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INTRODUCTION 

 

Bread staling is a cause of big product waste and financial loses all over the 

world (Fadda et al., 2014). A useful indicator of bakery products freshness is its 
characteristic smell, which results from the presence of volatile compounds in the 

crust and crumb. When baked goods are cooled after baking, the volatile aroma 

components undergo condensation and absorption in the crumb by starch and 
proteins (Plessas et al., 2011). The crust components of the characteristic aroma 

of fresh bakery products are gradually lost with moisture evaporating to the 

environment. The crumb component levels decrease through further interactions 
with starch and protein. The intensity of the pleasant smell and taste of bread 

decreases over a period of time, the length of which has been found to depend on 

the type of baked goods and storage conditions. The processes typical of baked 
goods staling are undesirable chemical and enzymatic reactions, which mainly 

have an oxidative character. Bakery products staling results in reduced elasticity 

and increased firmness of the crumb (Novotni et al., 2011). 
The practice of packaging and storing bakery products in a modified atmosphere 

(MAP) is becoming increasingly common as a method of extending its shelf life 

and maintaining good quality, which was confirmed by many authors (Kotsianis 

et al., 2002; Fik et al., 2012). Some of them emphasize its role in extending the 

microbial shelf life of bread (Phillips, 1996). Packaging of baked goods under 

anaerobic protective atmosphere (APA) and storage at low temperatures might 
either strongly reduce the rate of staling-associated reactions or stop them almost 

completely. One promising method is modified atmosphere packaging of bakery 

products, like rolls, combined with storage at refrigeration temperatures. 
According to many authors, there is a negative dependence between staling rate 

and temperature (Fadda et al., 2014). 

The storage of baked goods at low temperatures causes starch retrogradation, 
which is one of processes contributing to their staling. Starch retrogradation has 

short-term and long-term stages. The short-term association of amylose 

molecules is usually completed within a few hours (Funami et al., 2005). 
Amylose molecules with relatively low molecular weights are characterized by 

the highest retrogradation rate (Ishiguro et al., 2000). Because of the high 

melting temperature of amylose crystals (above 100°C), this process is 
irreversible under normal conditions (Morris, 1991). The long-term 

retrogradation based on re-crystallization of amylopectin runs much more slowly 

than aggregation of amylose chains and can take a few weeks (Ishiguro et al., 

2000; Karim and Norziah 2000; Krystyjan et al., 2013). This process is 

thermally reversible (Morris, 1991). 

Despite a number of studies, the mechanism of bakery products staling has not 
been fully elucidated. An important role in this process is ascribed to starch–

gluten interactions, leading to cross-links between gluten and gelatinized starch. 

However, according to Gambuś (2005), staling of gluten-free baked goods is 
faster than for goods containing gluten.  

Apart from staling, the development of microbial contamination, mainly in the 

form filamentous fungi, reduces the quality and safety of baked goods during 
their storage. Modified atmosphere packaging and storage of baked goods do not 

significantly affect the rate of staling but have a positive impact on microbial 

stability due to strongly reduced growth of saprophytic bacteria, yeasts and 
filamentous fungi (Rasmussen and Hansen, 2001). This positive effect was also 

observed during the storage of other food products  

(Krala and Kijowski, 2013). The cumulative effect of modified atmosphere 
packaging and low temperature during the storage of various food products is 

stronger than when these factors are used separately. 

Previously described methods used to extend the freshness of baked goods are 
based on the addition of various substances, like enzyme preparations, 

emulsifiers, hydrocolloids, oxidizing or reducing substances, treatment with 

ionizing radiation, rapid and controlled cooling immediately after baking, 
packaging under aseptic conditions, modified atmosphere packaging, and 

freezing. A combination of modified atmosphere packaging and storage at low 

temperatures significantly extends the period of acceptable quality of baked 
goods without chemical preservatives. Certain sorts of baked goods may be kept 

in a modified atmosphere at ambient temperature for even a month without 

significant changes in the physicochemical properties. The inhibiting effect of 
modified atmosphere packaging on microbial growth increases with the 

concentration of carbon dioxide in the atmosphere (Krala and Kijowski, 2013).  

Since bakery products are one of the most frequently consumed food products, 
this study aimed to elucidate the effect of a modified atmosphere (70% CO2 and 

30% N2) on the quality and starch retrogradation rate of wheat rolls stored at 

different temperature conditions 
(-18 °C and 1 °C). 

 

MATERIAL AND METHODS 

 

Preparation of wheat rolls and storage condition 

 

Wheat rolls were produced under industrial conditions during one shift in a 

bakery that packages bread in a modified atmosphere. The wheat rolls were made 

according to the following formulations (parts determined on weight basis): 50 
parts wheat flour type 550 (according to ash content) with 11% protein content; 

30 parts water; 4 parts oil; 1 part salt;  

1.5 parts baker’s yeast; 1.5 parts baking mix (gluten, glucose, soy flour, ascorbic 
acid, and mono and diglycerides of fatty acids). 

 

This study focused on the effects of low storage temperature (1 and -18 °C) and time (10 weeks) on the physicochemical properties of 
wheat rolls packaged in a modified atmosphere. We determined the moisture content, total acidity, crumb firmness (texture profile 

analysis; TPA) and parameters reflecting resistant starch (RS) development: blue number value, enthalpy and temperature of starch 

melting, and crystallinity of starch. It was showed that RS increased over time under both storage conditions. The increase was greater 
in frozen rolls (56%) than in refrigerated ones (20%), based on the enthalpy of RS melting. Changes in the moisture level and RS 

melting enthalpy were negatively correlated, which may suggest a relationship between the processes of moisture migration and starch 

structure reorganization. The presence of crystalline structures suggested advanced starch structure reorganization. 
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Bread making and packaging 

 

Measurement of raw materials used an automated system, tightly coupled with 

the production tanks. Dispensers were used for the metered water. The final 
dough temperature was about 25 °C. All ingredients were mixed in two stages 

using a Kronos Spiral Mixer: 200 seconds at low speed (25/25) and 250 seconds 

at high speed (60/60). The resulting dough was left to rise for 60 min at 30 °C. 
After shaping into long baguettes, the dough was placed in loaf tins for final 

fermentation for 100 min at 35 °C in a humidity of 75%. The rolls were baked in 

the first phase at a temperature of 250 °C and in the second phase at 200 °C for 
15 min in Miwe electric oven. They were cooled at room temperature and packed 

in polyamide/polyethylene (1 mm thickness) bags in a modified atmosphere 
(70% CO2, 30% N2) using Tepro LPT 200 packing machine.  

 

Storage conditions  

 

Part of the material was kept for analyses, while the remainder was divided into 2 

parts. One part, designated MAP–DF, was frozen and kept for 10 weeks at –18 
°C in a Samsung freezer. The second, designated in MAP–R, was cooled and 

kept for 9 weeks at 1 °C in a Samsung refrigerator. Temperature fluctuations 

amounted to ± 1 °C. Before analyses, the rolls kept at  

1 °C were warmed to room temperature while frozen rolls were slowly thawed 

(2-3 h, temperature 15 °C) in closed bags to ensure uniform warming and to 

avoid condensation of humidity on their cold surface. After thawing, they were 
warmed to the room temperature. 

 

Chemical composition 

 

The moisture content in the crumb was determined according to Polish Standard 

(1996). Samples of rolls (5 g, weighed with the precision of 0.0001 g) were put in 
vials and dried to constant mass for 3 h at 105 °C. The results are the means of 3 

independent assays. The moisture content was reported as a percentage. 

The protein content in rolls was determined using the Kjeldahl method (N = 5.7) 
(Polish Standard). The results are the means of 3 independent assays. In order to 

calculate the total protein content, the nitrogen content should be multiplied by 

5.7. Total protein content was reported as g of protein per 100 grams of the 
product. 

Lipids were quantified according to Weibull-Soxhlet method (Polish Standard). 

Samples of rolls (8 g) were treated for 30 min with 25% HCl to release lipid 

substances, which were separated from the soluble fractions by filtration and 

extracted with petroleum ether for 1.5 h using a Tecator unit. Lipid content was 

calculated based on the decrease in the sample’s dry mass. The results are the 
means of 3 independent assays. The total lipid content was reported as g of lipids 

per 100 grams of the product. 

 

Determination of acidity 

 

The acidity of the rolls was determined according to Polish Standard (1996). 
Samples of rolls (25 g, weighed with a precision of 0.01g) were placed in dry 500 

ml Erlenmeyer flasks sealed with rubber plugs and suspended in 250 ml of 

distilled water  
(temperature of 60 ± 2 °C). They were vigorously mixed for 3 min, left for 3 min 

without mixing and then mixed again for 1 min. The resulting suspensions were 

filtered through cotton wool into dry Erlenmeyer flasks. Three portions of filtrate 
(50 ml) were placed in 100 ml flasks and titrated with NaOH 0.1 m until a pale 

pink color was obtained and remained stable for 1 min, using 3–4 drops of 1 % 

phenolphtalein as the pH indicator. 

The results are the means of 3 independent assays. The degree of bread acidity 

was expressed in terms of millilitres of NaOH 0.1M solution required to 

neutralize the free acids contained in 100 g of the wheat rolls. 
 

The acidity was calculated as follows: 

 
X = 2d [ ̊acidity] 

where: 
d is the volume of sodium hydroxide solution (ml) used for titration. 

 

Blue value determination  

 

The complex of amylose with iodine produces a blue color. Its intensity can be 

used to indicate the level of free amylose in a soluble fraction, which informs 
about starch retrogradation. The blue value was determined using a 

spectrophotometric method (Skotnicka and Palich, 2007; Fik et al., 2012). 10 g 

of the crumb was homogenized with 50 ml of water for 2 min. Then the 
homogenate was mixed at room temperature for 20 min using a magnetic stirrer. 

The slurry was centrifuged (1600 g, 10 min). 2 ml of Carrez I and 2 ml Carrez II 

solutions were added to precipitate the protein matter. The whole sample was 
carefully mixed, allowed to stand for 10 min and finally centrifuged (5000 g, 5 

min). Afterwards, 4 ml of the supernatant was mixed with 25 ml of iodine 

solution (0.04%). The blue value was expressed as the absorbance measured at 
580 nm using distilled water as a blank. 

 

Determination of resistant starch content by DSC  

 

Resistant starch (RS) fractions in the rolls were isolated with using α-amylase 

(Pancreatic α-Amylase, Megazyme) and amyloglucosidase (Megazyme, 2002). 
Each sample of rolls (20g) was incubated with 200 ml of α-amylase and 

amyloglucosidase solution at 37 °C for 16 h. The reaction was terminated with 20 

ml of 99 % ethanol. The samples were centrifuged for  
10 min at 3000 g and the solids were suspended in 2 ml of 50% ethanol, mixed 

with 30 ml of 50% ethanol and centrifuged under the same conditions as before. 
This procedure was repeated. After the centrifuging, the solids (the RS fraction) 

were lyophilized.  

Differential scanning calorimetry measurements were carried out to determine 
the content of RS and type of RS polymorph (retrograded amylose and 

amylopectin) contained in the tested rolls using a Mettler Toledo Differential 

Scanning Calorimeter DSC-1. This method enables the determination of the 
melting temperature of RS crystals and the enthalpy of this process. Samples of 

starch isolated from rolls (3 mg) were placed in hermetically sealed aluminum 

pans, heated from 20 °C to 220 °C and then cooled to 20 °C at a scanning rate of  

3 °C min–1. An empty pan was used as a reference. The parameters of scanning 

allowed observation of the melting of retrograded amylose and amylopectin (RS). 

The melting temperature and enthalpy of RS and its polymorph were found from 
the obtained thermograms. An endothermal peak characterized RS melting. The 

analysis of thermograms included determination of temperature corresponding to 

the minimum of the endothermal peak. Enthalpy of RS melting (ΔH J g-1) was 
calculated based on the surface area between the peak and baseline and then 

expressed as dry mass (Sievert and Pomeranz, 1990). The results are the means 

of 3 independent measurements. 
 

Crystallinity of starch  

 

Crystallinity of starch isolated from the rolls (after lyophilization) was measured 

by wide-angle X-ray scattering using a Bruker AXS D5005 X-ray diffractometer. 

The X-ray generator equipped with a copper tube operating at 40 kV and 50 mA 
produced radiation of approximately 154 nm wavelength. Data were recorded 

over an angular rate of 4 º to 38 º (Ribotta et al., 2004).  

 

Crumb texture measurements 

 

Crumb firmness measurements were performed using a Texture Analyzer TA.XT 
Plus governed by Texture Exponent 32 software (Stable Microsystems). Wheat 

rolls samples were subjected to texture profile analysis (TPA) (Ronda and 

Caballero, 2011). The samples were cubes with 20 mm sides. They were 
compressed twice with an aluminum cylinder-shaped plunger with a diameter of 

100 mm to a depth of 50% strain. The plunger moved at a rate of 1 mm s–1 and 

the time between strokes was 2 s. The apparatus recorded the force exerted by the 
plunger as a function of time, from which texture parameters hardness and 

springiness were determined. Hardness was defined as the peak force [N] during 

the first compression cycle. These analyses were performed in eightfold. 
 

Statistical analysis 

 

All measurements and analyses were carried out in triplicate (except crumb 

texture). The data were presented as the means ± standard deviations. The results 

were subjected to an analysis of variance in the two-way ANOVA using 

Statistica 7.1 software. Tukey's test was used to assess differences between 

means. The significance of differences was considered at the level of p≤0.05. 

 

RESULTS AND DISCUSSION 

 

Chemical composition 

 

The results of chemical analyses of the tested rolls were as follows: protein 6.42 
g/100 g-1 dry weight, lipids 2.72 g/100 g-1 dry weight, and dry weight 67.26%. 

This composition is typical for this type of wheat roll (Borkowska and 

Łagowska, 2014). During cooling and freezing storage, protein and fat content 
changes were not observed. We noticed some fluctuations of moisture content 

and acidity in both frozen and refrigerated wheat rolls. The increase in crumb 

hardness was more significant in case of refrigerated storage. Observed changes 
of the blue value and calorimetric analyzes, showed that during storage at a 

reduced temperature, the process of starch retrogradation in wheat rolls 

proceeded. The amount of retrogradated starch increased with the storage time 
and was more intense during freezing. 

 

Moisture changes 

 

The fresh product had the highest moisture content. The analysis of moisture 

content in the crumb of the tested rolls showed that this parameter gradually 
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decreased with time regardless of storage conditions (Tables 1, 2). At the end of 
10 weeks, the moisture of the frozen rolls’ crumb had decreased to 28.53 ± 

0.21% (by 12%) and that in the refrigerated rolls to 30.14 ± 0.12% (by 7.6%).  

The gradual loss of moisture during frozen storage might be associated with 
sublimation of the ice, but also due to the low permeability of the package. The 

process of starch retrogradation is quite intensive under freezing and cooling 

conditions and it causes the release of the water previously bound by starch 
grains during gelatinization. Its migration towards the crust during storage might 

have caused its rapid evaporation and loss.  

The temperature and the time of storage had a significant impact on the decline in 
the moisture level in the crumb of rolls. A small but statistically significant 

decrease in moisture content in the refrigerated rolls was observed after 2 weeks 
of storage, while in the frozen ones this decrease was observed after 7 weeks. The 

significant differences between the moisture content in the crumb of refrigerated 

(T = 1 °C) and frozen (T = –18 °C) rolls was noticed after six weeks of storage. 
Taking into consideration the results of the statistical analysis of the experimental 

data related to the moisture content in the crumb of rolls, it could be stated that 

both the time and storage conditions significantly affected this parameter. 

The decreasing moisture level is one of factors responsible for the reduction in 
the quality of baked goods, as manifested by the hard and dry crumb and the lack 

of crust crispness. However, it is very difficult to avoid this phenomenon during 

long-term storage (Patel et al., 2005). The packaging permeability has a very 
strong impact on the extent of moisture loss, the residual water activity of the 

bread and the humidity of the surrounding atmosphere (Novotni et al., 2011). 

The decline in moisture observed during the storage of baked goods correlates 
with the progress of starch retrogradation and crumb staling. The study of Le 

Bail et al. (2009), confirmed this conclusion. They noted a strong decrease in the 

water-holding capacity of starch during baked goods storage. Moisture diffusion 
from the crumb to the crust was followed by either its condensation on the inner 

side of the packaging or diffusion into the environment, which depended on the 
packaging permeability. In our study, the decreasing moisture level of the rolls 

might result from the decreasing water-holding capacity of the crumb. The latter 

parameter decreased faster in the frozen rolls than in the refrigerated ones.  
 

 

Table 1 Effect of storage time on TPA and some physicochemical changes in refrigerated wheat rolls 

 Storage week  

Parameter 

 

0 1 2 3 4 5 6 7 8 9 10 

Water content 

[%] 

32.65  

0.14a
 

32.51 

0.06a 

31.78  

0.12b 

31.69 

0.09b 

31.51 

0.05b 

31.23 

0.06b 

30.31 

0.11c 

30.67 

0.13c 

30.52 

0.09c 

30.45 

0.24c 

30.14 

0.12c 

Crystallinity 
 

nd 

 
nd 

 
nd nd nd 20.8 

 1.70a 

23.8 

 2.10a 

24.2 

2.40a 

24.4 

1.40a 

24.6 

2.50a 

25.8 

 1.70a 

Acidity 

[°] 

3.67 

0.20a
 

3.67 

0.10 a 

3.66 

0.20 a 

3.67 

0.20 a 

3.67 

0.10 a 

3.67 

0.20 a 

3.66 

0.40 a 

3.67 

0.30 a 

3.67 

0.20 a 

3.67 

0.10 a 

3.66 

0.10 a 

Hardness 
[N] 

48.25  
3.27a

 

52.13  
5.04a

 

55.17  

2.08a
 

59.99  
2.11b

 

63.22  
4.24b

 

69.24  
3.23b

 

76.18  
4.12c

 

80.58  
3.66c

 

82.56  
5.12c

 

86.22  
5.48c

 

87.55  
5.48c 

a,b,c Mean values in the same row designated with different letters are significantly different (α =0.05); nd. – not determined 

 

 

Table 2 Effect of storage time on TPA and some physicochemical changes in deeply frozen wheat rolls 

 Storage week  

Parameter 

 

0 1 2 3 4 5 6 7 8 9 10 

Water content 

[%] 

32.65  

0.14a
 

32.62 

0.11a 

32.52  

0.09a 

32.47 

0.14a 

31.80 

0.25a 

31.63 

0.22a 

31.24 

 0.21a 

30.32 

0.18b 

30.27 

0.18b 

28.69 

0.13c 

28.53 

0.13c 

Crystallinity 

 

nd. nd. 
 

nd. 
 

nd. 
 

nd. 
 

22.20 

 2.10 a 

23.10 

 1.80a 

26.30 

2.40b 

26.70 

2.00b 

28.50 

1.50b 

30.00 

 2.40b 

Acidity 

[°] 

3.67 

0.10a 

3.66 

0.20a 

3.67 

0.20a 

3.67 

0.10a 

3.66 

0.30a 

3.67 

0.10a 

3.67 

0.10a 

3.66 

0.20a 

3.67 

0.20a 

3.67 

0.20a 

3.66 

0.10a 

Hardness 

[N] 

48.25 

3.27a
 

46.69 

3.46a  

47.02 

1.82a 

48.19 

2.08a 

53.12 

2.02b 

54.87 

2.86b 

58.89 

2.75b 

61.29 

3.03b 

69.56 

3.53c 

78.79 

3.02c 

81.04 

5.23c 

a,b,c Mean values in the same row designated with different letters are significantly different (α =0.05); nd. – not determined 

 

Acidity of rolls 

 

Bakery products acidity has a significant impact on the crumb texture, the more 

desirable characteristics of flavor, the freshness of the bread, and the resistance to 
the effects of harmful aerobic bacteria. Wheat products are characterized by low 

acidity, indicated that the acidity of good quality wheat bread should be within 3–

5°. The initial acidity of the studied rolls was 3.67° (Tab. 1, 2). This value was 
consistent with the findings of other studies (Borkowska and Łagowska, 2014). 

The acidity did not change over the entire storage period. Some authors suggest 

that modified atmospheres with high carbon dioxide concentrations have a 
negative influence on the sensory properties of baked goods packaged in them 

(Fik et al., 2012). Although the modified atmosphere used in this study contained 

as much as 70% v/v carbon dioxide, the sensory attributes of the rolls were not 
found to be altered.  

 

Blue value 

 

The blue value (measured as absorbance) defines the content of water-soluble 

starch in a baked goods sample. Its amount in the crumb generally decreases as 
bread products stale. The rate of bread staling depends on many factors resulting 

from the manufacturing process and storage conditions. In addition, the blue 

value provides evidence of RS development. As a result of starch reorganization, 
crystallized starch become insoluble. Water previously trapped in gelatinized 

starch, due to its retrogradation, systematically migrates and vaporizes, becoming 

less accessible for starch (Fik et al., 2000). As a result, insoluble, retrograded 
starch cannot form complexes with iodine. When the absorbance values are close 

to zero, we can conclude that the starch has been totally transformed into RS. The 

blue value decreased over time in both refrigerated and frozen rolls. The 
dynamics of these changes correlated closely with the time of storage and was 

similar regardless of the ambient temperature conditions. This is consistent with 

results reported by Skotnicka and Palich (2007), who also found that freezing 
did not protect bread from staling.  

Low absorbance values measured after 10 weeks’ storage indicated a far-reaching 

staling process. Rolls characterized by such values were not suitable for 
consumption. The crumb was hard and crumbly, and the skin dull. In wheat rolls 

packed in a modified atmosphere, the value decreased considerably (by 50% 

compared to the initial value) after only 2 weeks regardless of storage 
temperature (Fig 1). By the end of the storage period, a huge drop in the blue 

value was observed (90%).  

 

 
Figure 1 Changes in the blue number values during the storage of tested 

refrigerated (R) and deeply frozen (DF) wheat rolls 
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Starch retrogradation by DSC 

 

Starch chains contained in the dough have a native, crystalline and ordered 

structure. Baking gelatinizes starch while the storage of baked goods results in 
starch retrogradation. During storage, starch chains re-associate to form the 

ordered crystalline structure that was damaged by gelatinization during baking. 

Reorganization of the starch structure during storage of baked goods is 
accompanied by a gradual increase in the content of resistant starch (RS), which 

contributes to changes in the crumb texture and staling (Fik et al., 2012). 

Crystallization of starchy materials into RS is a result of the re-association of 
amylose chains in the form of double helices that are loosely arranged into a 

partially crystalline system that resists the diffusion and binding of hydrolytic 

enzymes (Eerlingen and Delcour, 1995). The increase in RS content during 
storage of the investigated wheat rolls was estimated by differential scanning 

calorimetry (Table 3). 

 

 

Table 3 Melting temperature and enthalpy of RS contained in the refrigerated and frozen rolls 

Storage period 

(week) 

Storage condition / parameter 

Refrigerated Deeply frozen Refrigerated Deeply frozen 

Temperature Tp [ °C] Enthalpy  Δ H [J/g -1] 

0 - - - - 

5 166.20 ± 1.10 a 162.40 ±2.12 
a 82.45 ± 2.50 

a 75.30 ± 1.10 
a 

6 177.50 ± 2.00 
b 167.60 ±3.10 

a 95.21 ± 3.00 
b 110.70 ± 1.20 

b 

7 169.50 ± 1.00 
c 163.90 ±2.83 

a 100.25 ± 3.70 
b 115.20 ± 2.10 

b 

8 164.10 ± 2.11 
d 167.20 ± 2.05 

a 104.86 ± 2.01 
b 116.90 ± 3.05 

b 

9 168.10 ± 1.85 
e 165.50 ± 2.64 

a 109.20 ± 2.60 
b 120.20 ±2.70 

b 

10 171.10 ± 2.11 
e 175.20 ± 1.92 

b 113.20 ± 1.83 
c 123.80 ± 3.16 

b 

Results are mean±SD. Mean values in the same column designated with different small letters are significantly different (α =0.05) 

 

Fresh rolls (time 0) did not contain RS. After 5 weeks of storage at T = 1 °C or T 
= –18 °C, an endothermic peak, characteristic of retrograded starch, was visible 

in the DSC curves (Fig 2). Increasing values of starch melting enthalpy provided 

evidence of the gradual rise in RS content in these rolls (Table 3). The melting 
enthalpies of starch reflect the extent of its retrogradation during storage. Values 

of ∆H are also correlated with the degree of starch crystallinity, since the melting 

of crystallites requires more energy (Sievert and Pomeranz, 1990; Chen et al., 

2015). The highest enthalpy values were observed for the frozen rolls after 10 

weeks. The results of DSC measurements showed that the frozen rolls contained 

more RS than the refrigerated ones. The melting temperatures of RS characterize 
the susceptibility of starch to melting. The higher the value, the more energy is 

required to initiate the process (Coral et al., 2009). RS melting temperatures 

gradually increased from 162.4 C to 175.2 C over the period of storage, which 
could be a consequence of gradual reorganization of starch structure into a more 

ordered, crystalline structure. More ordered structures, impact the thermal 

stability and the enzyme susceptibility of the RS (Kiatponglarp et al., 2015). 
Both the DSC results and blue value measurements provide evidence that starch 

retrogradation was faster in the frozen rolls than in the refrigerated ones, and the 
storage of baked goods always brings about the appearance of RS. This finding is 

consistent with results reported by Barcenas et al. (2003). 

 

 
Figure 2 DSC curve of RS isolated from rolls kept for 5, 7 and 10 weeks at t = 1 

°C 

 
After 10 weeks of storage, the increase in RS content (based on the ∆H – 

enthalpy changes) was higher in the frozen rolls. In case of refrigerated wheat 

rolls the enthalpy value increased by 37% and in frozen by 64%. The potential 

effect of refrigerated or frozen rolls on consumers’ health may be positive 

because RS is a dietary fiber component with prebiotic effects and associated 
health benefits for the colon (Topping and Clifton, 2001). It is also considered 

beneficial for the dietary management of metabolic and lifestyle disorders, 

including obesity, type-II diabetes and hyperlipidemia (Kim et al., 2003). RS is a 
dietary fiber component and its presence is beneficial for health of consumers. As 

dietary fiber is essential for the functioning of the human gastro-intestinal tract 
(Haralampu, 2000; Fuentes-Zaragoza et al., 2010), baked goods with elevated 

RS levels may be regarded healthy food products.  

Changes in the moisture level and RS melting enthalpy were negatively 
correlated (correlation coefficients of –0.84 and –0.69 for the refrigerated and 

frozen rolls, respectively). These values may suggest that processes of moisture 

migration and reorganization of starch structure in the investigated rolls were 
related. 

 

Crystallinity of RS 

 

X-ray powder crystallography was used to determine changes in starch 

crystallinity during storage of the rolls. Crystallinity, which can be interpreted as 
long-range order, in a semicrystalline biopolymer like starch, is defined as the 

ratio between the mass of the crystalline domains and the total mass of the 

material. The semi-crystalline diffraction pattern is composed of crystalline 

diffraction peaks superimposed on an amorphous background (Yu et al., 2013).  

X-ray spectra of gelatinized starch revealed its fully amorphous character. 
Reorganization of starch structure during the storage of the rolls caused its partial 

recrystallization, which was reflected in the peaks visible in the diffractograms 

(Fig 3). In study conducted by Ribotta et al. (2004), it was noticeable that peak 
intensities, i.e. starch crystallinity, increased with storage time of bread. The 

difference in crystallinity in the wheat rolls may be attributed to the difference in 

the amount and structure order of RS. A higher degree of crystallinity provides 
structural stability and makes the granules more resistant to enzymatic digestion. 

X-ray diffractograms of starch samples that were isolated from the rolls showed 

the crystalline form, corresponding to the peaks at the wavelengths of 15 °, 17 ° 
and 23 °. These peaks were characterized by lower intensity than native starch.  

 

 
Fig 3 RS diffractograms for roll samples after 5, 7 and 9 weeks of the refrigerated 
storage 

 

The crystallinity of starch was calculated based on the diffractograms as a ratio of 

the surface area under the peaks to the whole surface area of the diffractogram. 

The difference in crystallinity in the wheat rolls may be attributed to the 

difference in the amount and structure order of RS. A higher degree of 
crystallinity provides structural stability and makes the granules more resistant to 

enzymatic digestion. In conducted research, it has been demonstrated that starch 
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crystallinity increased during bread staling (Tables 1, 2). The values of starch 
crystallinity in the wheat rolls tend to be lower than the crystallinity of native 

wheat starch, reaching around 40%, depending on the cultivar (Majzoobi et al., 

2011). The presence of crystalline structures suggested advanced reorganization 
of starch structure, caused by storage of the rolls under the tested conditions. It 

means that gelatinized, completely amorphous starch granules underwent partial 

re-crystallization. During baking, starch gelatinizes and becomes fully 
amorphous. Such starch structures are susceptible to enzyme attack. Increasing 

the amount and order growth of crystal RS structures increases the resistance to 

degradation. As a result, the formed RS is not available and not susceptible to 
enzymatic hydrolysis. The process of RS crystallization observed during wheat 

rolls storage was also reported by other authors (Ribotta et al., 2004; Primo-

Martin et al., 2007). 

 

Texture of rolls 

 

Changes in the hardness and springiness of the crumb of rolls were determined 

using texture profile analysis (TPA). Individual texture characteristics of the 
crumb were assessed at regular intervals throughout the storage period.  

The hardness of the crumb increased during the whole period of storage of both 

the refrigerated and frozen rolls. In case of the refrigerated rolls, the hardness 

increased during 10 weeks of storage from around 48.25 to 87.55 N. In case of 

the frozen rolls this parameter decreased after the first week and significantly 

increased (by 35%) after 7 weeks, when the sensory properties were no longer 
acceptable for the consumers. Statistical analysis of the measured hardness 

values, showed, that both the time and storage conditions strongly affected this 

parameter.  
The measurements revealed, that the texture of refrigerated rolls quickly 

worsened (Tables 1,2). A similar effect was reported previously. The increasing 

crumb firmness was caused by conversion of the starch contained in rolls. Patel 

et al. (2005), found that these changes depended not only on storage conditions 

but also on many other factors like the rate of heating during baking, which is 

responsible for the degree of hydration and swelling of the starch as well as the 
degree of order of crystalline regions of amylopectin and amylose chains located 

inside the crumb. 

 

CONCLUSIONS 

 

The shelf life of frozen baked goods packaged under a modified atmosphere is 

longer than that of refrigerated baked goods with the same packaging. Although 

freezing does not completely eliminate staling of baked goods, it strongly reduces 

the rate of this process. In addition, refrigeration at a temperature of T = 1 °C 
does not accelerate the formation of RS, contrary to previous reports.  

Freezing at a temperature of T = –18 °C maintained acceptable quality for the 

rolls for 6 weeks, which is 3-fold longer than the manufacturer’s declared shelf-
life for the refrigerated rolls.  

The temperature of storage significantly affected RS development. This process 

was faster in case of frozen rolls, as proved using blue value and starch melting 
enthalpy measurements. The development of crystalline starch structures during 

bread storage was similar in both storage conditions. Relatively small changes in 

the moisture levels of the refrigerated and frozen rolls had no significant impact 
on their sensory quality. The decrease in crumb springiness of the frozen rolls 

was relatively slow while the crumb of refrigerated rolls became hard after the 

first week of storage. This difference suggests that freezing is better than 
refrigeration for maintaining baked goods texture (i.e., hardness and springiness 

of the crumb). After a longer period of storage, frozen wheat rolls outperformed 

refrigerated ones in terms of quality (sensory attributes, hardness and springiness 

of the crumb). 
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