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Abstract 
Theanine (T) and polyphenols (P) enriched fractions obtained from decaffeinated black tea dust 

by fractionation on a XAD resin, were incorporated into wheat bread formulation. The effect on 

dough properties and quality characteristics of supplemented breads was investigated. The 

development time and mixing resistance of dough was significantly increased by P fraction 

addition, indicating a stronger dough structure. P inhibited the Gram-positive bacteria, while E. 

coli was only inhibited by T fraction. Addition of P fraction provided an extension of bread shelf 

life up to 4 days as compared to control bread, while T fraction increased shelf life for 1 day. P 

fraction hindered the retrogradation of amylopectin which had no antifirming effect in bread. 

During storage, starch retrogradation in P bread crumbs was significantly retarded as compared 

with the control. P fraction produced darker, harder and coarser crumb structure and lower loaf 

volume. Crumb hardness was negatively correlated with bread volume (r = – 0.90, p < 0.05). The 

electronic nose system discriminated the bread odour based on the fraction used. Bread samples 

of different storage times were distinguished by e-nose with discrimination index above 90. 
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Introduction 

 

Bread is a widely consumed food product with an average consumption of 50 kg of bread per 

person per year in most of the EU countries [1]. Bread is characterized by relatively short shelf 

life. Besides microbiological spoilage, different physico-chemical changes occur in bread during 

storage, known as bread staling. Bread staling is a complex phenomenon in which multiple 

mechanisms take place [2]. The consequences of bread staling includes: loss of flavour or 

changes of aroma compounds, changes in bread texture such as dryness and firming of the 

crumb, loss of crispness of the crust and elasticity decrease, changes in moisture content, 

moisture migration within the product, redistribution of water among components as well as 

possible interactions between starch and gluten [2–4]. In general, the staling process is attributed 

to the retrogradation of starch, specifically of the short amylopectin side chains [2].  

Different approaches were used to improve the bread shelf life and staling, such as improvement 

of packaging techniques [5], addition of different types of enzymes [6], hydrocolloids [7] or 

addition of plants bioactive compounds with antioxidant activity [8]. Worldwide, tea has 

received an increased interest due to its biologically active components [9]. Black tea is rich in 

various antioxidant polyphenols such as catechins, theaflavins and thearubigins, and nutrients 

including amino acids and minerals. Black tea has promising health benefits as natural 

antioxidant, anti-carcinogenic and antimicrobial agent, acting against cardiovascular disorders 

and cancer [10, 11]. Recently, tea polyphenols have been incorporated in various bakery 

products for nutritional benefits and the potential to prolong shelf life [12–15].  

Black tea dust, a by-product from the black tea decaffeination process, is a very fine powder 

(particle size lower than 1 mm) that was shown to represent a source of valuable components 

[16]. In a previous work, the effect of theanine and polyphenols enriched fractions from 

decaffeinated black tea dust on the formation of Maillard reaction products and sensory attributes 

of breads was investigated [17]. The authors found that both fractions acted as antiglycative 

agents following different mechanisms of actions and inhibited fluorescent advanced glycation 

end-products formation.  

The aim of the present study was to investigate the effect of the theanine and polyphenols 

enriched fractions from black tea, obtained by fractionation on a XAD-16 resin, on dough 

properties and quality characteristics of supplemented breads. The changes in textural and starch 

retrogradation properties of bread during storage at room temperature were compared with a 

non-supplemented wheat bread as control. Microbiological shelf life of the formulated breads 

was determined. Moreover, the impact on the headspace aroma changes during bread storage by 

electronic nose system was explored. 

 

Materials and methods 

 

Materials 

Aqueous tea fractions, theanine (T) and polyphenols (P) enriched fraction, respectively, were 

prepared from decaffeinated black tea dust, by fractionation on a XAD-16 resin, as reported in 

previous studies [16, 17]. T fraction contained all free amino acids present in tea (among them, 

theanine with a content of 1.6 mg/mL), sugars (sucrose 1.4 mg/mL, glucose 5.3 mg/mL, fructose 

4.7 mg/mL) and very polar phenolic compounds such as gallic acid (1 mg/mL). P fraction 

contained catechin 0.14 mg/mL, chlorogenic acid 0.19 mg/mL, ECG (epicatechin gallate) 0.29 

mg/mL, EGCG (epigallocatechin gallate) 0.17 mg/mL and rutin 0.84 mg/mL [17]. 
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The total polyphenol content (TPC), in mg gallic acid equivalents (GAE) per mL of the fractions 

used in this study was 2.61 ± 0.03 mg/mL for T and 11.21 ± 0.25 mg/mL for P, respectively. The 

antioxidant capacity was estimated as 5.64 ± 0.14 mg Trolox/mL for T and 15.83 ± 0.58 mg 

Trolox/mL for P, respectively. Commercially available white wheat flour, salt and baking yeast 

were used for the study. 

 

Antimicrobial activity of the fractions 

 

Antimicrobial activity of the tea enriched fractions was analyzed as recommended by the 

Clinical and Laboratory Standards Institute [18]. The microorganism strains were Gram-positive 

bacteria (Bacillus cereus ATCC 11778, Staphylococcus aureus ATCC 25923, Bacillus spizizenii 

ATCC 6633), Gram-negative bacteria (Escherichia coli ATCC 25922) and fungal strain 

(Aspergillus brasiliensis ATCC 16404). All microorganisms were grown at 37 °C in Tryptic Soy 

Broth for 18 h. Suspensions of microorganisms (inoculum) were adjusted to 103 CFU/mL 

through decimal dilutions in peptone saline. Fifteen mL of Plate Count Agar were poured in Petri 

plates followed by solidification for 30 min. The solidified medium was inoculated with 100 µL 

inoculum which was spread over the plate and rested for 30 min. Then, sterile blank discs (6 

mm) were impregnated with 10 µL of each tea fraction and the discs were inserted into the 

plates. The plates were incubated at 37 °C for 24 h for the bacteria and at 25 °C for 7 days for the 

fungus. After the incubation period, inhibition zones formed in the medium were measured as 

transparent zone around each disc. Values reported were average of three determinations. 

 

Dough mixing properties by Mixolab 

 

The effect of tea fractions on the thermo-mechanical properties of wheat flour was evaluated 

using a Mixolab analyzer (Chopin Technologies, Villeneuvela-Garenne, France). Required 

amount of water calculated by Mixolab software (version 4.0.8) according to input values of 

flour moisture and water absorption was manually added. The amount of water was partially 

(50%) or integrally (100%) substituted with T and P aqueous fraction, respectively. Tea fractions 

were manually added into the Mixolab bowl.  

All measurements were performed using the “Chopin+” protocol [19]. Instrumental settings 

were: initial mixing at 30 °C for 8 min, heating to 90 °C with 4 °C/min, maintaining at 90 °C for 

7 min, cooling to 50 °C at 4 °C/min cooling rate and holding for 5 min at 50 °C. The mixing 

speed during the measurement was 80 rpm. Data from three determinations were averaged. 

 

Baking procedure 

 

Table 1 displays the formulations of wheat bread production. White wheat flour was mixed with 

tea fractions/water suspension containing salt and compressed fresh yeast. The dough was mixed 

in a Diosna mixer with kneading arm of a L-shape (Diosna Original, Dierks & Söhne, 

Maschinenfabrik, Osnabrück, Germany) for 1 min at low speed (first step) and for 5 min at high 

speed (second step). After resting for 30 min, the dough was divided into 150 g pieces and then 

rounded and introduced in the baking shapes. The dough was proofed at 36 °C for 45 min 

(M.C.E. Meccanica, model DAT TECH 1, Buttapietra, Italy) and baked at 220 °C for 25 min 

with steam at start in an oven (Mondial Forni, Verona, Italy). Breads were removed from the 

pans, cooled for 2 h prior analysis (day 0, fresh bread) and then stored in cast polypropylene bags 
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at room temperature until visible microbial spoilage. One batch was prepared for each bread 

formulation. 

 

Physical-chemical analysis of bread  

 

Bread volume was determined by rapeseed displacement method [20]. For crumb porosity 

measurements (determined by the ratio of pores volume to total volume of a known volume of 

crumb), a cylindrical piece of crumb was cut from a 60 mm slice taken from the centre of the 

bread loaf and weighed [21].  

Moisture content of bread crumb was analyzed by the oven drying method [22] and water 

activity was measured at 25 °C with help of the Hygrolab instrument (Rotronic, USA). 

Total polyphenol content in bread samples was determined according to Culetu et al. [17].  

Values reported for all the above parameters were average of three determinations. 

The colour intensity of bread crumb was analyzed using Chroma Meter CR-410 (Konica Minolta 

Sensing, Inc., Osaka, Japan) with a D65 illuminant and a 2° observer angle. The colour was 

determined on 10 different points on the same slice (20 mm thickness) taken from the centre of 

the loaf and it was expressed in terms of L* (lightness), a* (redness) and b* (yellowness) average 

values. Before measurements, the instrument was calibrated against the white tile.  

 

Digital image analysis of bread  

 

Digital images of crumb were done on 20 mm thick slices taken from the central part of the loaf, 

using a scanner (Sharp MX-2614) with 600 dpi resolution. The scanned colour images were 

converted to gray scale and they were analyzed using ImageJ Software 1.50i (National Institutes 

of Health, USA). Using bars of known lengths, pixel values were transformed into distance units. 

After cropping the largest possible rectangular cross-section of the bread slice, the Otsu’s 

threshold algorithm was applied to differentiate gas cells from non-cells [23]. The results were 

evaluated with respect to cell density (number of cells per 1 cm2), average cell size (mm2) and 

cell uniformity (the ratio between the number of cells lower than 5 mm2 to the number of cells 

higher than 5 mm2). Values reported were average of three determinations. 

 

Texture analysis of bread 

 

The texture properties of crumb were determined with an Instron Texture Analyzer equipped 

with a 50 N load cell (model 5944, Illinois Tool Works Inc., USA) following the approch of 

Ning et al. [12]. Bread slices of 20 mm thickness were cut from the centre of the loaves. A 

double compression test using a 40 mm diameter cylindrical probe was performed with 

penetration to 50% of sample original height at speed rate of 100 mm/min. Between 

compression, a resting time of 10 s was applied. The textural parameters calculated were 

hardness, springiness, cohesiveness and chewiness [24]. The average values for three 

determinations were reported. Texture analysis was done on each bread slice after storage until 

microbiological spoilage.  
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Differential scanning calorimetry of bread crumb  

 

Differential scanning calorimetry was carried out on bread crumb using DSC 8000 (Perkin 

Elmer, Waltham, MA, USA) which was calibrated with indium. The method was based on the 

procedure described by Gerits et al. [25]. Fresh (day 0) and stale crumbs at various aging time 

obtained from the central part of the bread were freeze-dried (Heto PowerDry PL3000, Thermo 

Fisher Scientific, Waltham, USA). The dried crumbs were grounded and 10 mg were weighed in 

stainless steel pans and distilled water was added at a ratio of 1:3. The pans were sealed and left 

overnight at room temperature. The samples were heated from 20 to 120 °C with 10 °C/ min 

with nitrogen flushing (20 cm3/min) together with an empty reference pan. The endothermic 

enthalpy was determined from the peak area and it was used as an index of starch retrogradation 

that occured on staling. Data from two determinations were averaged. 

 

Headspace-electronic nose measurements 

 

An e-nose system (FOX 4000, Alpha M.O.S., Toulouse, France), which consists of an array of 

18 different metal oxides sensors, an HS100 autosampler and data processing software (Alpha 

Soft version 8.0) was used to analyze the overall volatile composition of bread samples at 

various aging time [26].  

Crumb samples were accurately weighed to 2 g and placed in a 10 mL sealed headspace vials. 

Each vial was incubated under agitation (500 rpm) at 35 °C for 600 s for headspace volatile 

generation. Then, 1500 µL of the bread headspace was injected by the autosampler into the 

measuring chamber. Carrier gases used were synthetic air and nitrogen with a flow rate of 150 

mL/min. The acquisition time was 120 s. A flushing step for 120 s was applied to clean the 

sensors between samples. Three determinations were performed for each sample and the 

individual signals recorded were used for statistical analysis. Principal Component Analysis 

(PCA) was used in order to detect the differences in volatile composition among samples and 

discrimination index was calculated by the software (higher is the discrimination index, better is 

the discrimination).   

 

Microbiological analysis 

 

Ten g of bread was homogenized with 90 mL peptone saline solution (Oxoid, Basingstoke, 

Hampshire, England), obtaining a dilution of 10-1. This solution was used to obtain other 

dilutions (10-2). An aliquot of 0.1 mL from each dilution was spread on MEYP Agar and 

Dichloran Rose Bengal Chloramphenicol Agar (Biokar Diagnostics, Zac de Ther, France) for 

Bacillus cereus count and yeasts and moulds count, respectively. Inoculated Petri plates were 

incubated at 30 °C for 48 h (for B. cereus count) [27] and at 25 °C for 5 days (for yeasts and 

moulds count) [28]. After incubation, the results of the counts were expressed as CFU (colony 

forming units)/g of bread. Determinations were carried out in triplicate. 

 

Statistical analysis 

 

Results of all parameters were expressed as mean ± standard deviation (SD). One-way ANOVA 

followed by Tukey test was applied to determine differences between means using the 
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Minitab®17 software (Minitab Ltd., UK). Differences were considered to be significant at p < 

0.05.  

 

Results and discussions 

 

Antimicrobial activity of the tea fractions 

 

Tea polyphenols have been found to possess antimicrobial activities such as antibacterial, 

antiviral and antifungal effects [29]. Teas and tea extracts are a rich source of antimicrobial 

agents [30].  

In the present study, Gram-positive bacteria were inhibited only by P fraction. The strain of S. 

aureus was the most sensitive, showing the largest inhibition diameter in the presence of P 

fraction (14.0 ± 1.0 mm). Strains of B. cereus and B. spizizenii were less sensitive, with 

diameters of the inhibition zone of 8.5 ± 0 mm and 7.5 ± 1.0 mm, respectively. These results are 

in-line with those of Sari et al. [31]. They showed that the black tea extracts had strong 

antimicrobial activity and S. aureus was found to be the most sensitive, while E. coli was the 

most resistant among the bacterial strains studied. Epigallocatechin gallate (EGCG) was found to 

be the most effective antimicrobial tea polyphenol and Gram-positive bacteria were more 

susceptible towards EGCG compared to Gram-negative strains [29]. Also, Arora et al. [32] 

showed that Gram-positive bacteria were comparatively more sensitive to tea than Gram-

negative bacteria due to differences in their cell wall structure. 

T fraction was not active against B. cereus, S. aureus and B. spizizenii. E. coli was only inhibited 

by T fraction (inhibition zone: 6.7 ± 0.6 mm). T fraction does not contain any catechins, but it 

contains others polar phenolic compounds such as phenolic acids, like gallic acid and also 

minerals that could have an antimicrobial activity. A. brasiliensis was resistant to both T and P 

fractions (no inhibition zone).   

Almajano et al. [33] showed that the antimicrobial activity was strongly correlated with 

antioxidant activity than with TPC. The present study confirms these findings. P fraction with an 

antioxidant capacity of 15.83 ± 0.58 mg Trolox/mL was a better microbiological inhibitor than T 

fraction.  

 

Effect of tea fractions on dough mixing properties  

 

The effect of tea fractions on wheat flour dough characteristics is shown in Table 2. Dough 

development time, stability time, protein weakening (C2), starch gelatinization (C3), starch gel 

stability (C4) and starch retrogradation (C5) were considered [34].  

The 3T dough was not significantly different than control concerning dough development time. 

Dough development time of 6T, 3P and 6P were significantly higher (p < 0.05) compared with 

the control. Fractions composition was likely responsible for longer development time. Amino 

acids, sugars, gallic acid from T fraction or polyphenols from P fraction hindered gluten network 

development. 

Stability time, representing the mixing resistance of dough, was significantly increased by P 

fraction incorporation, indicating a stronger dough structure. The significant uptrend (p < 0.05) 

in stability time of P doughs might be explained by the presence of polyphenols which might 

have less destructive influence on gluten network formation in dough. Ishii et al. [35] revealed 

that tea catechin EGCG can covalently bind to cysteinyl thiol groups in proteins forming EGCG-
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protein adducts. Wang and Zhou [36] reported also that during the bread making process using 

green tea extract, there are possible interactions between tea catechins and wheat proteins 

through hydrogen bonding. Ning et al. [12] reported that dough became stronger with increasing 

green tea powder addition. The presence of black tea polyphenols could have similar effects on 

the gluten network. 

On the other hand, T fraction resulted in a decrease in dough stability and C2 parameter 

reflecting the reduced strength (a more intensive weakening) of the protein network. T fraction 

showed a softening effect by release of water molecules in the dough. Protein weakening is 

referred to the beginning of the protein destabilization and unfolding [37]. The decrease is 

caused by the presence of amino acids in the T fraction. A weaker protein network is caused by 

an increase of free thiol groups (–SH) and reduction of disulfide bonds (S–S) in the dough [38].  

A significant higher value (p < 0.05) for C2 indicated that stronger protein network was formed 

in the dough containing the P fraction. P fraction produced dough with strong mixing resistance 

in a concentration dependent manner.  

T fraction had no significant impact (p > 0.05) on starch gelatinization (C3) compared with the 

control, while, a greater degree of starch gelatinization was attributed to P fraction incorporated 

doughs (higher C3).  

The stability of starch gel (C4) became higher with the addition of both types of tea fractions.   

With the addition of tea fractions, C5 values were significantly higher (p < 0.05) compared to the 

control, which was an indication of an increased degree of starch retrogradation. This result 

could be attributed to the hydroxyl groups of the compounds from tea fractions that might have 

interacted with starch [39]. However, starch retrogradation became greater with T fraction as 

compared to P fraction addition.  

Overall, the dough properties provided by Mixolab are the result of the interaction of different 

components from the tea fractions with the flour constituents. Polar compounds in T fraction and 

phenolic compounds with reduced polarity in P fraction may have different mechanisms in 

forming complexes with gluten or starch. Sivam et al. [40] indicated that highly polar phenolic 

acids (caffeic acid from kiwi) are more mobile in bread than low polarity polyphenols with high 

molecule weight (anthocyanins and proanthocyanins from blackcurrant and apple). 

 

Bread characteristics 

 

A previous study showed that theanine and polyphenols fortified breads were moderately liked 

by consumers with scores ranging from 5.8 to 6.1 and from 5 to 6, respectively, in dependence 

with the level of fractions used in bread preparation [17]. The scores were significantly different 

compared to bread control only at higher level of P fraction used in bread making (more than 

50% relative to flour). 

It is known that the content of bioactive compounds is slightly reduced after baking due to their 

degradation. Wang and Zhou [36] reported that around 84% of the green tea catechins were 

retained in bread after baking. Also, theanine fortified breads lost up to 30% of theanine content 

after baking [16]. In this study, after baking, breads contained around 34% lower level of TPC 

than the corresponding dough. The TPC value for dough samples were 1.8 mg/g d.m. (3T), 2.9 

mg/g d.m. (6T), 4.6 mg/g d.m. (3P) and 7.5 mg/g d.m. (6P) (Table 1). Due to the composition of 

the fraction added in the dough formulation, TPC increased in all breads, the values were 

between 2.3 and 3.9 fold higher (for 3T and 6T) and between 6.1 and 9.9 fold higher (for 3P and 

6P) as compared to the control (Table 3). The black tea polyphenols (for example catechins and 
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theaflavins) from P fraction were responsible for the highest TPC values in fortified P breads. 

Moreover, the formation of Maillard products contributed to the TPC of breads [16, 17].  

The physical characteristics of bread samples are summarized in Table 3. The volume of fortified 

breads was lower than the control wheat bread. A ratio of T fraction to water of 1:1 used in bread 

manufacture did not significantly affect (p > 0.05) the bread volume compared with the control. 

However, a significant decrease (p < 0.05) in the loaf volume was observed as the level of T 

fraction addition increased. The use of P fraction also reduced significantly (p < 0.05) the bread 

volume, the decrease was in a concentration dependent manner. The higher amount of P fraction 

used decreased the bread volume by 14.5% compared to the control. Polyphenols bread samples 

had a resistant protein network (high C2, Table 2), hindering the dough from developing and 

producing a smaller bread. The addition of tea fractions resulted in a decreased dough rise. The 

reduced volume may be caused by physical and chemical interactions among gluten and the 

components from fractions. The results are in agreement with other findings reported previously 

on the effect of green tea powder on bread volume [12].  

Regarding bread crumb porosity, the addition of P fraction determined a significant (p < 0.05) 

decrease compared with control bread. 

Table 3 contains also the colour parameters of bread crumb samples. L* value significantly 

decreased (p < 0.05) with the fraction addition. This means that the crumbs containing the 

fractions had a darker colour than the control (Fig. 1). Polyphenols bread exhibited the darkest 

colour due to the higher polyphenol content. The a* values of the crumb significantly increased 

(p < 0.05) relative to the fractions addition. This was attributed to the formation of a reddish 

colour as the percentage of both fractions increased in the formulation. The yellowness (b*) of 

the crumb was significantly different (p < 0.05) between all samples. P breads had significantly 

lower value for b* parameter, indicating a less yellow appearance, while T breads were 

significantly higher than the control. 

Visual characteristics of crumb are elements of the quality of the final product. Image analysis of 

bread slices scanned is presented in Fig. 1, while crumb characteristics obtained from the 

analysis of digitalized images are listed in Table 3. Significantly lower number of cells/mm2 (p < 

0.05) compared to control obtained for 6P and 3P breads was associated with higher cell size. 

The smaller cell density observed on 6P, 3P and 6T samples gave information about a coarser 

crumb structure as compared to control. The highest level in cell density for control denoted a 

finer crumb structure.  

Uniformity (small/big cells ratio) showed the lowest values in polyphenols incorporated breads 

(3P and 6P), indicating that the percentage of cells greater than 5 mm2 is higher compared with 

the other crumbs. In these breads, the presence of bigger cells could be explained by the fact that 

P dough was less resistant to a rise in gas pressure during fermentation. This result is supported 

by the lower volume of polyphenols fortified breads and a good correlation (r = 0.84, p < 0.05) 

between cell density and bread volume was found.  

The moisture content of the crumb was not significantly (p > 0.05) affected by the addition of tea 

fractions (Table 3). During storage, moisture content of bread crumbs decreased, but no 

significant differences were observed between all the samples at the same day of storage. The 

decrease is explained by the water migration from the wetter crumb towards the drier crust [4]. 

Thus, as a consequence of moisture migration, the starch-gluten interactions and bread firming 

are accelerated. After 2 days of storage, moisture in all crumbs decreased to 42%. Samples stored 

for 4 days diminished their moisture up to 14% with respect to fresh breads.  



 9 

Addition of tea fractions did not significantly affect (p > 0.05) the water activity of crumbs. At 

day 0, aw value was 0.94. During storage, water activity is maintained at an almost constant level. 

It was a difference in water activity about 2% between day 0 and day 8 for polyphenols breads. 

 

Texture properties during bread storage 

 

Changes in the texture parameters of bread crumbs during storage are presented in Fig. 2. 

Significant differences were observed between storage days and between samples (p < 0.05). 

Fresh crumb hardness in control and 3T breads were significantly (p < 0.05) lower with respect 

to 6T and polyphenols breads. Fraction P showed a more pronounced effect than fraction T on 

bread hardness; the increase in hardness was dose-dependent. According to the level of P 

fraction used in bread formulation, the hardness values were between 1.8 and 2.6 fold higher 

than the control bread. The highest values for crumb hardness might be explained by the lower 

volume of polyphenols breads. Correlation analysis showed that crumb hardness was highly 

negatively correlated with bread volume (r = – 0.90, p < 0.05). The results are in agreement with 

other studies [14, 41]. In addition, a correlation between C2 (Table 2) and hardness of bread was 

observed (r = 0.78, p < 0.05). 

Similar to hardness, the bread chewiness gradually increased with the P fraction addition. There 

was no significant difference in springiness parameter (p > 0.05) between the control and 

fortified samples. 

During bread storage, crumb hardness and chewiness gradually increased, whereas crumb 

springiness and cohesiveness decreased, thus, the crumb became less elastic and cohesive, 

irrespective of the type of fraction used. However, differences in crumb hardness between 

control and bread containing tea fractions became smaller and insignificant (p > 0.05) on day 4 

of storage.  

The rate of increase in hardness was higher during the first days of storage than in the following 

days. Crumb hardness of 6P bread on day 6 did not significantly differ (p > 0.05) from that of 

day 8. The loss of cohesiveness from day 0 to day 4 for T and P breads was around 42% and 

48%, respectively. 

 

Calorimetric properies of breads 

 

The impact of tea fractions addition on amylopectin retrogradation in fresh and aged bread 

crumbs was investigated by DSC (Table 4).  

Considering fresh breads (day 0), the enthalpy of retrograded amylopectin was higher in the 

control bread. T fraction did not significantly influence (p > 0.05) the retrogradation compared to 

control. P fraction significantly reduced the melting enthalpy of retrograded amylopectin in 

bread. Similar behavior was previously reported for that black tea polyphenol extract that 

reduced the retrogradation of rice and maize starches [42]. Also, favorable antiretrogradation 

effect of green tea polyphenols on the retrogradation of starches from different botanical sources 

were reported by Xiao et al. [43]. Tea polyphenols can interact through hydrogen bonding with 

starch, preventing the hydrophobic interaction of starch network for retrogradation [44].   

In the stored breads, melting of formed amylopectin crystals was detected as an endothermal 

peak around 59 °C. Melting temperatures were not affected by the type of fraction added. A 

significant increase of the melting enthalpy (p < 0.05) was observed for all breads during storage 
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and this increase was more pronounced in control. Ribotta and Le Bail [45] confirmed that 

amylopectin retrogradation showed a gradual increment during bread staling.  

During the storage period studied, retrogradation of amylopectin in T breads did not significantly 

differ (p > 0.05) from the control. Breads with P fractions addition exhibited lower enthalpy 

values than the other breads. Use of P fraction significantly reduced (p < 0.05) the extent to 

which amylopectin had retrograded. At day 2 of storage, the melting enthalpy in 3P and 6P 

breads were lower by almost 19.6% and 25.3%, respectively, compared with the control. In P 

bread crumbs, after 6 days of storage most of the amylopectin cristals were formed and a little 

further increase (p < 0.05) in enthlapy was observed.  

In this study, P added breads retarded the retrogradation of starch and presented the highest 

crumb hardness values. A highly positive correlation (r > 0.9, p < 0.05) was noted between 

starch retrogradation and hardness. This is in accordance with Rogers et al. [46], where the 

fastest-firming bread had the slowest rate of starch retrogradation.  

 

Discrimination of bread samples by e-nose 

 

E-nose systems have been applied to bakery and cereal products for different purposes such as 

ingredient and baking stage differentiation, aging or microorganism detection [47].  

Fig. 3a depicts the PCA plot which provides a map of discrimination of overall volatile 

composition of fresh bread samples. A good separation of samples was observed in the PCA plot 

and the contribution rate of PC1 and PC2 were 99.67% and 0.23%, respectively. A 

discrimination index of 86 was achieved between control and tea fraction fortified breads which 

explains a very distinct odour of samples. Bread volatile formation varied according to the type 

of fraction used. The differences may come from aroma precursors contents in both fractions. 

Thus, amino acids from T fraction and polyphenols from P fraction are aroma precursors and 

contributes to formation of volatile compounds. In the aroma of black tea, around 500 volatile 

compounds, belonging to different chemical classes were identified [48]. Polyphenolic 

compounds, amino acids, terpenoids, alcohols and carbonyl compounds contribute to 

characteristic tea aroma and taste.  

The volatile compound headspaces from the bread samples were also monitored during storage. 

Thus, for each type of bread, fresh and aged bread odour were considered. Based on PCA (Fig. 

3b-f), bread samples of different storage times were well distinguished with discrimination index 

above 90 which indicated that a high degree of discrimination was achieved. PC1 accounted for 

97.44 % (C bread), 99.10% (3T bread), 94.82% (6T bread), 96.37% (3P bread) and 97.41% (6P 

bread). PC1 describes the largest part of variation and represents a clear separation of samples 

with respect to storage time. Fresh bread samples are positioned in the opposite direction of PC1 

compared to the more stored samples. Generally, bread stored for 0 and 2 days were better 

separated from the remaining storage times, being positioned on the bottom right of the plot. 

This could be because the most change in bread odour take places within the first days after 

baking. A trend that follows the storage time from the right side to the left side of the graph can 

be seen (Fig. 3b-f).  

For breads stored for 2 days, the PCA provided good separation of samples with 98.73% of the 

variation accounted for PC1 and 1.10% accounted for PC2 (Fig. 3g). A discrimination index of 

96 was achieved for the studied samples. As for bread stored for 3 and 4 days, respectively, PCA 

analysis showed that bread samples C, 3T and 6T were grouped together (overlapped) showing 

that these breads became more alike in volatile composition over storage time, with no 
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differentation among them (Fig. 3h-i). On the other hand, 3P and 6P breads were well separated 

detecting different volatile compounds, emphasising that P fraction is an important contributor to 

aroma during storage. Changes in bread odour were ascribed to the effect of storage time and to 

the type of fraction used. The e-nose system was sensitive to the volatile compounds from bread 

and was able to distiguish breads of different age and recipe.  

 

Microbiological analysis 

 

The packaged breads were observed daily for the manifestation of visible mould growth. 

Microbiological analysis of breads was performed on different days of storage. There were no 

differences (p > 0.05) in B. cereus or yeast and moulds for all bread formulations after 3 days of 

storage. On day 4, a visible mould growth was noticed on surface of the control bread. Also, in 

control bread, B. cereus was detected at day 5, when counts were 2.6 log CFU/g. B. cereus was 

not detected in the fortified bread samples during all points of the study investigated until day 8.  

At day 5 of storage, yeast and mould counts were below 1 log CFU/g for the fortified breads 

except 3T where counts were 2.5 log CFU/g.  

At day 8, yeast and mould counts were 3.7 log CFU/g for 3P and 2.2 log CFU/g for 6P. 

P fraction could extend the shelf life of bread up to 4 days compared to the control, which means 

doubling the shelf life. The higher shelf life of polyphenols fortified breads was due to the 

antimicrobial activity of P fraction. 

 

Conclusions 

 

The present study provided insights into the effect of theanine and polyphenols enriched 

fractions, obtained from decaffeinated black tea dust by fractionation on a XAD-16 resin, on 

dough and bread properties during manufacturing and storage.  

Mixolab analysis showed that development time and stability increased by P fraction 

incorporation in wheat flour, indicating the strengthening of the protein network. 

P fraction acted as an antimicrobial agent inhibiting S. aureus, B. cereus and B. spizizenii, while 

E. coli was only inhibited by T fraction. P fraction maintained its efficacy on bread 

microbiological spoilage until day 8 of storage at room temperature. T fraction extended bread 

shelf life for 1 day compared to control. The type of tea fraction and concentration used have a 

significant effect on fresh bread volume. In particular, bread samples obtained with T fractions 

had a higher volume than samples obtained with P fraction. Incorporation of P fraction in bread 

formula increased crumb hardness and chewiness. However, differences in crumb hardness 

between control and bread containing tea fractions became smaller and insignificant on day 4 of 

storage. The addition of P fraction retarded the amylopectin retrogradation as compared with 

control bread.  

The electronic-nose system was also able to discern the differences in bread aroma between 

freshly prepared and aged bread samples with a good discrimination factor (above 90) by PCA 

analysis. Odour volatile profiles determined by e-nose changed with respect to storage time and 

type of fraction used. This study supports the applicability of black tea fractions obtained from a 

decaffeination process as valuable food supplements for bread. 
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Table 1 Recipe for wheat bread formulations 

Ingredients Bread sample code 

Bread C Bread 3T Bread 6T Bread 3P Bread 6P 

White wheat flour, g 100 100 100 100 100 

Compressed fresh yeast, g 3 3 3 3 3 

Salt, g 2 2 2 2 2 

Water, g 60 30 - 30 - 

T fraction, g - 30 60 - - 

P fraction, g - - - 30 60 

TPC, mg GAE/g d.m. 

(after fraction addition) 

1.1 1.8 2.9 4.6 7.5 

Bread C: control bread, no tea fraction addition; Bread 3T (or 3P): T (P) fraction : water ratio = 1 

: 1; Bread 6T (or 6P): only T (P) fraction addition 

 

Table 2 Effect of tea fractions on Mixolab properties of flour 

Sample Development 

time, min 

Stability time, 

min 

C2, Nm C3, Nm C4, Nm C5, Nm 

Control 3.77 ± 0.17d 7.33 ± 0.04c 0.29 ± 0.01c 1.64 ± 0.01b 1.45 ± 0.03c 2.26 ± 0.03d 
3T 4.10 ± 0.05d 6.07 ± 0.12d 0.28 ± 0.01c 1.65 ± 0.01b 1.52 ± 0.02b 2.57 ± 0.04b 
6T 4.77 ± 0.08c 5.50 ± 0.09e 0.23 ± 0.02d 1.67 ± 0.02b 1.59 ± 0.01a 2.84 ± 0.03a 

3P 7.12 ± 0.21b 8.49 ± 0.31b 0.33 ± 0.01b 1.71 ± 0.02a 1.48 ± 0.02bc 2.39 ± 0.05c 
6P 8.69 ± 0.12a 10.33 ± 0.10a 0.40 ± 0.02a 1.73 ± 0.01a 1.51 ± 0.01b 2.52 ± 0.01b 

Values are means ± standard deviation (n = 3 determinations). Values of the same column with 

different letters are significantly different (p < 0.05) 

Control: no tea fraction; 3T (or 3P): T(P) fraction : water ratio = 1 : 1; 6T (or 6P): only T (P) 

fraction addition 

C2: protein weakening; C3: starch gelatinization, C4: starch gel stability; C5: starch 

retrogradation 
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Table 3 Effect of tea fractions on the physical parameters (volume, porosity, colour and image 

analysis), moisture content and TPC of breads 

Characteristics C 3T 6T 3P 6P 

Volume 

(cm3/100 g) 

585 ± 1a 573 ± 5a 535 ± 4c 557 ± 1b 500 ± 3d 

Crumb 

porosity (%) 

89.90 ± 0.14a 89.40 ± 0.42a 89.60 ± 0.28a 87.14 ± 0.08b 85.93 ± 0.10c 

L* 76.66 ± 0.40a 62.48 ± 0.22b 59.77 ± 0.21c 44.24 ± 0.16d 38.72 ± 0.12e 
a* -0.79 ± 0.03e 2.67 ± 0.02d 4.15 ± 0.02c 7.52 ± 0.04b 9.15 ± 0.05a 
b* 19.16 ± 0.05c 19.91 ± 0.06b 21.64 ± 0.06a 17.96 ± 0.06d 17.81 ± 0.06e 

Cell density 

(no. cells/cm2) 

22.8 ± 0.6a 20.7 ± 0.6ab 18.4 ± 0.5bc 16.2 ± 0.5cd 15.0 ± 0.8d 

Average cell 

size (mm2) 

1.7 ± 0.3b     1.4 ± 0.1cb 1.1 ± 0.1c    1.6 ± 0.1cb     2.2 ± 0.1a    

Cell 

uniformity 

23.3 ± 0.7a 14.9 ± 0.3b 23.1 ± 0.4a 13.1 ± 0.1c 12.4 ± 0.1c 

Moisture (%) 44.8 ± 0.4a 44.6 ± 0.1a 44.5 ± 0.4a 44.2 ± 0.1a 44.3 ± 0.4a 

TPC (mg 

GAE/g d.m.) 

0.5 ± 0e 1.2 ± 0.1d 1.9 ± 0.2c 3.1 ± 0.1b 4.9 ± 0.1a 

Values are means ± standard deviation (n = 3 determinations for volume, porosity, cell density, 

average cell size, cell uniformity, moisture and TPC; n = 10 determinations for colour parameters   

Values in the same row followed by different superscript letters are significantly different at p < 

0.05 

 

 

 

 

 

 

Table 4 Enthalpy values (J/g) of bread crumbs stored for different days as measured by DSC 

Bread Day 0 Day 2 Day 4 Day 6 Day 8 

C 0.60 ± 0.03aC 2.85 ± 0.07aB 3.48 ± 0.04aA nd nd 
3T 0.57 ± 0.04aC 2.75 ± 0.07aB 3.30 ± 0.14aA nd nd 
6T 0.50 ± 0.01aD 2.68 ± 0.11aC 3.21 ± 0.05aB 3.61 ± 0.06aA nd 
3P 0.41 ± 0.01bE 2.29 ± 0.02bD 2.90 ± 0bC 3.48 ± 0.04aB 3.63 ± 0.01aA 

6P 0.31 ± 0cE 2.13 ± 0.04bD 2.45 ± 0.07cC 3.35 ± 0.07bB 3.66 ± 0.03aA 

Mean value of duplicate determinations ± standard deviation 

a-c: Values within columns with different letter are significantly different (p < 0.05) 

A-E: Values within rows with different letter are significantly different (p < 0.05) 

nd: not determined 
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 (a)       (b)            (c)       (d)            (e) 

     

 

Fig. 1 Crumb gray scale digital images of the center slices of bread. (a) control; (b) 3T; (c) 6T; 

(d) 3P and (e) 6P breads 
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Fig. 2 Changes in hardness, springiness, cohesiveness and chewiness of the bread crumbs over 

storage. Values labelled with different lowercase letter are significantly different within samples 

on the same day of storage (p < 0.05). Values labelled with different uppercase letter are 

significantly different within the same type of bread type over storage (p < 0.05) 
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(a)      
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(c)      

(d)  
 



 22 

(e)      

(f)  
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(g)      

(h)  
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(i)  

 

Fig. 3 Odour map of bread samples based on PCA: (a) fresh breads; (b) control bread stored for 

different days; (c) 3T bread stored for different days; (d) 6T bread stored for different days; (e) 

3P bread stored for different days; (f) 6P bread stored for different days; (g) bread stored for 2 

days; (h) bread stored for 3 days; (i) bread stored for 4 days 
 


