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Abstract: Resistant starch, a dietary component with prebiotic potential, can be enhanced through 

starch modification techniques. This study investigated the effects of fermentation, enzymatic, and 

physicochemical modifications on the microstructural and chemical characteristics of barley flour 

(Hordeum vulgare). Modified samples were analysed for starch composition, reducing sugars, and 

granule morphology. Structural analysis showed pronounced disruption of starch granules and the 

formation of irregular aggregates, particularly following autoclaving, cooling, and enzymatic 

debranching treatments. Chemically, total starch content increased significantly, reaching 41.64% in 

the debranching pullulanase (DP) treatment, while amylose content peaked at 30.65% under annealing 

(ANN). In contrast, reducing sugar levels declined markedly, with the lowest values observed in 

autoclaving–cooling two-cycle (AC-2) and heat moisture treatment (HMT) samples (both 8.88%). 

These results demonstrate that targeted modification approaches can enhance starch resistance and 

improve the structural and functional properties of barley flour, supporting its potential use in health-

oriented and functional food formulations. 
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1. Introduction 

Barley (Hordeum vulgare) is a nutrient-dense cereal grain recognised for its balanced 

macronutrient profile and health-promoting components. It serves as an important source of 

complex carbohydrates. It contains relatively high protein levels compared to other staple 

cereals, making it a promising alternative to rice, wheat, or oats in various food applications 

[1]. Whole barley also provides essential micronutrients and vitamins at higher concentrations 

than most other grains, while its abundant β-glucan, a soluble dietary fibre, contributes to 
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multiple physiological benefits [2]. The intake of β-glucan-rich barley products has been shown 

to improve lipid metabolism, reducing plasma triacylglycerides (TG), total cholesterol (TC), 

and LDL cholesterol while elevating HDL levels [3]. Moreover, the nutritional integrity of 

barley is largely retained during flour processing, allowing its incorporation into composite 

flours that enhance the nutritional quality of baked products [4,5]. 

The primary carbohydrate component of barley flour is starch, composed of two α-D-

glucan polymers—amylose (approximately 25–28%) and amylopectin (75–85%) organised 

into semi-crystalline granules [6]. Amylose consists of mostly linear α-(1,4)-linked glucose 

chains, while amylopectin exhibits a highly branched α-(1,6)-linked structure. The ratio and 

structural arrangement of these polymers play crucial roles in starch digestibility and the 

formation of resistant starch (RS). Intrinsic factors, such as amylose content, chain-length 

distribution, lipid interactions, and non-starch components, determine the degree of 

retrogradation and the subsequent RS yield. In particular, Type III RS predominantly consists 

of retrograded amylose chains, typically with a degree of polymerisation around 100 glucose 

units, which facilitates stable double-helix crystallisation upon cooling [7]. 

Extrinsic factors, including heating, cooling, and storage parameters, also govern RS 

development, particularly under hydrothermal or enzymatic modification processes [8]. These 

treatments promote partial gelatinisation followed by molecular reassociation, enhancing the 

formation of ordered structures resistant to enzymatic hydrolysis. Li et al. [9] further 

demonstrated that increasing the amylose fraction and optimising process variables—such as 

water content, autoclaving temperature, enzymatic debranching, and controlled cooling—can 

significantly enhance RS yield. The linearity of amylose favours double-helix formation, 

especially during storage at low temperatures (≈4°C), where recrystallisation is 

thermodynamically favoured. This structural reorganisation increases gelatinisation 

temperature and thermal stability, though excessive hydrolysis or chain shortening may reduce 

the extent of retrogradation [10]. 

Despite extensive work on starch modification, most studies focus on isolated starch 

fractions rather than whole-grain or flour matrices, thereby neglecting the interactions between 

starch, proteins, and β-glucans that can influence retrogradation and RS formation [11,12]. 

Furthermore, direct comparisons between biological (fermentation, enzymatic) and 

physicochemical (hydrothermal, annealing, acid hydrolysis) modification approaches under 

standardised processing conditions are limited. Such comparisons are essential to elucidate 

how different modification mechanisms affect the structural and compositional transformations 

of starch in complex food systems [13]. Therefore, the present study aims to systematically 

compare fermentation, enzymatic, and hydrothermal modification methods of barley flour to 

identify which process most effectively enhances the structural characteristics associated with 

resistant starch. This approach provides new insights into optimising starch modification 

strategies to develop functional cereal-based ingredients with improved nutritional and 

technological properties. 

2. Materials and Methods 

2.1. Materials. 

The bacterial culture used was Lactobacillus plantarum IIA-1A5, which originated 

from the Bacteriology Laboratory at BRIN Cibinong. The source material for starch was barley 

from Bantul Regency, Yogyakarta, Indonesia. The materials for chemical analysis were 
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Pullulanase enzyme (E2412) from SIGMA and 3,5-dinitrosalicylic acid (DNS) (D0550) from 

SIGMA.  

2.2. The fermentation of barley starch modification. 

Fermentation-based modification of barley starch was conducted following Winarti and 

Anggreini [12], with minor adjustments. Barley flour (250 g) was dispersed in sterile distilled 

water (1:3, w/v) and inoculated with Lactobacillus plantarum culture (5% w/w). The 

suspension was incubated at 37°C for 24 h, autoclaved at 121°C for 15 min, cooled at 4°C for 

24 h, and oven-dried at 60°C for 24 h. The dried flour was ground, sieved (80 mesh), and stored 

in airtight containers. 

2.3. The enzymatic barley starch modification. 

Enzymatic debranching of barley starch was performed as described by Tu et al. [14]. 

Barley flour was suspended in distilled water (1:3, w/v), gelatinised by autoclaving at 121°C 

for 15 min, and cooled at 4°C for 24 h. The paste was then mixed with 0.1 M acetate buffer 

(pH 5.2) containing pullulanase enzyme (10.4 U/g flour) and incubated at 50°C for 24 h. The 

treated paste was re-autoclaved (121°C, 15 min), cooled (4°C, 24 h), and oven-dried (60°C, 24 

h). The dried flour was ground, sieved (80 mesh), and stored in sealed containers. 

2.4. The physicochemical barley starch modification. 

Physicochemical modifications were carried out according to the procedures described 

by Putra [15] and other references [16–19]. Barley flour suspensions (1:3, w/v) were subjected 

to several treatments. The autoclaving–cooling (AC) treatment involved autoclaving at 121 °C 

for 15 min followed by cooling at 4 °C for 24 h; this cycle was repeated twice, and the samples 

were subsequently oven-dried at 60 °C for 24 h. In the microwave–cooling (MW) treatment, 

samples were heated in a microwave at 600 W for 5 min, then cooled at 4 °C for 24 h; this 

cycle was repeated twice before oven drying at 60 °C for 24 h. For heat–moisture treatment 

(HMT), the moisture content of the flour was adjusted to 20% and the samples were heated at 

60 °C for 3 h. In the annealing (ANN) treatment, flour suspensions were incubated at 50 °C for 

24 h. For acid hydrolysis (AH), the flour was mixed with 2.2 N HCl at a ratio of 1:1 (w/v) and 

incubated at 35 °C for 2 h with continuous stirring; the suspension was then neutralised to pH 

6.0, washed, cooled at 4 °C for 24 h, and oven-dried at 60 °C for 24 h. All modified flours were 

subsequently ground, sieved through an 80-mesh screen, and stored in airtight containers until 

analysis. 

2.5. Analysis of the appearance and structure of modified barley flour granules. 

The microstructural characteristics of the modified barley flour granules were examined 

using scanning electron microscopy (SEM), following the procedure of Zeng et al. [20] with 

minor modifications. The samples were mounted on carbon-coated stubs and sputter-coated 

with a thin layer of gold to enhance conductivity. Imaging was performed using a Thermo 

Scientific Quattro S SEM operated at 10 kV. Micrographs were acquired at magnifications 

ranging from 1000× to 5000×, with a 10 µm scale bar. The resulting images were analysed to 

evaluate changes in granule morphology, surface texture, and aggregation behaviour associated 

with the modification treatment. 
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2.6. Analysis of total starch content of modified barley flour. 

The total starch content of the modified barley flour was determined following the 

method described by Setiarto et al. [21], with minor modifications. Briefly, 1 g of modified 

barley flour was mixed with 100 mL of 95% ethanol and stirred using a magnetic stirrer to 

remove soluble impurities. The suspension was filtered through Whatman No. 1 filter paper 

and dried in a desiccator. The recovered starch was weighed after 24 h, finely ground, and 40 

g of the flour was subsequently dispersed in 20 mL of distilled water. The mixture was 

autoclaved at 105°C for 1 h, cooled to room temperature, and diluted 40-fold with distilled 

water. For colourimetric determination, 0.5 mL of the diluted sample was mixed with 0.5 mL 

of 5% (w/v) phenol, followed by the addition of 2.5 mL of concentrated H₂SO₄. The mixture 

was vortexed, allowed to stand at room temperature for 10 min, vortexed again, and then 

allowed to stand for another 20 min. Absorbance was measured at 490 nm using a UV–Vis 

spectrophotometer (Shimadzu UV-1800, Japan). The instrument was calibrated using a glucose 

standard curve (0–100 µg/mL; R² > 0.99), and reagent blanks were included to correct the 

baseline. Total starch concentration was calculated from the standard curve and expressed as 

mg g⁻¹ dry weight. 

         Total starch content (%) = 
𝐶 𝑥 𝑉 𝑥 𝐷𝐹 𝑥 0.9

𝑊 𝑥 10
              

Where: 𝐶= glucose concentration obtained from the standard curve (mg/mL); 𝑉= total 

extract volume (mL); 𝐷𝐹= dilution factor; 0.9= conversion factor from glucose to starch (since 

hydrolysis of starch yields approximately 0.9 g glucose per g starch); 𝑊= sample weight (g, 

dry basis); The division by 10 converts mg/g to % (w/w). 

2.7. Analysis of amylose and amylopectin content of modified barley flour. 

The amylose and amylopectin contents of the modified barley flour were determined 

according to the method of Setiarto et al. [21], with slight modifications. Approximately 100 

mg of sample was mixed with 1 mL of 95% ethanol and 9 mL of 1 N NaOH, then heated in a 

water bath at 95°C for 10 min to gelatinise the starch. The mixture was cooled to room 

temperature to form a homogeneous gel, then quantitatively transferred to a 100 mL volumetric 

flask and diluted to volume with distilled water. An aliquot of 5 mL of this solution was mixed 

with 1 mL of 1 N acetic acid, 2 mL of iodine solution (0.2% I₂ and 2.0% KI), and 5 mL of 

distilled water. The mixture was allowed to stand for 20 min at room temperature to allow 

colour development. Absorbance was measured at 625 nm using a UV–Vis spectrophotometer 

(Shimadzu UV-1800, Japan). The instrument was calibrated using amylose standard solutions 

(0–100 µg/mL; R² > 0.99), and reagent blanks were used for baseline correction. Amylose 

content was calculated from the calibration curve, while the difference between total starch and 

amylose values determined amylopectin content. Results were expressed as percentages of total 

starch (w/w, dry basis). 

Amylose content (%) = 
𝐶 𝑥 𝑉 𝑥 𝐷𝐹

𝑊 𝑥 10
 

Amylopectin content (%) = Total starch (%) – Amylose (%) 

Where: 𝐶= amylose concentration obtained from the standard curve (mg/mL); 𝑉= total 

volume of the extract (mL); 𝐷𝐹= dilution factor; 𝑊= sample weight (g, dry basis); The factor 

10 converts mg/g to % (w/w). 
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2.8. Analysis of reducing sugar contents of modified barley flour. 

The reducing sugar content of the modified barley flour was determined using the 3,5-

dinitrosalicylic acid (DNS) method as described by Chang et al. [17], with slight modifications. 

Briefly, 1 g of the sample was mixed with 100 mL of 95% ethanol and stirred using a magnetic 

stirrer to remove soluble impurities. The suspension was filtered through Whatman No. 1 filter 

paper, and the residue was dried in a desiccator for 12 h. The dried material was ground to a 

fine powder, and 20 mg of the sample was dispersed in 10 mL of distilled water. The mixture 

was autoclaved at 105°C for 1 h, cooled to room temperature, and diluted tenfold prior to 

analysis. For reducing sugar determination, 1 mL of the diluted sample was mixed with 2 mL 

of DNS reagent, vortexed, and heated in boiling water for 5 min. After cooling to room 

temperature, 10 mL of distilled water was added, and the absorbance was recorded at 540 nm 

using a UV–Vis spectrophotometer (Shimadzu UV-1800, Japan). The instrument was 

calibrated using glucose standard solutions (0–500 µg/mL; R² > 0.99), and reagent blanks were 

included for baseline correction. Reducing sugar concentration was calculated from the 

calibration curve and expressed as µg glucose equivalents per mL of extract (µg/mL). 

 

Reducing sugar content (mg/g) = 
𝐶 𝑥 𝑉 𝑥 𝐷𝐹

𝑊
 

Where: 𝐶= concentration of reducing sugar (as glucose equivalent, mg/mL) obtained 

from the standard calibration curve; 𝑉= total volume of extract (mL); 𝐷𝐹= dilution factor; 𝑊= 

weight of the sample (g, dry basis). 

2.9. Statistical data analysis. 

All measurements, including total starch, amylose, amylopectin, and reducing sugar 

contents of the modified barley flour, were performed in triplicate (n = 3), and results were 

expressed as mean ± standard deviation (SD). Statistical analyses were conducted using one-

way analysis of variance (ANOVA) to assess significant differences among treatments at a 

95% confidence level (α = 0.05). When significant effects were detected, mean comparisons 

were performed using the Duncan test. Data analysis was carried out using IBM SPSS Statistics 

version 26.0 (IBM Corp., Armonk, NY, USA). 

3. Results and Discussion 

3.1. Physical appearance of modified barley flour granules. 

The physical characteristics of TJM, particularly its appearance, were examined to 

observe the differences in barley flour after modification. The observations revealed a 

noticeable colour change in the barley flour following the fermentation (FLP), enzymatic (DP), 

and physicochemical treatments (AC-1, AC-2, MW, HMT, ANN, and HA), resulting in a 

brownish hue (Figure 1). This occurs due to a non-enzymatic browning reaction called the 

Maillard reaction [22]. The starch content influences the browning reaction in the flour [23]. 
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                                       (i) 

Figure 1. Physical appearance of modified barley 

flour: (a) Control (K); (b) Fermentation of L. 

plantarum (FLP); (c) Debranching Pullulanase (DP); 

(d) Autoclaving cooling 1 cycle (AC-1); (e) 

Autoclaving cooling 2 cycles (AC-2); (f) Microwave 

cooling (MW); (g) Heat moisture treatment (HMT); 

(h) Annealing (ANN);  

(i) Acid Hydrolysis (HA) 
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The Maillard reaction occurs during heating, typically at high temperatures and for 

prolonged exposure [24]. The Maillard reaction begins with the condensation of amino acids 

and sugars, followed by dehydration of their fragments. It concludes with aldol condensation 

and the formation of heterocyclic nitrogen compounds [22]. Based on this, it is explained that 

high temperatures, such as those experienced by HMT and ANN, trigger Maillard reactions. 

Rannou et al. [22] It has been reported that water content affects the formation of 

Maillard reactions, with higher water content facilitating their occurrence. This indicates that 

Maillard reactions occurred in the FLP, DP, and AC-1 and AC-2 treatments. Dong et al. [25] 

reported that when heating using a microwave, the surface temperature of the flour becomes 

sufficiently hot to allow the MW treatment to form a Maillard reaction. Research by Nevara et 

al. [26] shows the effect of HMT on potato flour undergoing the Maillard reaction. Yonata et 

al. [27] It has been reported that the hydrolysis effect of acid solutions (HA) causes colour 

degradation in starch, and heating starch can also trigger the Maillard reaction. 

3.2. Microstructure of modified barley flour granules. 

Scanning electron microscopy (SEM) revealed distinct morphological alterations in 

barley starch granules depending on the modification technique employed (Figure 2). The 

autoclaving–cooling cycles produced the most extensive disruption, characterised by 

pronounced granule swelling, rupture, surface smearing, and loss of granular integrity. These 

features indicate near-complete gelatinisation followed by retrogradation [28]. Such disruption 

promotes the formation of amorphous regions and imperfect crystalline aggregates, structural 

attributes often associated with increased resistant starch formation. 

The microwave–cooling treatment induced morphological effects that were comparable 

but less uniform. Localised fissures, porous domains, and partially collapsed granules were 

evident, reflecting internal steam pressure gradients. The heterogeneous nature of microwave 

heating resulted in a mixture of intact and disrupted granules, which may account for the 

irregularity in functional properties [29]. 

In contrast, heat–moisture treatment (HMT) largely preserved the granular architecture. 

The granules appeared compact but roughened, suggesting limited surface modification 

coupled with internal crystalline reorganisation and reduced swelling capacity [30]. Annealing 

caused even subtler changes, producing smoother surfaces and improved lamellar order 

without significant physical disruption. Both HMT and annealing therefore act as structural 

refinement processes, enhancing crystalline stability and promoting uniform, thermally stable 

granules [31]. 

Acid hydrolysis preferentially attacked amorphous regions, generating pitted surfaces 

and exposing crystalline remnants. Short hydrolysis durations increased relative crystallinity, 

whereas prolonged exposure led to fragmentation and partial loss of crystalline order [32]. 

Lactic acid bacteria (LAB) fermentation induced moderate but functionally significant 

changes. The combined action of organic acids and microbial enzymes enhanced porosity 

within the starch–protein matrix, occasionally accompanied by the deposition of 

exopolysaccharide films that modified particle interactions [33]. Pullulanase debranching, 

meanwhile, primarily influenced the molecular structure rather than the granular morphology, 

reducing amylopectin branching and promoting the formation of new crystalline regions during 

retrogradation [34]. 

Overall, a gradient of microstructural disruption was observed across treatments. 

Autoclaving and microwave processes caused the most severe physical disintegration [35]; 
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HMT and annealing enhanced crystalline order with minimal external damage; acid and 

enzymatic treatments modulated the crystalline–amorphous balance; and fermentation 

provided biologically mediated matrix remodelling [36]. These distinct structural outcomes 

underpin functional differences: severely disrupted granules (autoclaving, microwave) enhance 

water absorption and paste viscosity, whereas reorganised structures (HMT, annealing, 

pullulanase) improve thermal stability and resistant starch formation [37]. Fermentation further 

enhances nutritional functionality by reducing antinutritional factors and introducing microbial 

metabolites [38]. 

Nevertheless, SEM analysis provides qualitative insights limited to localised regions of 

observation. The heterogeneous effects of certain treatments—particularly microwave heating 

and fermentation—may not be fully captured by selected micrographs [39]. Moreover, 

treatment outcomes depend strongly on parameters such as moisture content, temperature, pH, 

and microbial activity, which collectively determine the balance between crystalline disruption 

and reorganisation (Figure 2). Interactions between starch and non-starch components of barley 

flour, especially proteins and β-glucans, also influence morphological evolution and warrant 

further investigation [40]. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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(g) (h) 

 
(i) 

Figure 2. Microstructure of modified barley flour by SEM magnification 1000 x: (a) Control (K);  

(b) Fermentation of L. plantarum (FLP); (c) Debranching Pullulanase (DP); (d) Autoclaving cooling 1 cycle 

(AC-1); (e) Autoclaving cooling 2 cycles (AC-2); (f) Microwave cooling (MW); (g) Heat moisture treatment 

(HMT); (h) Annealing (ANN); (i) Acid Hydrolisis (HA). 

 

The physical structure of modified barley flour granules was examined by Scanning 

Electron Microscopy (SEM) to assess morphological alterations resulting from various 

modification treatments [21]. In the control sample, granules retained their typical neat and 

discrete morphology, indicative of native starch (Figure 2a). In contrast, marked structural 

changes were observed in the fermentation (FLP), enzymatic (DP), and physicochemical 

treatments (AC-1, AC-2, MW, HMT, ANN, and HA), resulting in aggregated, irregularly 

shaped granules (Figure 2b, c, d, e, f, g, h, i). These alterations are primarily attributed to 

gelatinisation and retrogradation processes occurring during modification [28]. 

Similar findings were reported by Setiarto [29], who found that Lactobacillus 

plantarum fermentation and pullulanase debranching caused starch swelling due to 

gelatinisation. Khan et al. [30] also observed that enzymatic hydrolysis resulted in irregular, 

deformed starch granules in corn flour. Hydrothermal treatments, such as autoclaving–cooling 

and microwave–cooling, induced structural disintegration and the formation of dense or sharp-

edged granule fragments (Figure 2d,e,f). Setiarto [29] and Shen et al. [31] likewise 

demonstrated that hydrothermal processing of porang and oat flour resulted in gelatinisation, 

disrupting the original granular architecture. Chemical modification through acid hydrolysis 

similarly alters granule morphology (Figure 2i). Liang et al. [32] reported that acid-treated 

sorghum flour exhibited corroded, roughened surfaces, increased porosity, and cracked grains, 

features indicative of amorphous region degradation. 

In barley (Hordeum vulgare) flour, diverse modification pathways—physical, 

enzymatic, and microbial—collectively reshape starch granule morphology, crystallinity, and 

the surrounding matrix organisation [33]. Autoclaving–cooling treatment induces partial 

gelatinisation followed by retrogradation, disrupting native granules and forming dense, 
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compact aggregates often associated with resistant starch type III (Figure 2d and 2e). SEM 

images typically show rough, irregular surfaces and reduced granule integrity, signifying 

crystalline rearrangements [34]. Heat–Moisture Treatment (HMT) promotes starch 

reorganisation under limited moisture and elevated temperature without inducing full 

gelatinisation (Figure 2g). The resulting granules exhibit smoother, compact surfaces and 

tighter molecular packing, reflecting improved crystalline order and reduced susceptibility to 

enzymatic attack [35]. Annealing preserves granule shape while enhancing internal molecular 

alignment within amorphous and crystalline domains (Figure 2h), producing minimal 

morphological changes but increased birefringence and crystallinity indicative of higher 

thermal stability [36]. Microwave–cooling treatment generates rapid heating and cooling 

cycles, resulting in localised gelatinisation and microcracking (Figure 2f). Uneven expansion 

and contraction lead to porous or fractured surfaces that enhance enzymatic accessibility and 

may facilitate the formation of resistant starch, depending on processing intensity [37]. 

Fermentation modifies the starch–protein matrix through microbial enzyme activity and 

acid production, degrading the surrounding network and increasing porosity (Figure 2b). SEM 

micrographs commonly reveal widened intergranular spaces, surface pits, and partial erosion 

of starch granules, consistent with microbial and biochemical remodelling [38]. A combined 

autoclaving–cooling and pullulanase debranching treatment further enhances microstructural 

reorganisation. The initial thermal cycle promotes gelatinisation and retrogradation, while 

subsequent enzymatic cleavage of α-1,6-glycosidic bonds facilitates linear chain alignment and 

crystalline aggregation (Figure 2c). The resulting microstructure shows dense, blocky remnants 

and well-organised aggregates, consistent with increased crystallinity and the formation of 

resistant starch [39]. 

Overall, each modification strategy produces distinct microstructural signatures. 

Thermal gelatinisation–retrogradation cycles (autoclaving, microwave) cause extensive 

granule disruption; controlled hydrothermal treatments (HMT, annealing) promote molecular 

reorganisation and crystalline refinement; acid and enzymatic processes selectively target 

amorphous or branched regions; and fermentation introduces gradual, biologically mediated 

remodelling [31,35,37]. Understanding these morphological responses enables the rational 

selection and combination of treatments to tailor barley flour functionality. Disrupted structures 

enhance hydration and pasting behaviour, whereas reorganised and crystalline structures confer 

improved thermal stability, enzymatic resistance, and potential for low-glycemic or functional 

food applications [40]. Future studies should integrate SEM characterisation with quantitative 

analyses of crystallinity, digestibility, and rheology to fully elucidate the structure–function 

relationships underlying modified barley flour systems. 

3.3. Total starch content of modified barley flour. 

Starch, the primary carbohydrate in barley flour, consists of two glucose polymers: 

amylose, a mostly linear α-(1,4)-D-glucan, and amylopectin, a highly branched α-(1,4)/α-(1,6)-

D-glucan stored within starch granules [41]. Significant differences (p < 0.05) were observed 

in the total starch content among the various modification treatments—fermentation (FLP), 

enzymatic (DP), and physicochemical (AC-1, AC-2, MW, HMT, ANN, HA)—compared with 

the unmodified control (Figure 3). The control sample exhibited a total starch content of 

30.62%, lower than the typical range reported for barley varieties from China (45.7–66.4%) 

[42] and Austria (51.96–59.48%) [43]. These variations reflect genotypic and environmental 

influences on starch biosynthesis [42]. 
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Among all treatments, pullulanase debranching (DP) yielded the highest total starch 

content (41.65%), significantly higher than that of the control and other modifications. This 

aligns with Harder et al. [43], who found that pullulanase-treated barley starch exhibited 

enhanced starch recovery and structural reorganisation. The enzymatic cleavage of α-1,6 

linkages in amylopectin during pullulanase treatment facilitates the formation of more linear 

chains, which readily realign into ordered crystalline regions during retrogradation, thereby 

contributing to the formation of resistant starch (RS type III). Other treatments, including 

microwave–cooling and autoclaving–cooling cycles, produced moderate increases in starch 

content, consistent with findings by Li et al. [44], who reported similar improvements in 

sorghum starch after thermal–cooling treatments. These changes are primarily due to partial 

gelatinisation followed by retrogradation, which reorganises starch molecules into less 

digestible crystalline aggregates. 

 
Figure 3. Total starch content of modified barley flour: (a) Control (K); (b) Fermentation of L. plantarum 

(FLP); (c) Debranching Pullulanase (DP); (d) Autoclaving cooling 1 cycle (AC-1); (e) Autoclaving cooling 2 

cycles (AC-2); (f) Microwave cooling (MW); (g) Heat moisture treatment (HMT); (h) Annealing (ANN);  

(i) Acid Hydrolysis (HA). Note: The same letters on the bar chart indicate values that are not significantly 

different at a 95% confidence level (α=5%). The treatments produced distinct effects on total starch content, 

with enzymatic (DP) and hydrothermal (ANN, HMT, MW) modifications generally resulting in higher total 

starch compared to the control, while fermentation (FLP) showed a moderate increase. 

The total starch content of barley flour is significantly affected by physical (thermal) 

and enzymatic modifications, as well as fermentation processes. These treatments influence 

starch structure, crystallinity, and enzymatic accessibility, leading to either apparent changes 

in measured starch levels or to actual degradation via hydrolysis or microbial metabolism [45]. 

Autoclaving–Cooling (AC) induces starch gelatinisation during heating, followed by 

retrogradation upon cooling. This process enhances the formation of resistant starch (RS type 

III), which is less susceptible to enzymatic hydrolysis and may therefore be underestimated in 

standard starch assays. Although the true starch mass remains largely conserved, the increase 

in crystalline, enzyme-resistant domains lowers apparent starch values [46]. 

Heat–Moisture Treatment (HMT), performed under restricted moisture and elevated 

temperature, reorganises starch granules without inducing gelatinisation. The resulting 

compact molecular arrangement increases resistance to enzymatic digestion but does not 

chemically degrade starch. Consequently, the apparent starch content may decline slightly due 
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to reduced solubility and reduced enzyme accessibility, rather than an actual loss of material 

[47]. Annealing, a milder hydrothermal process conducted below gelatinisation temperature, 

similarly enhances crystalline order and reduces digestibility without major alteration of total 

starch [36]. Microwave treatment exerts dual effects depending on exposure intensity. 

Moderate microwaving promotes partial gelatinisation and subsequent retrogradation, thereby 

enhancing resistant starch formation, whereas excessive heating can induce polymer 

depolymerisation and dextrinisation, leading to a reduction in measurable starch [48]. 

Fermentation, in contrast, causes a genuine decrease in total starch. Microorganisms 

such as lactic acid bacteria and yeasts utilise starch and its hydrolysates as carbon sources, 

enzymatically degrading granules and reducing starch mass [49]. The extent of this reduction 

depends on microbial strain, fermentation duration, and process conditions. Amylopectin 

typically degrades more rapidly than amylose, leading to altered amylose-to-amylopectin ratios 

and starch loss. A combined Autoclaving–Cooling with Pullulanase Debranching treatment 

integrates thermal and enzymatic modification. Pullulanase specifically cleaves α-1,6-

glycosidic bonds in amylopectin, generating linear chains that retrograde more readily into 

crystalline RS type III. Although the starch remains chemically present, these resistant fractions 

are less hydrolysed by assay enzymes, leading to a perceived decline in total starch [50]. 

Technological modifications influence both true and apparent starch content. 

Fermentation results in actual starch degradation through microbial metabolism [51], whereas 

treatments such as autoclaving–cooling, HMT, and enzymatic debranching primarily 

reorganise starch structure into enzyme-resistant forms, reducing apparent digestibility rather 

than total mass. Understanding these distinctions is essential for designing functional barley-

based products with targeted nutritional properties, particularly those aimed at lowering 

glycemic response or enriching resistant starch fractions. 

In summary, enzymatic debranching using pullulanase was the most effective strategy 

for enhancing total starch content and promoting resistant starch formation. Physicochemical 

treatments (microwave, autoclaving–cooling) also improved starch structure but to a lesser 

extent, while fermentation and hydrothermal treatments primarily induced compositional and 

matrix-level changes rather than substantial increases in total starch. The combined analysis 

indicates that molecular restructuring via enzymatic modification offers the most efficient 

pathway to develop barley flour with improved starch functionality and potential low-glycemic 

properties. 

3.4. Amylose and amylopectin content of modified barley flour. 

Starch, the main carbohydrate in barley flour, consists of two polysaccharides: amylose, 

a predominantly linear α-(1,4)-linked glucan, and amylopectin, a highly branched polymer with 

α-(1,6) linkages [41]. The proportions of these two components determine starch functionality, 

particularly its gelatinisation, retrogradation, and the capacity to form resistant starch (RS) 

(Figure 4). The control barley flour contained 21.87% amylose, consistent with values reported 

for barley cultivars from Canada (26.6–28.8%) [52] and Europe (17.6–29.3%) [53]. 

Environmental and genetic factors, such as endosperm development and growing temperature, 

are known to influence this variability [42]. 
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Figure 4. Amylose content of modified barley flour: ((a) Control (K); (b) Fermentation of L. plantarum (FLP); 

(c) Debranching Pullulanase (DP); (d) Autoclaving cooling 1 cycle (AC-1); (e) Autoclaving cooling 2 cycles 

(AC-2); (f) Microwave cooling (MW); (g) Heat moisture treatment (HMT); (h) Annealing (ANN);  

(i) Acid Hydrolysis (HA). Note: The same letters on the bar chart indicate values that are not significantly 

different at a 95% confidence level (α=5%). Treatments involving annealing and autoclaving–cooling showed 

the highest amylose levels, while fermentation and enzymatic modification resulted in comparatively lower 

values. Bars sharing the same letters are not significantly different at the 95% confidence level (α = 0.05). 

Significant differences (p < 0.05) in amylose content were observed among all 

modification treatments (Figure 4). Annealing produced the highest amylose level (30.65%) 

and the lowest amylopectin level (5.53%), indicating substantial molecular reorganisation that 

favoured the formation of linear glucan chains. Similarly, autoclaving–cooling cycles (AC-2 

and AC-1) significantly increased amylose to 29.81% and 29.65%, respectively, with 

corresponding reductions in amylopectin to 1.67% and 1.33% (Figures 4 and 5). These changes 

reflect amylopectin depolymerisation and retrogradation-driven recrystallisation, processes 

closely linked to the formation of resistant starch (RS type III). 

Microwave–cooling and heat–moisture treatment (HMT) also moderately increased 

amylose content, suggesting that controlled hydrothermal conditions promote molecular 

rearrangement without extensive degradation. In contrast, fermentation (FLP) and enzymatic 

debranching (DP) resulted in smaller yet significant increases in amylose proportion. 

Fermentation-induced hydrolysis of amylopectin and microbial enzymatic activity contributed 

to the relative enrichment of amylose fractions, while pullulanase treatment cleaved α-1,6 

linkages, generating linear chains that can retrograde more readily. 

Comparative analysis across treatments indicates that annealing and two-cycle 

autoclaving–cooling were the most effective in increasing amylose content and thus promoting 

resistant starch formation (Figure 5). These methods favour structural reorganisation and 

crystallisation over hydrolytic degradation, aligning with findings from Cozzolino et al. [54], 

Zhou et al. [55], and Shen et al. [31] on hydrothermally modified cereal flours. Microwave and 

HMT treatments provided intermediate improvements, while fermentation and enzymatic 

debranching enhanced linear chain formation through biochemical pathways rather than 

thermal restructuring. 

The control barley flour contained 21.87% amylose, which falls within the range 

reported in previous studies—26.6–28.8% for Canadian barley [52] and 17.6–29.3% for 

European varieties [53]. Such variation is commonly attributed to genetic background and 
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environmental factors, including temperature and rainfall, which influence endosperm 

development [42].   

 
Figure 5. Amylopectin content of modified barley flour: ((a) Control (K); (b) Fermentation of L. plantarum 

(FLP); (c) Debranching Pullulanase (DP); (d) Autoclaving cooling 1 cycle (AC-1); (e) Autoclaving cooling 2 

cycles (AC-2); (f) Microwave cooling (MW); (g) Heat moisture treatment (HMT); (h) Annealing (ANN);  

(i) Acid Hydrolysis (HA). Note: The same letters on the bar chart indicate values that are not significantly 

different at a 95% confidence level (α=5%). Treatments that increased amylose content (e.g., ANN, AC-1, and 

AC-2) correspondingly showed a marked reduction in amylopectin levels, whereas fermentation and pullulanase 

treatments maintained moderate values. Bars sharing the same letters are not significantly different at the 95% 

confidence level (α = 0.05). 

Among all treatments, significant differences (p < 0.05) were observed in amylose and 

amylopectin contents (Figures 4–5). The annealing treatment produced the highest amylose 

content (30.65%) and the lowest amylopectin level (5.53%), followed by the two-cycle and 

one-cycle autoclaving–cooling treatments, with amylose values of 29.81% and 29.65%, and 

corresponding amylopectin values of 1.67% and 1.33%, respectively. These results align with 

previous findings in Australian [54] and Chinese barley [55], and are comparable to amylose 

increases observed in sorghum [44] and oat flours [31] following hydrothermal treatments. 

The rise in amylose content and concomitant reduction in amylopectin can be attributed 

to partial depolymerisation of amylopectin branches into shorter, linear chains that behave as 

amylose. The autoclaving–cooling cycles promote gelatinisation, followed by amylose 

retrogradation, forming more crystalline fractions of resistant starch. However, excessive 

cycling may lead to the depolymerisation of amylose into simple sugars [56]. Different 

modification techniques influenced amylose–amylopectin distribution through distinct 

mechanisms [57]. Autoclaving–cooling promoted molecular reorganisation and 

recrystallisation, resulting in higher apparent amylose due to enhanced extractability [58]. 

Heat–moisture treatment (HMT) caused limited structural rearrangement without degradation, 

slightly increasing apparent amylose by partially linearising amylopectin chains [59]. 

Annealing, conducted below gelatinisation temperature, improved crystalline order but did not 

drastically alter the absolute levels of starch fractions [36]. Microwave treatment induced 

moderate depolymerisation, producing shorter glucan chains that may appear as amylose in 

analytical assays [48]. 

Fermentation and enzymatic debranching (pullulanase treatment) acted primarily 

through biochemical hydrolysis. Microbial enzymes in fermentation preferentially degraded 

branched amylopectin, increasing the relative proportion of amylose [60], whereas pullulanase 

hydrolysed α-1,6 linkages, generating linear chains that structurally and functionally resemble 
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amylose [61]. These linearised chains enhance the potential for the formation of resistant starch 

(RS type III) upon cooling. Collectively, these findings demonstrate that thermal–physical 

methods (particularly annealing and autoclaving–cooling cycles) are most effective in 

promoting amylose enrichment and starch retrogradation. At the same time, biochemical 

treatments (fermentation and enzymatic debranching) contribute complementary modifications 

by generating linear chain precursors. The resulting increase in amylose proportion and 

reduction in amylopectin branching are key determinants of the nutritional functionality and 

digestibility of modified barley flour. 

3.5. Reducing sugar content of modified barley flour. 

Reducing sugars comprise monosaccharides and some oligosaccharides that possess a 

free carbonyl group capable of acting as a reducing agent [62]. Variations in reducing sugar 

content are closely associated with starch hydrolysis and the formation of resistant starch [24]. 

As shown in Figure 6, all modification methods—fermentation (FLP), enzymatic (DP), and 

physicochemical treatments (AC-1, AC-2, MW, HMT, ANN, and HA)—significantly affected 

(p < 0.05) the reducing sugar levels compared to the control. The control barley flour exhibited 

9.49% reducing sugars, consistent with the 7–9% range reported by Ojha et al. [63] for barley 

from Nepal. 

Overall, most modification treatments reduced sugar content, particularly AC-2, MW, 

HMT, and HA (8.88–8.95%), while FLP, AC-1, and ANN showed no significant difference (p 

> 0.05) from the control (9.01–9.22%). Only the pullulanase-debranching (DP) treatment 

produced a significant increase (9.63%), indicating enhanced hydrolysis of α-1,6-glycosidic 

linkages that released short-chain dextrins and aldose groups [64]. The decrease in reducing 

sugars after most treatments is partly due to their participation in Maillard reactions during 

heating, in which the carbonyl groups of reducing sugars react with amino groups to form early 

browning products [24]. 

 
Figure 6. Reducing sugar content of modified barley flour: (a) Control (K); (b) Fermentation of L. plantarum 

(FLP); (c) Debranching Pullulanase (DP); (d) Autoclaving cooling 1 cycle (AC-1); (e) Autoclaving cooling 2 

cycles (AC-2); (f) Microwave cooling (MW); (g) Heat moisture treatment (HMT); (h) Annealing (ANN);  

(i) Acid Hydrolysis (HA). Note: The same letters on the bar chart indicate values that are not significantly 

different at a 95% confidence level (α=5%). Reduced sugar levels were generally observed after modification, 

particularly in AC-2, MW, HMT, and HA treatments, indicating enhanced starch retrogradation and resistant 

starch formation. The DP treatment showed a slight increase in reducing sugars due to enzymatic cleavage of α-

1,6-glycosidic bonds in amylopectin, whereas fermentation and annealing caused minor or no significant 

changes. 
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From a mechanistic perspective, autoclaving–cooling (AC) promotes starch 

gelatinisation, followed by retrogradation, thereby enhancing the formation of resistant starch 

(RS type III) while limiting enzymatic hydrolysis and reducing sugar release [65, 66]. Heat-

moisture treatment (HMT) and annealing (ANN) further strengthen molecular ordering within 

starch granules, thereby decreasing solubility and enzyme accessibility, which explains their 

lower reducing sugar values [67]. Microwave (MW) treatment partially gelatinises starch, 

briefly enhancing sugar release, but excessive heating may degrade sugars through 

caramelisation or Maillard reactions, lowering detectable levels [44]. Fermentation (FLP) 

exhibits a dual effect: microbial amylases initially increase reducing sugar formation, but 

subsequent microbial metabolism depletes these sugars, resulting in a net decline [68]. 

Conversely, pullulanase debranching (DP) distinctly elevates reducing sugars by cleaving α-

1,6 bonds in amylopectin, generating linear dextrins that are readily hydrolysed [69]. However, 

if these fragments undergo retrogradation during subsequent cooling, their contribution to 

reducing sugar levels may decline, while resistant starch levels increase [70,71]. 

Collectively, these findings indicate that treatments that enhance molecular order 

(HMT, ANN, AC-2) or promote retrogradation result in lower reducing sugar levels and higher 

resistant starch formation. In contrast, enzymatic debranching (DP) temporarily increases 

reducing sugars but ultimately facilitates the structural rearrangements required for the 

development of resistant starch upon cooling. Thus, autoclaving–cooling and pullulanase 

debranching emerge as the most effective combinations for enhancing resistant starch, 

balancing initial hydrolysis with subsequent recrystallisation into enzyme-resistant structures. 

4. Conclusions 

This study demonstrated that physicochemical, fermentation, and enzymatic 

modifications markedly altered the structural and compositional properties of barley flour 

(Hordeum vulgare). Among the treatments, autoclaving–cooling (particularly two cycles) and 

enzymatic debranching with pullulanase were the most effective, increasing total starch and 

amylose contents to approximately 41.6% and 30.6%, respectively, while reducing sugar levels 

declined to around 8.9%. These compositional shifts indicate enhanced formation of resistant 

starch, supported by observed granule disruption and crystalline reorganisation. 

Physicochemical modifications (autoclaving–cooling, microwave, HMT) primarily affected 

granule morphology and crystallinity, whereas enzymatic and fermentation treatments induced 

more selective molecular rearrangements within the starch matrix. Collectively, these results 

highlight that the structural pathways leading to resistant starch formation differ across 

modification types, with physicochemical and enzymatic methods showing the greatest 

efficacy. However, the nutritional implications remain inferential, as direct assessments of 

digestibility and prebiotic functionality were not performed. Future research should integrate 

in vitro digestion assays, glycaemic response modelling, and prebiotic evaluations, alongside 

process optimisation for moisture, duration, and sequential treatments, to validate and scale 

these modifications for functional food applications. 
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