 
process of ice melting. The shape of the 
curves, as well as the width of melting 
peaks changed depending on the heating 
rate. The crystallization curves have nar-
rower peaks than the curves of melting, as 
it can be seen in Figure 1 and 2. This 
indicates that the process of thawing in 
meat occurs more slowly than freezing. 
The temperature interval of thawing is 
wider than that of freezing and the 
changes that take place during thawing 
are more gradual in comparison to fre-
ezing, as has already been observed 
(Karthikeyan et al., 2015). Similarly to the 
crystallization process, the size and the 
position of peaks and the shape of the 
melting curves changed with various hea-
ting rates. 

The values of the enthalpy of melting 
(ΔHm) significantly (p<0.05) increased with 
the increase in the heating rates from 2 
°C/min to 20 °C/min. For the heating rate 2 
°C/min, the value of the enthalpy of mel-
ting was 173.67 J/g, and 205.20 J/g for the 
heating rate 20 °C/min (Table 2).  

An important feature in the study of food 
processing and different aspects of food 
stability is glass transition. The glass tran-
sition approach can be used as a para-

meter for the estimation of water mobility 
and food stability. Below the glass tran-
sition temperature (Tg) food is quite stable 
(Ostojić et al., 2014). Glass transition is a 
second-order phase transition, a property 
of food that occurs in a distinctive glass 
transition temperature interval (Figure 2). 
The mean values of glass transition 
temperature (Tg) for chicken meat signi-
ficantly (p<0.05) changed with the in-
crease in the heating rate (Table 2), 
ranging from -6.90 °C for the rate 2 °C/min 
to  -5.40 °C for the rate 20 °C/min. Akkose 
and Aktas (2009) found that the Tg value 
for rainbow trout was -13 °C and authors 
considered that -13 ºC could be an in-
dicator of usability instead of -18 °C. Dif-
ferent chemical reactions can cause 
deterioration of frozen food. The Tg con-
cept is a credible measure for evaluation 
food stability at sub-freezing temperatures 
(Akkose and Aktas, 2008). 

Different transition temperatures of melting 
for chicken meat were recorded with va-
rious heating rates (2, 5, 10, 15 and 20 
°C/min). In this research, the values of the 
onset melting temperature (Tmon) gra-
dually increased from -3.03 °C to -2.50 °C 
with increase in heating rate from 2 to 20 
°C/min. Further, significant (p<0.05) differ-
rences between mean values of peak 
melting (Tm) and end melting temperature 
(Tmend) of chicken meat were observed 
for all the heating rates. For the rate 2 
°C/min, the peak melting (Tm) temperature 
was 1.30 °C, and for the rate 20 °C/min 
8.07 °C. Moreover, the end melting tem-
perature (Tmend) significantly increased 
(p<0.05) from 1.87 °C to 11.27 °C, with in-
crease in heating rate from 2 to 20 °C/min. 
Analogously to the process of crystal-
lization, reduction of the heating rate 
caused a significant (p<0.05) decrease in 
the width of the melting peak (ΔTm) for 
chicken meat, and the width of the melting 
peak (ΔTm), in which the melting process 
of water takes place, increased with the 
increase of the heating rate  (Table 2).  
As it can be seen in Figure 3, there are 
linear relationships between the heating 
rate and the temperature of peak melting 
(Tm), the temperature of end melting 
(Tmend) and the melting temperature 
interval (ΔTm) for chicken meat. The re-
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sults of the statistical analysis show a high 
correlation between the heating rate and 
Tm (R2=0.993), Tmend (R2=0.998) and ΔTm 
(R2=0.998) for chicken meat. 
Understanding of thermo-dynamic proper-
ties (e.g. initial freezing temperature, fro-
zen water content, specific heat and 
enthalpy) at low temperatures is very im-
portant from the aspect of process design, 
the choice of appropriate equipment, the 
assessment of freezing and thawing time, 
and operating expenses. The most impor-
tant factors affecting the thermal and phy-
sical characteristics of food products are 
their composition and temperature (Ma-
tuda et al., 2011). 

The influence of the scanning rate on 
the content of freezable and unfree-
ezable water in chicken meat  

Different types of meat have different con-
tents of water that can undergo the phase 
transition. In regard to its behavior during 
freezing, the water present in meat can be 
divided into two types: freezable and 
unfreezable water. Only the first type of 
water crystallizes into ice (Ding et al., 
2015). It is arbitrarily chosen that 100% of 
the freezable water will freeze at a tem-
perature of -40 °C. Accordingly, the quan-
tity of unfrozen water at the same tempe-
rature (-40 ºC) is known as “unfreezable 
water’’ (Hamdami, 2004; Fasina, 2012; 
Tolstorebrov, 2014). The unfreezable wa-
ter is bound water, while the freezable wa-
ter represents the free water fraction of the 
total water content in a product. 

Analogously to the enthalpy of melting, the 
mean values of freezable water content 
and unfreezable water content significantly 
differ (p<0.05) for the heating rates from 2 
to 20 °C/min. A significant (p<0.05) in-
crease in the freezable water content was 
recorded in chicken meat, from 52.07% for 
the rate 2 °C/min to 61.53% for the rate 20 
°C/min, and a significant (p<0.05) de-
crease in the unfreezable water content 
from 22.69% for the rate 2 °C/min to 
13.23% for the rate 20 °C/min (Figure 4). 
Tolstorebrov et al. (2014) reported that the 
amount of unfreezable water calculated by 
the DSC melting endotherm integration for 
the scanning rate of 5 °C/min for Atlantic 
Salmon, Cod, Herring, Mackerel and Rain-

bow Trout was in the range between 5.1% 
to 8.6%. 
Thermo-physical properties of meat pro-
ducts depend on their chemical compo-
sition, especially the water content. Dete-
riorative reactions in meat are the main 
cause for the decrease in quality during 
storage, and the primary reason for pro-
duct spoilage. These reactions in the meat 
tissues are normally inhibited by decre-
asing the product temperature, which re-
sults in the increase of shelf life. The 
length of a high quality shelf life (the 
general trend) increases exponentially with 
the temperature decrease from -5.0 °C to -
30.0 °C (Tolstorebrov et al., 2014). Accep-
table storage is achieved at -18.0 °C and 
below. 
The most significant change that occurs 
during freezing of food is the crystallization 
of water into ice (Xanthakis et al., 2013). 
The modeling of the freezing process 
contributes to understanding the complex 
changes that are caused by the tempe-
rature changes and modification in the 
content and attainability of water in a food 
product. In addition, it can help to identify 
stability of food during preservation, as 
well as in selection of an appropriate pro-
cessing condition (Rahman, 2006).  

CONCLUSIONS 
Differential scanning calorimetry (DSC) 
can be used to measure the enthalpies 
and temperatures of phase transitions in 
chicken meat. The study showed that the 
cooling rate from 2 to 20 °C/min affected 
the enthalpy (ΔHc) and the end tempe-
ratures (Tcend) of the crystallization pro-
cess (p<0.05). The effect of the heating 
rate on the temperatures of the melting 
process (Tmon, Tm, Tmend) for chicken 
meat was significant (p<0.05). The values 
of the enthalpy of melting, as well as the 
freezable water content in chicken meat 
were significantly (p<0.05) different for the 
heating rates from 2 to 20 °C/min. The 
width of the crystallization temperature 
interval (ΔTc), in which water crystallization 
takes place, increased with the increasing 
in the cooling rate (p<0.05), from 1.37 °C 
(rate 2 °C/min) to 5.97 °C (rate 20 °C/min). 
Similarly, the width of the melting peak 
(ΔTm) increased (p<0.05) with increasing 
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mass and energy (Jie et al., 2003). The 
insoluble components such as fat and 
insoluble proteins will not affect the 
change of freezing point, but the soluble 
components, such as heterogeneous su-
gars, ions and acids and soluble proteins, 
can cause the depression of freezing 
point. Components that have high mole-
cular masses, such as protein and starch, 
contribute insensibly to the mole fraction of 
solutes while the molecules with small mo-
lecular masses such as sugars, ions and 
acids, contribute noticeably (Miles et al., 
1997). 
The influence of scanning rate on the 
melting processes in chicken meat  
Figure 2 presents the melting curves of 
chicken meat obtained at different heating 
rates (2, 5, 10, 15 and 20 °C/min), 
following the cooling of samples with the 
same rates to the final temperature of -40 
°C. As shown in Figure 2, heating of 
chicken meat at different rates (from 2 to 
20 °C/min) caused various changes in the 
process of ice melting. The shape of the 
curves, as well as the width of melting 
peaks changed depending on the heating 
rate. The crystallization curves have nar-
rower peaks than the curves of melting, as 
it can be seen in Figure 1 and 2. This 
indicates that the process of thawing in 
meat occurs more slowly than freezing. 
The temperature interval of thawing is 
wider than that of freezing and the 
changes that take place during thawing 
are more gradual in comparison to fre-
ezing, as has already been observed 
(Karthikeyan et al., 2015). Similarly to the 
crystallization process, the size and the 
position of peaks and the shape of the 
melting curves changed with various hea-
ting rates. 

The values of the enthalpy of melting 
(ΔHm) significantly (p<0.05) increased with 
the increase in the heating rates from 2 
°C/min to 20 °C/min. For the heating rate 2 
°C/min, the value of the enthalpy of mel-
ting was 173.67 J/g, and 205.20 J/g for the 
heating rate 20 °C/min (Table 2).  

An important feature in the study of food 
processing and different aspects of food 
stability is glass transition. The glass tran-
sition approach can be used as a para-

meter for the estimation of water mobility 
and food stability. Below the glass tran-
sition temperature (Tg) food is quite stable 
(Ostojić et al., 2014). Glass transition is a 
second-order phase transition, a property 
of food that occurs in a distinctive glass 
transition temperature interval (Figure 2). 
The mean values of glass transition 
temperature (Tg) for chicken meat signi-
ficantly (p<0.05) changed with the in-
crease in the heating rate (Table 2), 
ranging from -6.90 °C for the rate 2 °C/min 
to  -5.40 °C for the rate 20 °C/min. Akkose 
and Aktas (2009) found that the Tg value 
for rainbow trout was -13 °C and authors 
considered that -13 ºC could be an in-
dicator of usability instead of -18 °C. Dif-
ferent chemical reactions can cause 
deterioration of frozen food. The Tg con-
cept is a credible measure for evaluation 
food stability at sub-freezing temperatures 
(Akkose and Aktas, 2008). 

Different transition temperatures of melting 
for chicken meat were recorded with va-
rious heating rates (2, 5, 10, 15 and 20 
°C/min). In this research, the values of the 
onset melting temperature (Tmon) gra-
dually increased from -3.03 °C to -2.50 °C 
with increase in heating rate from 2 to 20 
°C/min. Further, significant (p<0.05) differ-
rences between mean values of peak 
melting (Tm) and end melting temperature 
(Tmend) of chicken meat were observed 
for all the heating rates. For the rate 2 
°C/min, the peak melting (Tm) temperature 
was 1.30 °C, and for the rate 20 °C/min 
8.07 °C. Moreover, the end melting tem-
perature (Tmend) significantly increased 
(p<0.05) from 1.87 °C to 11.27 °C, with in-
crease in heating rate from 2 to 20 °C/min. 
Analogously to the process of crystal-
lization, reduction of the heating rate 
caused a significant (p<0.05) decrease in 
the width of the melting peak (ΔTm) for 
chicken meat, and the width of the melting 
peak (ΔTm), in which the melting process 
of water takes place, increased with the 
increase of the heating rate  (Table 2).  
As it can be seen in Figure 3, there are 
linear relationships between the heating 
rate and the temperature of peak melting 
(Tm), the temperature of end melting 
(Tmend) and the melting temperature 
interval (ΔTm) for chicken meat. The re-
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sults of the statistical analysis show a high 
correlation between the heating rate and 
Tm (R2=0.993), Tmend (R2=0.998) and ΔTm 
(R2=0.998) for chicken meat. 
Understanding of thermo-dynamic proper-
ties (e.g. initial freezing temperature, fro-
zen water content, specific heat and 
enthalpy) at low temperatures is very im-
portant from the aspect of process design, 
the choice of appropriate equipment, the 
assessment of freezing and thawing time, 
and operating expenses. The most impor-
tant factors affecting the thermal and phy-
sical characteristics of food products are 
their composition and temperature (Ma-
tuda et al., 2011). 

The influence of the scanning rate on 
the content of freezable and unfree-
ezable water in chicken meat  

Different types of meat have different con-
tents of water that can undergo the phase 
transition. In regard to its behavior during 
freezing, the water present in meat can be 
divided into two types: freezable and 
unfreezable water. Only the first type of 
water crystallizes into ice (Ding et al., 
2015). It is arbitrarily chosen that 100% of 
the freezable water will freeze at a tem-
perature of -40 °C. Accordingly, the quan-
tity of unfrozen water at the same tempe-
rature (-40 ºC) is known as “unfreezable 
water’’ (Hamdami, 2004; Fasina, 2012; 
Tolstorebrov, 2014). The unfreezable wa-
ter is bound water, while the freezable wa-
ter represents the free water fraction of the 
total water content in a product. 

Analogously to the enthalpy of melting, the 
mean values of freezable water content 
and unfreezable water content significantly 
differ (p<0.05) for the heating rates from 2 
to 20 °C/min. A significant (p<0.05) in-
crease in the freezable water content was 
recorded in chicken meat, from 52.07% for 
the rate 2 °C/min to 61.53% for the rate 20 
°C/min, and a significant (p<0.05) de-
crease in the unfreezable water content 
from 22.69% for the rate 2 °C/min to 
13.23% for the rate 20 °C/min (Figure 4). 
Tolstorebrov et al. (2014) reported that the 
amount of unfreezable water calculated by 
the DSC melting endotherm integration for 
the scanning rate of 5 °C/min for Atlantic 
Salmon, Cod, Herring, Mackerel and Rain-

bow Trout was in the range between 5.1% 
to 8.6%. 
Thermo-physical properties of meat pro-
ducts depend on their chemical compo-
sition, especially the water content. Dete-
riorative reactions in meat are the main 
cause for the decrease in quality during 
storage, and the primary reason for pro-
duct spoilage. These reactions in the meat 
tissues are normally inhibited by decre-
asing the product temperature, which re-
sults in the increase of shelf life. The 
length of a high quality shelf life (the 
general trend) increases exponentially with 
the temperature decrease from -5.0 °C to -
30.0 °C (Tolstorebrov et al., 2014). Accep-
table storage is achieved at -18.0 °C and 
below. 
The most significant change that occurs 
during freezing of food is the crystallization 
of water into ice (Xanthakis et al., 2013). 
The modeling of the freezing process 
contributes to understanding the complex 
changes that are caused by the tempe-
rature changes and modification in the 
content and attainability of water in a food 
product. In addition, it can help to identify 
stability of food during preservation, as 
well as in selection of an appropriate pro-
cessing condition (Rahman, 2006).  

CONCLUSIONS 
Differential scanning calorimetry (DSC) 
can be used to measure the enthalpies 
and temperatures of phase transitions in 
chicken meat. The study showed that the 
cooling rate from 2 to 20 °C/min affected 
the enthalpy (ΔHc) and the end tempe-
ratures (Tcend) of the crystallization pro-
cess (p<0.05). The effect of the heating 
rate on the temperatures of the melting 
process (Tmon, Tm, Tmend) for chicken 
meat was significant (p<0.05). The values 
of the enthalpy of melting, as well as the 
freezable water content in chicken meat 
were significantly (p<0.05) different for the 
heating rates from 2 to 20 °C/min. The 
width of the crystallization temperature 
interval (ΔTc), in which water crystallization 
takes place, increased with the increasing 
in the cooling rate (p<0.05), from 1.37 °C 
(rate 2 °C/min) to 5.97 °C (rate 20 °C/min). 
Similarly, the width of the melting peak 
(ΔTm) increased (p<0.05) with increasing 
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heating rate, from 4.90 °C (rate 2 °C/min) 
to 13.77 °C (rate 20 °C/min). 
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Сажетак: Рад анализира утицај брзине хлађења/загревања пилећег меса (Pectoralis major) 
на температуре кристализације (Tcon, Tc, Tcend), температуре топљења (Tmon, Tm, Tmend), 
енталпију кристализације (ΔHc) и енталпију топљења (ΔHm). Узорци пилећег меса скенирани су 
диференцијалном скенирајућом калориметријом (DSC), на пет брзина (2, 5, 10, 15, 20 °C/min од 
20 °C до -40 °C, затим од -40 °C до 20 °C. Резултати статистичке анализе показују да највећа 
брзина хлађења (20 °C/min) значајно (p<0,05) утиче на средњу вредност енталпије (-202,87 J/g) 
у односу на друге анализиране брзине. Брзина хлађења/загрevanja утиче на температуре 
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heating rate, from 4.90 °C (rate 2 °C/min) 
to 13.77 °C (rate 20 °C/min). 
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у односу на друге анализиране брзине. Брзина хлађења/загрevanja утиче на температуре 
кристализације (Tcon, Tc, Tcend) и температурe топљења (Tmon, Tm, Tmend) (p<0,05). Брзина 
загревања пилећег меса je у корелацији са Tm, Tmend и ΔTm (коефицијенти корелације су били 
0,993, 0,998 и 0,998, респективно). 

Кључне речи: DSC, пилеће месо, кристализација, топљење, смрзнута вода, несмрзнута 
вода 
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