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Sustainability Spotlight statement 

This study demonstrates how precision fractionation in roller milling can be leveraged to 

valorize all flour streams by linking stream-specific functionality to targeted end-use 

applications. By identifying optimal utilization pathways for break and reduction streams, the 

work minimizes reliance on over-refining and reduces waste generation, thereby improving 

resource efficiency within wheat processing systems. The ability to tailor flour blends for 

specific products, such as cookies, enhances processing efficiency, reduces energy and water 

inputs, and supports cleaner-label formulations. Overall, this approach advances a more 

efficient utilization of roller-milled flour streams by maximizing the functional potential of 

each stream while improving product quality and industrial sustainability.
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21 Abstract

22

23 This study investigated the stream-specific functional, rheological, thermal, and end-product 

24 properties of roller-milled wheat flour streams, including break (B1-B4), reduction (C1-C5), 

25 and straight-run flour (SRF), to establish structure-function relationships for sustainable flour 

26 utilization and cookie quality optimization. Significant variability (p < 0.05) was observed 

27 among the streams, with damaged starch (SD) ranging from 3.48% (B1, C3) to 8.85% (SRF). 

28 Reduction streams exhibited higher swelling power (6.94 g/g at 98 °C) and solubility (11.64% 

29 at 55 °C), while DSC analysis revealed gelatinization temperatures ranging from 60.35 to 70.17 

30 °C and enthalpy values from 4.13 to 8.91 J/g. Microvisco-amylograph analysis showed 

31 considerable variation in pasting behavior, with gelatinization temperatures ranging from 58.5 

32 to 63.9 °C and peak viscosity ranging from 666 to 1032 BU, reflecting differences in starch 

33 damage and stream composition. Farinograph properties also varied significantly, with water 

34 absorption ranging from 52.0% to 63.9% and dough stability from 0.6 to 18.1 min. Cookie 

35 quality differed markedly among streams, where reduction fractions produced higher spread 

36 ratios (up to 7.3) and lower hardness (4925 g), while break streams yielded firmer cookie 

37 structures. Principal component analysis further confirmed strong relationships among starch 

38 functionality, rheology, and cookie-quality attributes. Overall, the findings demonstrate that 

39 selective utilization and recombination of milling streams can be strategically used to tailor 

40 flour functionality, improve product quality, and support resource-efficient production of 

41 application-specific flours for industrial baking applications.

42

43 Keywords: Flour-streams, Functional-Properties, Processing, Roller-Mill, Wheat, Cookie 

44 qualities
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45 1. Introduction 

46 Roller milling is the predominant industrial process for fractionating wheat kernels into 

47 multiple flour streams with distinct physicochemical and functional properties. Sequential 

48 break-and-reduction operations separate endosperm, bran, and germ, generating streams that 

49 differ in particle size, protein content, ash content, and starch damage.1 While this enhances 

50 process efficiency, it also creates substantial heterogeneity in flour functionality, necessitating 

51 stream-specific characterization for optimal utilization. 2,3 From a sustainability perspective, 

52 improving the utilization of these streams is critical to reduce resource losses and enhance value 

53 addition within wheat processing systems, where large quantities of by-products are generated 

54 annually (>150 million tons globally). 4

55 Milling conditions, including roll gap, differential speed, and extraction rate, govern the 

56 variability among roller-milled streams. Reduction streams derived from inner endosperm are 

57 finer and richer in starch, whereas break streams contain more bran contamination and coarser 

58 particles.5,6 Intensive grinding in later stages increases starch damage, which strongly 

59 influences hydration behavior, thermal transitions, and rheological properties.7,8 These 

60 structural gradients lead to significant differences in pasting and functional characteristics, 

61 which are key determinants of processing performance.

62 Different grinding and flour fractionation methods strongly influence particle size, starch 

63 damage, hydration, and end-product quality.9 Conventional roller milling enables gradual 

64 separation of endosperm, bran, and germ into stream-specific flours with distinct functional 

65 properties, whereas direct grinding methods followed by sieving often produce broader 

66 particle-size distributions and higher starch disruption. Fine fractions enriched in damaged 

67 starch (SD) generally exhibit greater water absorption and viscosity, while coarse bran-rich 

68 fractions contribute higher fiber and oil-binding capacity.10–13 Therefore, understanding the 

69 effects of grinding intensity and stream fractionation is essential for developing application-

70 specific flours and improving resource-efficient cereal processing strategies.

71 Functional properties such as water absorption, swelling power, and solubility are governed by 

72 starch granule integrity, particle size distribution, and protein-starch interactions. Increased 

73 starch damage enhances water binding and enzymatic susceptibility, whereas protein matrices 

74 restrict swelling and amylose leaching. 14,15 These interactions directly influence rheological 

75 and thermal behavior, including gelatinization, viscosity development, and retrogradation. 16,17 
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76 Understanding these relationships is essential for designing flours with targeted functionality 

77 while improving processing efficiency and product consistency.

78 From an application standpoint, such variability is particularly relevant for cookie production, 

79 where flour functionality governs dough spread, texture, and color development. Unlike bread 

80 systems, cookies require lower gluten strength, controlled hydration, and optimized starch 

81 functionality to achieve desirable spread and texture.18 Improper utilization of milling streams 

82 can therefore result in suboptimal product quality and inefficient resource use.

83 Recent advances in sustainable food processing emphasize the need for efficient fractionation 

84 and valorization of cereal streams to improve resource efficiency and reduce waste.19 However, 

85 most studies have focused on isolated compositional or functional attributes, with limited 

86 integration of multi-parameter functionality and end-product performance. Therefore, this 

87 study provides a comprehensive evaluation of roller-milled wheat flour streams by integrating 

88 functional, rheological, pasting, thermal, and flow behavior properties, along with cookie 

89 quality and multivariate (PCA and correlation) analysis.

90 By establishing clear structure-function-quality relationships and linking stream-specific 

91 variability to cookie performance, this work proposes a sustainable framework for precision 

92 flour blending and efficient stream utilization. Such an approach supports the development of 

93 application-specific flours, improves processing consistency, and contributes to sustainable 

94 wheat-based food systems.

95

96 2. Materials and Methods

97 2.1.Raw materials

98 Medium-hard wheat (Triticum aestivum), variety Lokwan, was procured from a local market 

99 in Mysore, Karnataka, India. They were cleaned using a Labofix laboratory cleaner (Brabender, 

100 Germany).

101

102 2.2.Wheat milling process

103
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104 Wheat milling was performed according to the procedure described by Hitlamani et al.1 Briefly, 

105 cleaned wheat kernels were conditioned to 14-15% moisture and tempered at 24 ± 2 °C for 24 

106 h before milling. The conditioned wheat was milled using an industrial-scale Bühler roller mill 

107 (Bühler AG, Switzerland) comprising break (B1-B4), reduction (C1-C5), purifier, and bran 

108 finishing systems, operating at 72% flour extraction (Supplementary Figure 1). Individual flour 

109 streams (break and reduction) and SRF were collected for analysis. Milling was carried out 

110 under standard conditions according to AACC Method 26-21.02, and samples were packed in 

111 airtight containers and stored refrigerated until further use.

112  

113 2.3.Damaged Starch Determination

114

115 Damaged starch content was determined according to the method 76-30A 20 with slight 

116 modifications. Flour sample (1 g, 14% moisture basis) was weighed into a 125 mL conical 

117 flask, and 45 mL of enzyme reagent (at 30 °C) was added to obtain a uniform suspension. The 

118 mixture was incubated at 30 °C for 15 min with intermittent shaking. Subsequently, 3 mL of 

119 reagent 2 and 2 mL of reagent 3 were added, mixed thoroughly, and allowed to stand for 2 min. 

120 The mixture was filtered through Whatman No. 4 filter paper, discarding the initial filtrate.

121

122 An aliquot of 5 mL of filtrate was transferred into a boiling tube containing 10 mL of 0.1 N 

123 potassium ferricyanide, the tube was covered, heated in a boiling water bath for 20 min, and 

124 then rapidly cooled. The contents were transferred to a conical flask containing 25 mL of acetic 

125 acid salt solution, and the mixture was titrated with 0.1 N sodium thiosulfate. At the endpoint, 

126 2 mL of 50% KI and 1 mL of 1% starch indicator were added, and titration was continued until 

127 the blue color disappeared. A blank was run simultaneously without a sample.

128 Damaged starch (%) was calculated based on the difference in titration values (B − A), 

129 corresponding to the amount of ferricyanide reduced, and expressed as maltose equivalent 

130 using standard conversion factors.

131

132 2.4.Alpha-amylase enzyme activity 

133

134 Alpha-amylase enzyme activity using the falling number (FN) standard method (method 56-

135 81B).20 The FN apparatus water bath was preheated to boiling. Flour sample (7.0 g, corrected 

136 to 14% moisture basis) was weighed into an FN tube, and 25 mL of distilled water was added. 

137 The tube was sealed with a rubber stopper and shaken vigorously to obtain a uniform 
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138 suspension. The tube was then placed in the boiling water bath, and the test was initiated. The 

139 slurry was automatically stirred for 60 s, after which the time required for the stirrer to fall 

140 through the liquefied paste was recorded as the FN (s). Results were expressed on a 14% 

141 moisture basis. An FN is inversely related to α-amylase activity of the flour.

142

143 2.5.Zeleny values

144

145 The sedimentation value of the wheat flour samples was determined according to the Method 

146 56-61.02.21 Briefly, 3.2 g of flour (14% moisture basis) was suspended in 50 mL of distilled 

147 water containing bromophenol blue (4 mg/L) in a 100 mL graduated cylinder and shaken for 5 

148 min. Subsequently, 25 mL of a lactic acid-isopropyl alcohol reagent was added, followed by 

149 an additional 5 min of mechanical shaking. The mixture was allowed to settle for exactly 5 

150 min, and the volume of the sediment was recorded in mL as the Zeleny value.

151

152 2.6.Water and Oil Holding Capacity

153

154 The water- and oil-holding capacities (WHC and OHC) of the flour samples were determined 

155 according to the method of Hitlamani et al.22 with slight modifications. Briefly, 100 mg of flour 

156 was weighed into a 2 mL centrifuge tube, and 1 mL of distilled water or oil was added. The 

157 mixture was vortexed for 30 seconds, allowed to stand at room temperature for 30 minutes, and 

158 then centrifuged at 7000 rpm for 15 minutes. The supernatant was decanted, and the residue 

159 was weighed to calculate WHC and OHC using the following equation.

160

161 2.7.Swelling power and Solubility index

162

163 The swelling power (SP) and solubility index (SI) of the flour samples were determined 

164 according to the method of 22 with modifications. Briefly, 100 mg of the sample was weighed 

165 into a centrifuge tube, mixed with 1.0 mL of water, and heated at 45-90 °C for 30 minutes. The 

166 mixture was then centrifuged at 3000 g for 10 minutes. The supernatant was decanted, and the 

167 weight of the residue was recorded to calculate the SP using the standard equation. The 

168 remaining supernatant was poured into a petri plate (pre-weighed), evaporated to dryness over 

169 a water bath, and dried for five hours in an air oven set at 105 °C. The proportion of soluble 

170 was determined using the following equation and designated as the SI based on the dry weight 

171 and the weight of the residue. The experiment was repeated in triplicate.
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172

173 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔𝑃𝑜𝑤𝑒𝑟(𝑆𝑃)𝑔/𝑔 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑅𝑒𝑠𝑖𝑑𝑢𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

 …………. (1)

174   𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝑆𝐼)% = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

 × 100 ……… (2)

175

176

177 2.8.Dough mixing characteristics 

178

179 Water absorption, dough development time, and stability were determined using a Brabender 

180 Farinograph (Duisburg, Germany) according to AACC Method 54-21.20 Flour samples (50 g, 

181 14% moisture basis) were mixed with water at 30 ± 2 °C to obtain a consistency of 500 BU, 

182 and farinograms were recorded for 10 min. Water absorption (%), development time (min), 

183 stability (min), and mechanical tolerance index (BU) were calculated from the curves. All 

184 measurements were performed in triplicate, and data were analyzed using one-way ANOVA 

185 followed by Tukey's test to determine significant differences at p < 0.05.

186

187 2.9.Pasting properties of flours

188

189 The gelatinization and pasting properties of stream flour were elevated using a 12 % (w/v) 

190 slurry, and changes over time and viscosity under different time and temperature conditions 

191 were recorded using a Brabender Micro-Visco-Amylograph (Brabender, Duisburg, Germany). 

192 The viscosity is expressed in Brabender Units (BU), which reflect the torque required to rotate 

193 the spindle in a given sample as per the method 22-10.20

194

195 2.10. Thermal properties

196

197 The thermal properties of stream flour samples were determined using Differential Scanning 

198 Calorimetry (DSC) (PerkinElmer, USA). A 5 mg sample was weighed into an aluminum pan, 

199 and 10 µl of deionized water was added using a micropipette. The sample pans were then 

200 hermetically sealed and left at room temperature for one hour to allow for equilibration. In the 

201 DSC, samples were heated from 30 °C to 120 °C at a rate of 10 °C/min, with a sealed, empty 

202 pan serving as the reference. The software was used to record the onset temperature (To), end 

203 set temperature (Te), peak temperature (Tp), and enthalpy (ΔH).

204

Page 8 of 42Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
27

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00108d


8

205 2.11. Flow behavior of flours

206

207 The flow behavior of flour suspensions was determined using a modular compact rheometer 

208 (MCR-52, Anton Paar, Graz, Austria) equipped with a parallel-plate geometry (75 mm 

209 diameter, P75 probe) and a plate gap of 1 mm. A 20% (w/v) aqueous suspension (5-7 mL) was 

210 loaded, and samples were equilibrated for 5 min at the test temperature (45, 65, and 85 °C).

211

212 2.12. FTIR analysis of flour

213

214 Fourier Transform Infrared (FTIR) spectrophotometer (Model/Make: IFS 25, Bruker, 

215 Germany) equipped with an Attenuated Total Reflectance (ATR) accessory was employed to 

216 analyze the functional properties of the flours. The flour streams were approximately 10 mg, 

217 which were directly spread over the ATR crystal without further preparation. The spectra of 

218 each sample were recorded over a wavenumber range of 4000–400 cm⁻¹, with a resolution of 

219 4 cm⁻¹ and an average of 20 scans, to achieve an optimal signal-to-noise ratio at room 

220 temperature (20 ± 2 oC). The acquired spectra were analyzed to identify the functional groups 

221 and molecular interactions of the flour. Key absorption bands were noted.

222

223 2.13. Preparation of cookie

224

225 Cookies were prepared according to AACC Method 10-52 20 with slight modifications. The 

226 formulation consisted of 100 g of wheat flour, 60 g of powdered sugar, 30 g of fat, 3 g of skim 

227 milk powder, 0.75 g of ammonium bicarbonate, 1 g of sodium bicarbonate, 1 g of sodium 

228 chloride, and an appropriate amount of water. Ingredients were mixed using a Hobart mixer 

229 (Model N-50, Ontario, Canada) to obtain a uniform dough. The dough was sheeted to a 

230 thickness of 2 cm, cut into circular pieces (6.5 cm diameter), and baked at 200 °C for 12 min. 

231 23 After baking, cookies were cooled to room temperature and stored in polypropylene pouches 

232 for further analysis.

233

234 2.14. Physical parameters of cookies 

235
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236 Cookies were evaluated for physical characteristics, including diameter (mm), thickness (mm), 

237 and spread ratio. Diameter and thickness were measured using a digital caliper, and the mean 

238 of four cookies per batch was recorded. The spread ratio was calculated as the ratio of diameter 

239 to thickness. Textural properties were determined as breaking strength using a texture analyzer 

240 (TA-HDi, Stable Micro Systems, Surrey, UK) based on the three-point bending method 23. 

241 Measurements were carried out at a crosshead speed of 50 mm/min using a 10 kg load cell, and 

242 the maximum force (g) required to fracture a cookie was recorded as the average of three 

243 replicates.

244 Surface color of the cookies was measured using a HunterLab colorimeter (LabScan XE, 

245 Hunter Associates Laboratory, Inc., Reston, VA, USA). Color values were expressed in terms 

246 of L*, a*, b*, and ΔE, using a standard white calibration tile (L* = 92.76, a* = −1.06, b* = 

247 2.81) as reference.

248  

249 2.15. Consumer pre-sensory evaluation of cookies

250

251 Cookies were evaluated for both physical and pre-sensory attributes. Samples prepared from 

252 different flour streams were assigned randomized codes before analysis. Pre-sensory 

253 evaluation was conducted by a panel of 20 semi-trained/untrained panelists, and informed oral 

254 consent was obtained from all participants regarding potential allergies (to gluten). The 

255 evaluation was conducted under controlled conditions (27 ± 2 °C and 53 ± 5% relative 

256 humidity). Panelists, familiar with free-choice profiling and Quality Descriptive Analysis 

257 (QDA), developed a scorecard based on relevant sensory descriptors. Each assessor evaluated 

258 the coded samples using a 10-point scale (0 = threshold, 10 = saturation) for attributes including 

259 surface color, cracking, crumb color, texture, mouthfeel, and flavor. Mean scores were 

260 calculated and used to generate sensory profiles.24 Ethical approval was not required, as no 

261 personal or clinical data were collected.

262

263 2.16. Statistical analysis

264

265 Statistical analyses were performed using SPSS (version 16.0; SPSS Inc., USA) following the 

266 procedures described by Steel and Torrie. All experiments were conducted in triplicate, and 

267 results are expressed as mean ± standard deviation (SD). One-way analysis of variance 

268 (ANOVA) was used to evaluate the effects of flour streams on the measured parameters, and 
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10

269 significant differences among means were determined using Tukey's multiple range test at p < 

270 0.05.

271

272 Principal component analysis (PCA) and Correlation (Pearson) were carried out using 

273 OriginPro 2026 (Student Version; OriginLab Corporation, USA) to explore relationships 

274 among functional, rheological, thermal, and quality attributes and to visualize sample 

275 discrimination based on multivariate data.

276

277 3. Results and discussions

278 Details on particle size distribution (PSD), color, and nutritional variability of roller-milled 

279 flour streams have been reported in our previous study. 1 A brief summary is provided here to 

280 support functional interpretation (data not shown). Significant heterogeneity was observed 

281 among B1-B4, C1-C5, and SRF streams due to milling progression. Early break streams (B1-

282 B3) were dominated by finer endosperm particles (50-100 µm), whereas later streams (B4, C3-

283 C5) contained a higher proportion of coarse fractions (>100 µm) due to increased bran 

284 contamination. Early reduction streams (C1-C2) exhibited finer and more uniform PSDs, while 

285 later streams became progressively coarser; SRF represented a composite distribution. Color 

286 and nutritional parameters also differed significantly (p < 0.05), with higher lightness and 

287 starch purity in early reduction streams and increased ash, protein, and darker color in later 

288 streams due to bran enrichment.1

289 To extend our previous study, 1 this work demonstrates how structural and compositional 

290 gradients strongly influence hydration, rheological, and pasting properties, thereby governing 

291 functional performance and cookie quality, while also providing opportunities for stream-

292 specific utilization and valorization.

293 Such inherent variability can be strategically exploited to minimize material losses, reduce 

294 reliance on uniform blending, and enable the development of application-specific flours. 

295 Therefore, understanding these gradients is crucial for enhancing process efficiency, 

296 optimizing resource utilization, and supporting sustainable wheat processing systems while 

297 maintaining the desired product quality.

298
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299 3.1.Stream-specific starch damage gradients

300 3.1.1. Damaged starch

301

302 The SD content of roller-milled flour streams varied significantly due to differences in milling 

303 passage, particle size, and endosperm disruption (Table 1). Among break streams, B1 showed 

304 the lowest value (3.48%) due to minimal mechanical shear, while B2 exhibited a marked 

305 increase (7.10%), reflecting greater fragmentation during intermediate milling stages; values 

306 declined in B3 (4.30%) and B4 (4.10%) due to coarser fractions and may potentially reduce 

307 processing intensity during thermal applications. Reduction streams displayed wider 

308 variability, with moderate levels in C1 (5.65%) and C2F1 (5.25%), lower values in C2F2 

309 (3.69%) and C3 (3.48%), and the highest in C4 (8.61%) due to intense grinding of finer 

310 particles. In contrast, C5 (5.86%) reflected increased bran contamination. 5 The SRF exhibited 

311 high SD (8.85%), attributed to its heterogeneous composition and greater friction induced by 

312 bran. These differences were statistically significant (p < 0.05), confirming the strong influence 

313 of the milling stage on starch damage.

314 This variability in SD presents an opportunity to optimize processes and use milling streams 

315 more efficiently. Streams with higher starch damage (B2, C4, and SRF) exhibit enhanced water 

316 absorption and enzymatic susceptibility, which can be advantageously directed toward bread-

317 making applications, thereby improving functional efficiency and reducing the need for 

318 additional processing inputs. 18,25 Conversely, low-damage streams (B1, C2F2, C3) are better 

319 suited for products that require controlled hydration and softer dough systems, such as cookies, 

320 thereby minimizing formulation adjustments and improving product consistency.

321

322 Strategic segregation and recombination of these streams can therefore reduce over-processing, 

323 optimize energy use during milling, and enhance value addition across fractions. Recent studies 

324 have emphasized that stream-level valorization and targeted functionality-based utilization are 

325 key strategies for improving sustainability in cereal processing systems, enabling reduced 

326 waste generation and more efficient use of raw materials. 17,26 Thus, controlling starch damage 

327 not only influences functional performance but also contributes to sustainable milling practices 

328 by aligning stream properties with specific end-use applications. In addition, variations in 

329 starch damage may influence acrylamide formation in thermally processed end products.9,27,28

330

331 3.1.2. Falling number

332
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333 Falling number (FN) values varied significantly (p < 0.05) among roller-milled streams (Table 

334 1), reflecting differences in starch damage and α-amylase activity. SRF showed a high FN 

335 (732.86 s), indicating low enzymatic activity and good grain quality. Among break streams, 

336 inner fractions (B3–B4: 730.79-838.02 s) exhibited higher FN than outer breaks (B1-B2: 

337 631.52-652.28 s), due to lower bran/germ contamination and reduced enzyme presence. 

338 Similarly, early reduction streams (C1, C2B: 712-724 s) maintained higher FN, whereas later 

339 reductions (C4, C5: 533.07-583.36 s) showed significantly lower values, attributed to increased 

340 starch damage and finer particle size.

341

342 These results confirm the inverse relationship between starch damage and FN, as reported in 

343 recent studies. 29,30 Controlling FN through stream-specific milling and blending reduces the 

344 need for enzymatic corrections and processing aids, enabling more consistent flour 

345 performance with lower resource inputs. This aligns with sustainable cereal processing 

346 strategies that emphasize precision milling, reduced processing interventions, and improved 

347 utilization of intrinsic grain functionality. 5,31

348

349 3.1.3. Zeleny sedimentation values

350

351 The Zeleny sedimentation values (ZSV) of roller-milled flour streams ranged from 13.19 mL 

352 (C5) to 29.55 mL (B3), indicating substantial variability in gluten quality and sedimentation 

353 behavior among the streams (Table 1). Among the break streams, B2 and B3 exhibited the 

354 highest ZSV (27.29 and 29.55 mL, respectively), reflecting superior gluten strength and better 

355 protein network formation associated with higher endosperm purity. In contrast, B1 and B4 

356 showed comparatively lower values, suggesting weaker gluten aggregation. Reduction streams 

357 showed a progressive decline in ZSV, with early fractions (C1-C2F2) showing moderate values 

358 comparable to SRF (21.41 mL), whereas later fractions (C3-C5) recorded significantly lower 

359 sedimentation values. The lower ZSV observed in later reduction streams should not be 

360 attributed solely to starch damage or protein dilution, since ZS primarily reflects gluten quality 

361 and the ability of gluten proteins to form cohesive networks. The reduced sedimentation in C3-

362 C5 is more likely associated with bran interference, disrupted gluten continuity, and altered 

363 protein aggregation caused by fiber-rich particles and non-gluten components,1 which weaken 

364 gluten swelling behavior despite the presence of protein. SRF exhibited intermediate behavior, 

365 reflecting the composite contribution of both strong and weak flour fractions. Statistical 

366 analysis confirmed significant differences (p < 0.05) among the streams, with B2 and B3 
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367 differing markedly from later reduction streams (C3-C5). These findings highlight the 

368 importance of stream-specific blending: high-ZSV fractions improve dough strength and 

369 bread-making quality, while low-ZSV streams may be better suited for products that require 

370 weaker gluten functionality, such as cookies and biscuits.

371

372 3.2.Hydration, thermal, and rheological relationships of roller-milled flour streams

373

374 The observed variations in WHC, OHC, SP, SI, thermal, and rheological behavior among 

375 roller-milled flour streams highlight the importance of stream-specific functionality in 

376 determining processing performance. Bran-rich and high-hydration streams exhibited 

377 enhanced water- and oil-binding capacities, whereas refined starch-rich fractions showed 

378 distinct swelling and flow characteristics. These functional differences demonstrate the 

379 potential of precision milling and selective stream utilization to improve resource-efficient 

380 flour applications by optimizing inherent flour functionality rather than relying on external 

381 additives. Such approaches support clean-label formulation, improved utilization of milling 

382 fractions, and reduced processing losses within sustainable cereal-processing systems. 32

383

384 3.2.1. Water Holding Capacity (WHC)

385

386 WHC of roller-milled streams varied significantly (p < 0.05) from 1.87 mL/g (B2) to 2.14 g/g 

387 (C4). Break streams (B1- B3) exhibited lower WHC values (1.87-1.95 mL/g), reflecting their 

388 lower fiber content and predominance of endosperm fractions, whereas B4 and SRF showed 

389 slightly higher values due to increased bran incorporation (Figure 1). Early reduction streams 

390 (C1-C2F2) showed moderate WHC (1.95-2.00 mL/g), while late reduction streams (C3-C5) 

391 recorded the highest values (2.13-2.14 mL/g). Although SD generally contributes to water 

392 absorption, the relatively high WHC observed in C3 despite its low SD content (3.48%) 

393 suggests that additional factors, including particle-size distribution, bran-associated 

394 arabinoxylans, and ash content, also play important roles in water binding. Later reduction 

395 streams contain higher levels of non-starch polysaccharides and finer fibrous particles, which 

396 retain substantial amounts of water through hydrogen bonding and matrix entrapment 

397 mechanisms. Therefore, WHC in roller-milled streams is governed by the combined effects of 

398 starch damage, fiber composition, and particle structure rather than starch damage alone.

399 These observations are consistent with recent findings that milling-induced structural 

400 disruption enhances water-binding capacity by increasing surface area and the proportion of 
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401 amorphous regions in starch granules. 9,32 Improved WHC in bran-rich streams enhances water-

402 use efficiency during processing and supports the functional use of fiber-rich milling fractions, 

403 aligning with circular food system approaches and waste-minimization strategies. 32 These 

404 hydration differences subsequently influenced rheological and cookie-quality behavior 

405 discussed in later sections.

406

407 3.2.2. Oil Holding Capacity (OHC)

408

409 OHC varied significantly (p < 0.05) from 1.97 mL/g (C1) to 2.54 mL/g (C5) (Figure 1). Lower 

410 values in early break and reduction streams (B1–B3, C1–C2F2) reflect their starch-dominant 

411 composition, whereas higher OHC in SRF and C5 is associated with increased bran and germ 

412 fractions, which enhance lipid-binding capacity.

413

414 The higher OHC in bran-enriched streams is attributed to the presence of non-polar components 

415 and structural heterogeneity, which improve lipid retention and matrix interactions. Such 

416 behavior is consistent with recent studies showing that milling-induced compositional 

417 complexity enhances functional interactions among starch, proteins, and lipids. 33 From a 

418 sustainability standpoint, improved oil retention enhances flavor stability and reduces fat losses 

419 during processing, thereby improving ingredient efficiency and promoting the utilization of 

420 milling by-products.

421

422 3.2.3. Swelling Power and Solubility Index

423

424 Swelling power (SP) and solubility index (SI) varied significantly (p < 0.05) across streams 

425 and temperatures (Figure 2a). SP increased from 2.22-2.67 g/g at 55 °C to 6.36-6.94 g/g at 98 

426 °C, reflecting progressive starch gelatinization. Reduction streams (C3, C4) exhibited 

427 significantly higher SP at 98 °C (p < 0.05), indicating greater starch purity and enhanced water-

428 starch interactions, whereas break streams showed lower values due to protein-fiber 

429 constraints.

430

431 SI was highest at 55 °C (7.43-11.64%) and decreased at higher temperatures due to reduced 

432 amylose leaching post-gelatinization (Figure 2b). Reduction streams (particularly C4, C5) 

433 maintained significantly higher SI at moderate temperatures, while break streams (B1-B3) 

434 exhibited lower SI due to stronger protein–starch interactions.
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435

436 These trends are supported by recent studies demonstrating that milling intensity alters starch 

437 crystallinity and molecular order, thereby influencing hydration, SI, and pasting behavior.34 

438 Furthermore, physical modification approaches such as milling are increasingly recognized as 

439 green and sustainable techniques for tailoring starch functionality without chemical inputs, 

440 improving swelling and solubility characteristics while maintaining clean-label integrity. 35

441

442 3.2.4. Dough mixing characteristics

443 Dough mixing parameters varied significantly (p < 0.05) across streams (Table 1). Water 

444 absorption ranged from 52.0% (B1) to 63.9% (C4), with higher values in reduction streams and 

445 SRF due to increased levels of SD, protein, and fiber, which enhanced hydration capacity.7 

446 Dough development time varied widely (0.9-20.0 min), with B2 and B3 showing prolonged 

447 development (19.5-20.0 min), indicating stronger gluten networks, whereas B1, C1, and C2F1 

448 exhibited rapid development (<2 min), reflecting weaker gluten structure 22. Dough stability 

449 (DS) followed a similar trend (0.6-18.1 min), with C3 and C4 showing higher stability (16.5-

450 18.1 min), while B1 exhibited minimal stability.

451 Mixing tolerance index (MTI) ranged from 0 FU (B2, B3; strong dough) to 44 FU (B1; weak 

452 dough), with SRF showing moderate tolerance (24 FU). These variations highlight the strong 

453 influence of starch damage and compositional heterogeneity on dough behavior. 8,18 Streams 

454 with moderate starch damage (B2, C3, C4) exhibited optimal gluten development and stability, 

455 whereas very low (B1) or high (SRF) damage resulted in weaker dough performance.36,37

456

457 These results demonstrate that stream-specific selection can reduce reliance on external dough 

458 improvers and optimize processing efficiency. Strong gluten streams (B2, B3, C3, C4) are 

459 suitable for bread applications, while weaker streams (B1, C2F2) are ideal for cookies and 

460 flatbreads. Such targeted utilization and blending strategies support clean-label product 

461 development, reduced processing inputs, and efficient use of cereal resources, aligning with 

462 recent resource-efficient processing approaches. 38,39

463

464 3.2.5. Pasting properties 

465
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466 The pasting properties of roller-milled flour streams differed significantly (p < 0.05) among 

467 break (B1- B4), reduction (C1- C5), and SRF streams, reflecting variations in starch damage, 

468 particle size, and bran contamination (Table 2). Beginning of gelatinization (BG) temperature 

469 ranged from 58.5 °C in C2F2 to 63.9 °C in SRF and 62.8 °C in C3. Lower BG values observed 

470 in refined reduction streams (C2F2, B1-B3, and C1) indicate easier starch hydration and a 

471 lower thermal energy requirement, likely due to greater starch disruption and reduced structural 

472 barriers. In contrast, SRF and C3 exhibited significantly higher BG values (p < 0.05), 

473 suggesting restricted water penetration due to bran-rich components and stronger starch-fiber 

474 interactions. Similar trends have been reported for bran-enriched and damaged-starch systems 

475 in wheat flour pasting behavior. 22,29,40

476

477 Peak viscosity varied significantly (p < 0.05) from 666 ± 11 BU in SRF to 1032 ± 24 BU in 

478 B2. Break streams B1-B3 exhibited comparatively higher viscosities (890-1032 BU), 

479 indicating greater swelling capacity and better granule integrity at moderate starch damage 

480 levels. Conversely, SRF and C3 showed significantly lower viscosities (666 and 712 BU, 

481 respectively), likely due to the dilution effect of bran particles and restricted granule swelling. 

482 Excessive starch disruption reduces paste viscosity because fragmented granules lose their 

483 ability to retain water and maintain structural integrity during heating. 9,41,42 

484

485 Hot paste viscosity (HPV) also differed significantly (p < 0.05), ranging from 423 BU in SRF 

486 to 699 BU in B2. Higher HPV values in B1- B3 and C1- C2F2 indicate improved paste stability 

487 under heating and shear, whereas bran-rich streams (SRF and C3) exhibited lower HPV due to 

488 weakened starch continuity and interference from non-starch components. Cold paste viscosity 

489 (CPV), which reflects retrogradation tendency and gel formation during cooling, ranged from 

490 838 BU in SRF to 1114 BU in C2F2. Reduction streams C1, C2F1, and C2F2 exhibited 

491 significantly higher CPV values (1090 -1114 BU), indicating stronger amylose reassociation 

492 and firmer gel formation during cooling.

493

494 Breakdown viscosity, representing the susceptibility of swollen granules to shear 

495 disintegration, ranged from 242 BU in B3 to 333 BU in B2. The significantly higher breakdown 

496 in B2 suggests greater swelling and weaker granule resistance during heating, while lower 

497 values in SRF, B3, and C2F2 indicate restricted swelling and comparatively stable paste 

498 structures.9 Setback viscosity, associated with amylose retrogradation and gel firmness, varied 

499 significantly (p < 0.05) from 369 BU in B2 to 482 BU in C4. Later reduction streams, 
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500 particularly C4 and C3, exhibited higher setback values, indicating greater retrogradation 

501 tendency and firmer gel formation, whereas B1 and B2 showed lower setback, suggesting softer 

502 texture and better freshness retention.

503  These results demonstrate that controlled starch modification through milling offers a 

504 green, chemical-free approach to tailor functional properties, reducing reliance on additives 

505 and energy-intensive processing. Break streams with moderate starch damage are suitable for 

506 low-moisture products (cookies, chapati), while reduction streams with higher setback are 

507 better suited for firm-texture applications (pasta, noodles). Efficient utilization and blending of 

508 these streams support clean-label product design, reduced processing inputs, and promote 

509 functional utilization of bran-rich fractions, aligning with sustainable cereal processing 

510 strategies. 38,43

511

512 3.2.6. Melting Properties 

513

514 DSC thermograms of roller-milled flour streams revealed significant differences (p < 0.05) in 

515 starch gelatinization behavior among break, reduction, and SRF streams (Table 2). The onset 

516 temperature (Tₒ) ranged from 60.35 °C (B3) to 65.37 °C (SRF), peak temperature (Tₚ) from 

517 66.83 °C (C5) to 72.51 °C (SRF), and end temperature (Tₑ) from 73.63 °C (C4) to 79.12 °C 

518 (SRF). Higher Tₒ and Tₚ values observed in SRF, B1, and C1 indicate greater crystalline order 

519 and restricted water penetration within starch granules. In contrast, lower values in B3, C4, and 

520 C5 suggest easier hydration and partial disruption of granule structure caused by milling-

521 induced starch damage and bran interference. Similar thermal behavior has been associated 

522 with differences in starch crystallinity and granule integrity in wheat flour systems.22,44

523 Gelatinization enthalpy (ΔH) also varied significantly (p < 0.05), ranging from 4.13 J/g (B4) 

524 to 8.93 J/g (C5). Higher ΔH values in reduction streams such as C5 (8.93 J/g), C2F2 (7.15 J/g), 

525 and B3 (7.31 J/g) indicate the presence of more ordered crystalline regions and relatively intact 

526 starch structures requiring greater energy for gelatinization. In contrast, lower ΔH values in B1, 

527 B4, and C1 suggest partial crystalline disruption due to mechanical shear during milling and 

528 increased interference from bran-associated components.36,37

529 The close relationship between DSC thermal transitions and MVA pasting properties confirms 

530 that starch crystallinity, granule integrity, and milling-induced damage are key determinants of 

531 flour functionality and end-product performance.16,22,23 These results demonstrate that 

532 controlled physical modification during roller milling can strategically tailor starch 

533 functionality without chemical treatments, supporting clean-label processing and reducing the 
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534 need for energy-intensive functional additives. Streams with lower gelatinization temperatures 

535 and moderate ΔH are better suited for cookies and flatbreads that require controlled spreading 

536 and a softer texture. In contrast, streams with higher ΔH and stronger paste stability are more 

537 appropriate for viscosity-dependent products such as noodles and pasta.

538

539 3.2.7. Flow rheological behavior

540

541 The apparent viscosity (η) and shear stress (τ) of roller-milled flour stream suspensions varied 

542 significantly (p < 0.05) with temperature, shear rate, and flour stream composition (Figure 3). 

543 All samples exhibited non-Newtonian pseudoplastic (shear-thinning) behavior, where viscosity 

544 decreased progressively with increasing shear rate due to disruption and alignment of hydrated 

545 starch and protein structures under shear.

546

547 At 45 °C, viscosity values were relatively low, ranging approximately from 250-3200 mPa·s 

548 at low shear rates, and decreased sharply to below 100 mPa·s at higher shear rates (>250 s⁻¹). 

549 Reduction streams and SRF generally exhibited significantly higher viscosities (p < 0.05) than 

550 break streams, indicating greater hydration and earlier swelling behavior. Correspondingly, 

551 shear stress increased steadily with shear rate, reaching approximately 12-31 Pa at 300 s⁻¹. SRF 

552 and later reduction streams (C3-C5) showed significantly higher shear stress values, reflecting 

553 increased resistance to flow due to enhanced water binding and suspended particulate 

554 interactions. 37

555

556 At 65 °C, a substantial increase in viscosity was observed across all streams, with maximum 

557 values reaching approximately 45,000-70,000 mPa·s at low shear rates, confirming the onset 

558 of starch gelatinization and network formation. Reduction streams, particularly C3-C5 and 

559 SRF, retained significantly higher viscosities during shear compared to early break streams 

560 (B1-B3), likely due to higher water absorption, SD, and stronger starch-water interactions. 

561 Viscosity decreased continuously with increasing shear rate, reaching approximately 2,000-

562 6,000 mPa·s at high shear rates (>300 s⁻¹), indicating shear-induced breakdown of swollen 

563 starch granules. Shear stress increased markedly at this temperature, ranging from 

564 approximately 150 to 1,300 Pa, with C3 and SRF showing the highest values, indicating 

565 significantly stronger paste consistency and internal structural resistance (p < 0.05).

566
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567 At 85 °C, all flour streams exhibited the greatest viscosity development, indicating extensive 

568 starch gelatinization. Initial viscosities exceeded 70,000 mPa·s in several streams before 

569 declining progressively under shear to approximately 3,000-6,000 mPa·s at high shear rates. 

570 Reduction streams maintained comparatively greater viscosity stability, whereas break streams 

571 showed more pronounced viscosity reduction, suggesting weaker thermal stability and reduced 

572 paste integrity. Shear stress values at 85 °C ranged from approximately 500 to 2,500 Pa, 

573 significantly higher (p < 0.05) than those observed at 45 and 65 °C. However, fluctuations 

574 observed in some streams at higher shear rates indicate partial granule rupture and instability 

575 of the gelatinized matrix under intense shear conditions. These findings are consistent with 

576 established starch gelatinization and flow behavior reported in wheat systems. 16,44

577

578 Correlation analysis demonstrated strong positive relationships between rheological 

579 parameters and starch functionality. Apparent viscosity and shear stress were positively 

580 correlated with water absorption, SP, and SD content (r = 0.62-0.89), indicating that highly 

581 hydrated and swollen starch systems generated greater flow resistance. Similarly, viscosity 

582 showed positive correlations with peak and final viscosities obtained from MVA analysis (r = 

583 0.71-0.93), confirming consistency between dynamic flow behavior and pasting performance. 

584 In contrast, negative correlations were observed between viscosity and ZSV (r = -0.48 to -0.76), 

585 suggesting that streams with stronger gluten structure exhibited lower starch swelling and flow 

586 resistance.

587

588 These rheological findings strongly support the DSC and pasting results, in which streams 

589 exhibiting higher SP, water absorption, and gelatinization enthalpy also showed greater 

590 viscosity development and shear resistance. Overall, the results confirm that milling-induced 

591 variations in starch damage, particle size, and bran incorporation significantly govern flow 

592 behavior and thermal rheology of flour systems. From an application perspective, break 

593 streams with lower viscosity and weaker shear resistance are more suitable for cookies and 

594 flatbreads that require softer dough systems. In contrast, reduction streams with higher 

595 viscosity stability and stronger paste structure are advantageous for products that demand 

596 greater water retention and structural integrity.

597

598 3.3.FTIR of roller-milled flour streams

599
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600 The FTIR spectra of the processed flour streams (B1-B4, C1-C5) and SRF revealed distinct 

601 absorption bands corresponding to the major flour constituents (Figure 4). Characteristic peaks 

602 were observed at 3600-3000 cm⁻¹, 3000-2800 cm⁻¹, 1700-1500 cm⁻¹, and 1200-800 cm⁻¹, 

603 corresponding to protein, lipid, and carbohydrate functional groups, consistent with earlier 

604 reports on cereal flours. 45

605

606 The broad band at 3280-3270 cm⁻¹ (Figure 4b) corresponds to O-H stretching vibrations of 

607 hydroxyl groups in starch and non-starch polysaccharides, with slight intensity variation across 

608 streams, reflecting differences in moisture content and hydrogen bonding. 23 The 2925 and 

609 2850 cm⁻¹ peaks were attributed to C-H stretching of aliphatic groups in lipids and proteins 

610 (Figure 4c). Break streams (B1, B2) showed stronger lipid-associated peaks, consistent with 

611 their higher bran and germ contamination compared to later reduction streams (C3-C5).

612

613 The amide I (1650 cm⁻¹) and amide II (1540 cm⁻¹) peaks, arising from C=O stretching and N-

614 H bending vibrations of proteins, were prominent across all streams (Figure 4d). However, 

615 SRF and reduction streams (C3-C5) exhibited higher peak intensities, indicating greater protein 

616 concentrations, consistent with the compositional distribution of endosperm-rich fractions. 46 

617 In the fingerprint region (1200-800 cm⁻¹), strong bands at 1150, 1075, 1012, 995, and 930 cm⁻¹ 

618 were observed, corresponding to C-O, C-C stretching, and glycosidic linkages in starch 

619 polysaccharides (Figure 4e). 23,47 Variations in band intensity between break (B1-B4) and 

620 reduction (C1-C5) streams indicated differences in starch structure and the extent of SD. 

621 Notably, SRF and C4 showed relatively more intense peaks at 1022 cm⁻¹, confirming their 

622 higher starch damage, as also supported by farinograph and amylograph results. These results 

623 confirm that roller milling segregates functional components, with bran-associated fractions 

624 (B1-B2) being richer in lipids and fiber, while signals from starch and protein dominate the 

625 reduction streams (C3-C5) and the SRF. These molecular-level differences corroborate the 

626 functional and rheological behavior observed in farinograph and pasting studies, underlining 

627 the role of particle size distribution and SD content in defining flour functionality.

628

629 3.4.Cookie's physical and sensory quality 

630
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631 The quality attributes of cookies prepared from different RMFS exhibited significant variation 

632 in color, spread ratio, and textural properties (Table 3), reflecting the compositional and 

633 functional heterogeneity of the break and reduction streams.

634

635 3.4.1. Color of cookies

636

637 Color analysis showed that lightness (L*) values ranged from 49.89 to 65.05, with the lowest 

638 value observed for C3 (49.89) and the highest for SRF (65.05), indicating darker cookies in 

639 certain reduction streams (Table 3). The relatively lower L* values in streams such as C3 and 

640 B4 may be attributed to higher levels of reducing sugars and ash, which promote Maillard 

641 browning reactions during baking23. The redness (a) and yellowness (b) values also varied 

642 significantly, with C3 exhibiting the highest a (13.08), suggesting intensified browning, while 

643 C5 showed the highest b (22.87), indicating enhanced yellow pigmentation, possibly due to 

644 carotenoid content in endosperm-rich fractions. The total color difference (ΔE) ranged from 

645 35.42 to 48.04, with higher values in C3 and B4, confirming pronounced visual differences 

646 compared to the reference (SRF).

647

648 3.4.2. Spread ratio of cookies

649

650 The spread ratio, a key indicator of cookie quality, varied from 5.8 to 7.3, with the highest 

651 value observed in C5 (7.3), followed by C1, C2F1, C2F2, and C4 (7.0). In contrast, break 

652 streams such as B3 (5.8) and B2 (6.1) exhibited lower spread ratios (Table 3). This behavior 

653 can be attributed to differences in protein content, particle size, and SD levels, where lower 

654 gluten strength and finer particles in reduction streams promote greater dough flow and 

655 spreading during baking. 18,23,48 Conversely, higher fiber and bran content in break streams 

656 likely restricted spread due to increased water absorption and dough viscosity.

657

658 3.4.3. Texture of cookies

659

660 Texture analysis revealed significant differences in hardness and fracturability among the 

661 samples. Cookie hardness ranged from 4925.28 to 9632.65 g, with the highest hardness 

662 observed in B4 (9632.65 g) and the lowest in C5 (4925.28 g) (Table 3). The higher hardness in 

663 break streams may be due to bran interference and stronger structural rigidity, whereas 

664 reduction streams, particularly C5, produced softer cookies due to better starch gelatinization 
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665 and reduced gluten network formation. Fracturability values ranged from 7.93 to 9.82 mm, 

666 with B3 (9.82 mm) and SRF (9.36 mm) showing higher values, indicating more brittle 

667 structures. The relatively lower fracturability in C5 (7.93 mm) suggests a more cohesive and 

668 less brittle texture, which is desirable in cookie products.

669

670 These results are consistent with earlier rheological and DSC findings, where reduction streams 

671 exhibited higher starch functionality and controlled gelatinization behavior, leading to 

672 improved spread and softer textures. In contrast, break streams with lower gelatinization 

673 enthalpy and greater structural heterogeneity produced firmer, less spreadable cookies. Such 

674 relationships between flour functionality and cookie quality have been widely reported in 

675 wheat-based systems. 6,18,49

676

677 Statistically, one-way ANOVA revealed that flour stream type had a significant effect (p < 

678 0.05) on all measured parameters (color attributes, spread ratio, hardness, and fracturability). 

679 Post hoc analysis (Tukey's HSD) indicated that reduction streams, particularly C5, differed 

680 significantly from break streams in terms of higher spread ratio and lower hardness, confirming 

681 their superior suitability for cookie applications. However, C2F1 and C2F2 showed no 

682 significant differences (p > 0.05), suggesting similar functional performance.

683

684 Overall, the study demonstrates that stream-specific selection of roller-milled flours plays a 

685 crucial role in determining cookie quality, with reduction streams, especially C5, offering 

686 optimal characteristics in terms of spread, texture, and color, making them more suitable for 

687 cookie production.

688

689 3.4.4. Consumer pre-sensory qualities of cookies

690

691 Sensory evaluation revealed significant variation among cookies prepared from different flour 

692 streams (Figure 5). Overall acceptability (OA) ranged from 6.81 to 8.20, with SRF (8.20) 

693 exhibiting the highest score, followed by C2F2 (7.49) and C1/C2F1 (7.35), indicating superior 

694 sensory quality of these samples. Cookies from early-reduction streams showed balanced 

695 attributes in surface color, cracking, and mouthfeel, contributing to higher acceptability. Break 

696 stream cookies (B1-B3) generally showed moderate scores (OA: 6.81-7.11), with lower surface 

697 cracking and aroma, indicating less desirable texture and flavor development. In contrast, B4 

698 and C1 exhibited improved surface characteristics (surface color and cracking >8.0), although 
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699 texture scores were comparatively lower. Higher texture scores were observed in C3-C5 (8.21-

700 8.34), suggesting firmer and more rigid structures; however, these samples showed reduced 

701 mouthfeel and aftertaste, likely due to increased bran content. Aroma was highest in C4 (8.04) 

702 and C5 (8.17), whereas aftertaste scores declined in these streams, indicating a possible flavor 

703 imbalance due to higher lipid levels.23 Overall, cookies from refined and balanced streams 

704 (SRF, C2F2, C1) demonstrated superior sensory performance, with optimal texture, 

705 appearance, and flavor, while coarse or bran-rich streams (C3-C5) exhibited limitations in 

706 palatability despite higher textural firmness. These findings highlight the importance of stream 

707 selection in achieving desirable sensory quality in cookies.

708

709 3.5.Multivariate relationships

710 3.5.1. Principal component analysis

711

712 Principal component analysis (PCA) clearly differentiated the roller-milled flour streams based 

713 on their functional, rheological, thermal, and hydration properties (Figure 6a). PC1 and PC2 

714 explained 34.8% and 21.08% of the total variability, respectively. PC1 was primarily driven 

715 by hydration- and starch-related variables, including water absorption (WA), SP (at 55, 75, and 

716 98 oC), SI (at 55, 75, and 98 oC), SD, and particle-size parameters, indicating strong starch-

717 dominated hydration behavior. In contrast, PC2 was mainly associated with protein and thermal 

718 functionality, including ZSV, DS, DDT, gelatinization temperatures (To, Tp, Te), and pasting 

719 viscosities (PV, HPV, CPV), reflecting gluten strength and thermal stability.

720

721 Break streams (B1-B3) clustered closely with viscosity, DS, ZSV, and thermal-transition 

722 parameters, indicating stronger gluten functionality and improved structural properties. Among 

723 these, B2 and B3 showed strong association with peak viscosity, hot paste viscosity, and dough-

724 strength parameters, suggesting that moderate starch damage and higher protein quality 

725 contributed to enhanced gluten development and paste stability. In contrast, reduction streams 

726 (C3-C5) were positioned along the positive side of PC1 and were strongly associated with 

727 water absorption, SP, SI, and particle-size attributes, reflecting greater hydration capacity and 

728 starch-dominated behavior. The close alignment of C3 and C4 with hydration-related variables 

729 indicates that these streams exhibit greater water-binding capacity, driven by finer particles, 

730 increased SD, and stronger non-starch polysaccharide interactions. SRF occupied an 

731 intermediate position, reflecting the combined contribution of break and reduction fractions.
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732 A supplementary Table 1 containing the factor loadings for PC1 and PC2 has been added to 

733 better illustrate the contribution of individual variables to the observed clustering patterns.

734

735 For cookies, PC1 (37.30%) captured sensory-textural quality (overall acceptability, mouthfeel, 

736 taste, hardness), while PC2 (26.66%) was driven by color attributes (L*, a*, b*, ΔE) and 

737 fracturability. Samples such as C1, C2F1, C2F2, and B2 exhibited superior quality, while 

738 higher spread was inversely related to hardness. These multivariate relationships highlight the 

739 trade-off between hydration and structural strength, confirming that stream-specific 

740 functionality governs the optimization of cookie quality. 

741

742 3.5.2. Correlation analysis

743

744 Pearson correlation analysis revealed strong interrelationships among the functional, 

745 rheological, thermal, and particle-size properties of roller-milled flour streams (Figure 7). 

746 Hydration-related parameters, including WA, SP, SI, WHC, and OHC, showed strong positive 

747 correlations (r = 0.62-0.91), indicating that flour streams with greater starch accessibility and 

748 finer particle size exhibited enhanced water-binding and swelling behavior. Similarly, peak 

749 viscosity, HPV, and CPV were highly positively correlated (r = 0.74-0.96), reflecting 

750 coordinated starch swelling and paste stability during heating and cooling.

751

752 Gluten-strength parameters, including ZSV, DS, and FN, showed negative correlations with 

753 hydration and swelling properties (r = -0.45 to -0.82), indicating a trade-off between starch-

754 dominated functionality and protein-driven dough strength. Thermal parameters (To, Tp, Te, 

755 and ΔH) were positively associated with final viscosity and setback viscosity (r = 0.51-0.79), 

756 suggesting that greater starch crystallinity contributed to stronger gel formation and 

757 retrogradation behavior.

758

759 Particle-size parameters (diameter and width) positively correlated with WHC, OHC, and color 

760 coordinates (a* and b*), indicating that coarser, bran-rich fractions exhibited greater hydration 

761 capacity and darker color development, while L* showed negative correlations with bran-

762 associated properties. Overall, the correlation analysis demonstrated that starch damage, 

763 particle size, hydration behavior, and protein quality collectively govern the functional and 

764 rheological performance of roller-milled flour streams.

765
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766 3.6.Practical implications for selective stream utilization

767

768 The observed stream-specific variability demonstrates that roller-milled flour fractions can be 

769 selectively utilized to meet targeted product requirements rather than being uniformly 

770 recombined into straight-run flour. Break streams with stronger gluten functionality and lower 

771 swelling behavior are more suitable for structurally stable products. In contrast, reduction 

772 streams with higher hydration and starch functionality are better suited for cookies and other 

773 low-moisture baked products that require greater spread and a softer texture. Such selective 

774 utilization enables more efficient use of inherent flour functionality while reducing dependence 

775 on external additives and excessive processing modifications.

776

777 The findings further highlight the potential of precision milling and stream recombination 

778 strategies for developing application-specific flours with improved consistency and 

779 performance. Selective utilization of bran-rich and starch-rich fractions may also support 

780 improved valorization of milling streams and more resource-efficient cereal processing 

781 systems.

782

783 3.7.Limitations of this study

784

785 This study used a single wheat variety; therefore, the observed stream-specific functional and 

786 rheological behavior may vary with genotype, grain hardness, and growing conditions. In 

787 addition, cookie preparation and quality evaluation were conducted at laboratory scale, which 

788 may not fully reflect industrial processing conditions. Furthermore, the findings were validated 

789 only for cookie applications, and the suitability of these flour streams for other wheat-based 

790 products, such as bread, noodles, and extruded foods, requires further investigation. Future 

791 studies should evaluate multiple wheat varieties, industrial-scale processing conditions, and 

792 broader end-product applications to strengthen the applicability of stream-specific flour 

793 utilization strategies.

794

795 4. Conclusion

796

797 This study demonstrated pronounced stream-specific variability in the functional, 

798 rheological, thermal, and hydration properties of roller-milled wheat flours. Reduction streams 

799 exhibited finer particle size, greater starch damage, and higher SP (6.94 g/g), resulting in 
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800 enhanced hydration and starch-dominated functionality. In contrast, break streams exhibited 

801 lower swelling and solubility but superior DS and gluten-related characteristics. Straight-run 

802 flour showed intermediate behavior due to the combined contribution of all milling fractions. 

803 The relationships among starch damage, hydration behavior, rheology, and pasting properties 

804 highlighted an important milling trade-off: highly hydrated streams produced softer, higher-

805 spread cookies with lower hardness. In contrast, protein-rich streams contributed to a firmer 

806 texture and improved dough handling. These functional differences were further reflected in 

807 the cookies' physical and sensory quality attributes.

808

809 Overall, the study establishes clear structure-function-quality relationships across 

810 roller-milled flour streams and demonstrates that precision milling and selective stream 

811 blending can be strategically used to tailor flour functionality for optimized cookie 

812 applications. The findings provide a practical framework for developing application-specific 

813 flours with improved processing performance, product consistency, and targeted end-use 

814 quality. Future studies should validate these findings across different wheat varieties and 

815 industrial-scale processing conditions, while also exploring optimized blending strategies, 

816 acrylamide mitigation, and interactions between starch and non-starch components to further 

817 enhance product functionality and quality.

818

819 Acknowledgments

820 Author Mr. Veeranna H. greatly acknowledges the Indian Council of Medical Research 

821 (ICMR), Government of India, for awarding a Senior Research Fellowship [Award 

822 No. 3/1/2/240/2021-Nut].

823

824 Funding

825 This research received no specific grant from funding agencies in the public, commercial, or

826 not-for-profit sectors.

827

828 Declarations

829 Conflict of interest: The authors declare no competing interests.

830 Consent for publication: All authors agreed to the publication of the manuscript.

831 Consent to participate and human/animal ethics: Not applicable

832

Page 27 of 42 Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
27

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00108D

https://www.sciencedirect.com/science/article/pii/S0956713524001543#gs5
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00108d


27

833 Data availability 

834 Data will be made available on reasonable request.

835

836 Author Contributions

837 V.H- Writing original manuscript, methodology, formal analysis, data curation, validation, 

838 visualization, Conceptualization; A.A.I - Conceptualization, Writing & editing, Supervision, 

839 validation, resources, project administration.

840

841

842 5. References

843 1. Hitlamani V, Gowda M. R. S, Sheikh SA, Shetty NP, Singh SA, Inamdar AA. 
844 Compositional variability in roller-mill processed streams: distribution of macro- and 
845 micronutrients, phytochemicals, and contaminants (heavy metals and anti-nutrients). 
846 Sustainable Food Technology. 2026;4(1):1099–114. doi:10.1039/D5FB00625B
847 2. Di Stasio M, Vacca P, Piciocchi N, Meccariello C, Volpe MG. Particle size distribution 
848 and starch damage in some soft wheat cultivars. Int J Food Sci Technol. 2007 Feb 
849 5;42(2):246–50. doi:10.1111/j.1365-2621.2006.01221.x
850 3. Pawar T, Pavan Kumar P, Ashwin Kumar MS, Jyothi Lakshmi A, Sakhare SD, Dasappa 
851 I, et al. Milling interventions for the production of atta for Indian flat bread with low 
852 carbohydrate digestibility. J Food Sci Technol. 2020 Sep 11;57(9):3400–8. 
853 doi:10.1007/s13197-020-04373-x
854 4. Khashaba RA, Lou H, Li Y, Saeed Omer SH, Wang X, Gu Z, et al. Optimizing Wheat 
855 Milling By-Products: An Overview of Processing Techniques. Foods. 2026 Mar 
856 20;15(6):1085. doi:10.3390/foods15061085
857 5. Sakhare SD, Inamdar AA, Indrani D, Madhu Kiran MH, Venkateswara Rao G. 
858 Physicochemical and microstructure analysis of flour mill streams and milled products. 
859 J Food Sci Technol. 2015 Jan 23;52(1):407–14. doi:10.1007/s13197-013-1029-4
860 6. Nkurikiye E, Lou H, Churchill F, Watt J, Blodgett P, Karkle E, et al. Physicochemical, 
861 rheological, and baking properties of wheat flours from different mill streams. Cereal 
862 Chem. 2024 May 20;101(3):468–79. doi:10.1002/cche.10744
863 7. Jukić M, Komlenić D, Mastanjević K, Mastanjević K, Lučan M, Popovici C, et al. 
864 Influence of damaged starch on the quality parameters of wheat dough and bread. 
865 Ukrainian Food Journal. 2019 Sep;8(3):512–21. doi:10.24263/2304-974X-2019-8-3-8
866 8. Gómez M, Ronda F, Blanco CA, Caballero PA, Apesteguía A. Effect of dietary fibre on 
867 dough rheology and bread quality. European Food Research and Technology. 2003 
868 Jan;216(1):51–6. doi:10.1007/s00217-002-0632-9
869 9. Hitlamani V, Ashok Inamdar A. Stone-milling particle size drives acrylamide formation 
870 level in chapati: Implications for sustainable food security. Food Chem. 2026 
871 Jul;516:149276. doi:10.1016/j.foodchem.2026.149276

Page 28 of 42Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
27

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00108d


28

872 10. Fang JY, Zhu L, Yi T, Zhang JY, Yi L, Liang ZT, et al. Fingerprint analysis of processed 
873 Rhizoma Chuanxiong by high-performance liquid chromatography coupled with diode 
874 array detection. Chin Med. 2015 Dec 10;10(1):2. doi:10.1186/s13020-015-0031-3
875 11. Feng J, Ren H, Gou Q, Zhu L, Ji H, Yi T. Comparative analysis of the major constituents 
876 in three related polygonaceous medicinal plants using pressurized liquid extraction and 
877 HPLC-ESI/MS. Analytical Methods. 2016;8(7):1557–64. doi:10.1039/C5AY02941D
878 12. Yi T, Fang JY, Zhu L, Tang YN, Ji H, Zhang YZ, et al. The variation in the major 
879 constituents of the dried rhizome of Ligusticum chuanxiong (Chuanxiong) after herbal 
880 processing. Chin Med. 2016 Dec 24;11(1):26. doi:10.1186/s13020-016-0098-5
881 13. Yi T, Zhang H, Xie J, Xue D. A new procedure for the preparative separation and 
882 isolation of Z ‐ligustilide from the roots of Angelica sinensis. J Sep Sci. 2007 Aug 
883 23;30(12):1973–8. doi:10.1002/jssc.200700001
884 14. Mondal A, Datta AK. Bread baking – A review. J Food Eng. 2008 Jun;86(4):465–74. 
885 doi:10.1016/j.jfoodeng.2007.11.014
886 15. Inamdar AA, Prabhasankar P. Influence of Stone Chakki Settings on the Characteristics 
887 of Whole Wheat Flour ( Atta ) and its Chapati Making Quality. J Food Process Preserv. 
888 2017 Jun;41(3):e12966. doi:10.1111/jfpp.12966
889 16. Collar C. Significance of viscosity profile of pasted and gelled formulated wheat doughs 
890 on bread staling. European Food Research and Technology. 2003 Jun 12;216(6):505–
891 13. doi:10.1007/s00217-003-0686-3
892 17. Li C, Dhital S, Gilbert RG, Gidley MJ. High-amylose wheat starch: Structural basis for 
893 water absorption and pasting properties. Carbohydr Polym. 2020 Oct;245:116557. 
894 doi:10.1016/j.carbpol.2020.116557
895 18. Pareyt B, Delcour JA. The Role of Wheat Flour Constituents, Sugar, and Fat in Low 
896 Moisture Cereal Based Products: A Review on Sugar-Snap Cookies. Crit Rev Food Sci 
897 Nutr. 2008 Sep 10;48(9):824–39. doi:10.1080/10408390701719223
898 19. Abdel-Aal ESM. Insights into Grain Milling and Fractionation Practices for Improved 
899 Food Sustainability with Emphasis on Wheat and Peas. Foods. 2024 May 
900 15;13(10):1532. doi:10.3390/foods13101532
901 20. AACC International. Approved Methods of the American Association of Cereal 
902 Chemists. 10th Edition. St. Paul, MN: American Association of Cereal Chemists; 2000.
903 21. AACC International. Method 56-61.02: Sedimentation Test for Wheat. 11th Ed. St. 
904 Paul, MN: Cereals & Grains Association (or AACC International); 1999.
905 22. Hitlamani V, Naik KRP, Inamdar AA. Wheat starch modification by hydrothermal 
906 treatment combined with spray drying: physicochemical characterization and impact on 
907 bread-making. Journal of Food Measurement and Characterization. 2025 Jul 
908 24;19(7):5139–53. doi:10.1007/s11694-025-03327-1
909 23. Hitlamani V, Hemraj TM, Inamdar AA. Optimizing fatty acid composition in cookie 
910 formulation using vegetable oil blends: impacts on dough rheology, physical properties, 
911 and sensory qualities. Journal of Food Measurement and Characterization. 2025 Apr 
912 15;19(4):2461–75. doi:10.1007/s11694-025-03124-w
913 24. Hitlamani V, Huded P, Kumar GS, Chetana R. Development of high-fiber and high-
914 protein virgin coconut oil-based spread and its physico-chemical, and sensory qualities. 
915 J Food Sci Technol. 2024 Nov 3;61(11):2196–204. doi:10.1007/s13197-024-05990-6
916 25. Rakszegi M, Balázs G, Békés F, Harasztos A, Kovács A, Láng L, et al. Modelling water 
917 absorption of wheat flour by taking into consideration of the soluble protein and 

Page 29 of 42 Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
27

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00108d


29

918 arabinoxylan components. Cereal Res Commun. 2014 Dec;42(4):629–39. 
919 doi:10.1556/CRC.2014.0007
920 26. Nkurikiye E, Lou H, Churchill F, Watt J, Blodgett P, Karkle E, et al. Physicochemical, 
921 rheological, and baking properties of wheat flours from different mill streams. Cereal 
922 Chem. 2024 May 20;101(3):468–79. doi:10.1002/cche.10744
923 27. Hitlamani V, Inamdar AA. Technology processing strategies to reduce the Acrylamide 
924 formation in wheat-based bakery products and future prospects: A review. Food Control. 
925 2024 Aug;162:110437. doi:10.1016/j.foodcont.2024.110437
926 28. Hitlamani V, Ashok Inamdar A. Effect of milling methods on acrylamide levels in 
927 chapatti and poori. Food Chem. 2025 Oct;490:145195. 
928 doi:10.1016/j.foodchem.2025.145195
929 29. Bojanić N, Rakić D, Fišteš A. Effects of Roller Milling Parameters on Wheat-Flour 
930 Damaged Starch: A Comprehensive Passage Analysis and Response-Surface 
931 Methodology Optimization. Foods. 2024 Oct 24;13(21):3386. 
932 doi:10.3390/foods13213386
933 30. Guan E, Yang Y, Pang J, Zhang T, Li M, Bian K. Ultrafine grinding of wheat flour: 
934 Effect of flour/starch granule profiles and particle size distribution on falling number 
935 and pasting properties. Food Sci Nutr. 2020 Jun;8(6):2581–7. doi:10.1002/fsn3.1431
936 31. Prabhasankar P, Sudha ML, Haridas Rao P. Quality characteristics of wheat flour milled 
937 streams. Food Research International. 2000 Jun;33(5):381–6. doi:10.1016/S0963-
938 9969(00)00059-4
939 32. Ale S, Dhungana P, Howieson J, Bhattarai RR. Effective valorisation of cereal 
940 lignocellulosic waste: a review of pretreatment techniques to enhance microstructural 
941 modification. Sustainable Food Technology. 2026;4(1):241–60. 
942 doi:10.1039/D5FB00624D
943 33. Pradhan D, Zhao Y, Ray A, Islam S. Characterization of HRS wheat stone-milled refined 
944 flour: A comparative study with conventional flours. Applied Food Research. 2026 
945 Jun;6(1):101881. doi:10.1016/j.afres.2026.101881
946 34. Zhou Y, Zhang J, Chen C, Yao Y, Xiong W, Jiang D, et al. Physicochemical properties 
947 and fine structural characterization of starch during wheat milling: A comparison of 
948 milling methods. Carbohydr Polym. 2026 Feb;374:124608. 
949 doi:10.1016/j.carbpol.2025.124608
950 35. Wang Q, Li L, Zheng X. A review of milling damaged starch: Generation, measurement, 
951 functionality and its effect on starch-based food systems. Food Chem. 2020 
952 Jun;315:126267. doi:10.1016/j.foodchem.2020.126267
953 36. Abo‐Dief M, Abo‐Bakr T, Youssef M, Moustafa A. Physicochemical and rheological 
954 properties of Australian and Russian wheat flour mill streams. Cereal Chem. 2022 Mar 
955 8;99(2):421–31. doi:10.1002/cche.10508
956 37. Nkurikiye E, Lou H, Churchill F, Watt J, Blodgett P, Karkle E, et al. Physicochemical, 
957 rheological, and baking properties of wheat flours from different mill streams. Cereal 
958 Chem. 2024 May 20;101(3):468–79. doi:10.1002/cche.10744
959 38. Bressiani J, Oro T, Santetti GS, Almeida JL, Bertolin TE, Gómez M, et al. Properties of 
960 whole grain wheat flour and performance in bakery products as a function of particle 
961 size. J Cereal Sci. 2017 May;75:269–77. doi:10.1016/j.jcs.2017.05.001
962 39. Cappelli A, Cini E. Challenges and Opportunities in Wheat Flour, Pasta, Bread, and 
963 Bakery Product Production Chains: A Systematic Review of Innovations and 

Page 30 of 42Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
27

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00108d


30

964 Improvement Strategies to Increase Sustainability, Productivity, and Product Quality. 
965 Sustainability. 2021 Mar 1;13(5):2608. doi:10.3390/su13052608
966 40. Pang J, Guan E, Yang Y, Li M, Bian K. Effects of wheat flour particle size on flour 
967 physicochemical properties and steamed bread quality. Food Sci Nutr. 2021 Sep 
968 16;9(9):4691–700. doi:10.1002/fsn3.2008
969 41. Singh N, Singh J, Kaur L, Singh Sodhi N, Singh Gill B. Morphological, thermal and 
970 rheological properties of starches from different botanical sources. Food Chem. 2003 
971 May;81(2):219–31. doi:10.1016/S0308-8146(02)00416-8
972 42. Abo‐Dief M, Abo‐Bakr T, Youssef M, Moustafa A. Physicochemical and rheological 
973 properties of Australian and Russian wheat flour mill streams. Cereal Chem. 2022 Mar 
974 8;99(2):421–31. doi:10.1002/cche.10508
975 43. Cappelli A, Mugnaini M, Cini E. Improving roller milling technology using the break, 
976 sizing, and reduction systems for flour differentiation. LWT. 2020 Nov;133:110067. 
977 doi:10.1016/j.lwt.2020.110067
978 44. Singh N, Singh J, Kaur L, Singh Sodhi N, Singh Gill B. Morphological, thermal and 
979 rheological properties of starches from different botanical sources. Food Chem. 2003 
980 May;81(2):219–31. doi:10.1016/S0308-8146(02)00416-8
981 45. Kong J, Yu S. Fourier Transform Infrared Spectroscopic Analysis of Protein Secondary 
982 Structures. Acta Biochim Biophys Sin (Shanghai). 2007 Aug 1;39(8):549–59. 
983 doi:10.1111/j.1745-7270.2007.00320.x
984 46. Shewry PR, Halford NG. Cereal seed storage proteins: structures, properties and role in 
985 grain utilization. J Exp Bot. 2002 Apr 15;53(370):947–58. 
986 doi:10.1093/jexbot/53.370.947
987 47. Van Soest PJ, Robertson JB, Lewis BA. Methods for Dietary Fiber, Neutral Detergent 
988 Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition. J Dairy Sci. 1991 
989 Oct;74(10):3583–97. doi:10.3168/jds.S0022-0302(91)78551-2
990 48. Mahajan S, Kumar A, Rajiv J, Inamdar AA, Sakhare SD. Evaluation and utilization of 
991 commercial processed flour mill streams for development of specialty flour for pizza 
992 base. J Food Sci Technol. 2025 May 26. doi:10.1007/s13197-025-06335-7
993 49. Lewko P, Wójtowicz A, Gancarz M. Distribution of Arabinoxylans and Their 
994 Relationship with Physiochemical and Rheological Properties in Wheat Flour Mill 
995 Streams as an Effective Way to Predict Flour Functionality. Applied Sciences. 2023 Apr 
996 27;13(9):5458. doi:10.3390/app13095458

997  

998  

Page 31 of 42 Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

1:
27

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00108D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00108d


Figure 1: Water and oil holding capacity of roller-milled flour breaks (B1-B4), reductions 

(C1-C5), and straight run flour (SRF). 

Values are expressed as mean ± standard deviation (n = 3). Mean values followed by different 
superscript letters differ significantly (p < 0.05), whereas values sharing the same letter are not 
significantly different (p > 0.05) according to Tukey’s HSD test.
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Figure 2: (a)-Swelling power (g/g) and (b)-Solubility index (%) of roller-milled flour 
breaks (B1-B4), reductions (C1-C5), and straight run flour (SRF). 
Values are expressed as mean ± standard deviation (n = 3). Mean values followed by different 
superscript letters differ significantly (p < 0.05), whereas values sharing the same letter are not 
significantly different (p > 0.05) according to Tukey’s HSD test.
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Figure 3: Flow behavior of the stream flour at different temperatures. Breaks (B1-B4), 

reductions (C1-C5), and straight run flour (SRF)
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Figure 4. FTIR spectra of stream flour: (b): O-H/C-H-O region; (c): C-H/Ester region; (d): 

Amid/protein region; (e): Starch region. Breaks (B1-B4), reductions (C1-C5), and straight run 

flour (SRF)
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Figure 5: Cookies visualization and sensory qualities: Roller-milled flour breaks (B1-B4), 

reductions (C1-C5), and straight run flour (SRF)
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Figure 6: Principal component analysis (PCA) of (a) flour stream properties and (b) cookie 
quality attributes. (a) Biplots showing the distribution of roller-milled wheat flour streams (B1–B4, 
C1–C5, SRF) based on integrated functional, rheological, pasting, and thermal properties. (b) PCA of 
cookie physical, color, and sensory attributes, illustrating sample discrimination based on textural, 
sensory acceptability, and color parameters. The percentage of variance explained by PC1 and PC2 is 
indicated on the axes.
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Figure 7. Pearson correlation heatmap showing the relationships among functional, rheological, 
thermal, pasting, particle-size, and color properties of roller-milled wheat flour streams. Positive 
correlations are represented in red, and negative correlations in blue, with color intensity corresponding 
to the correlation strength (r).
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Table 1: Damaged starch , Falling number, Zeleny, and Dough mixing of flour streams

Values are expressed as mean ± standard deviation (n = 3). Mean values within a row followed by different superscript letters differ significantly 
(p < 0.05), whereas values sharing the same letter are not significantly different (p > 0.05) according to Tukey’s HSD test.

Breaks- B1, B2, B3, & B4; Reductions- C1F1, C2F1, C2F2, C3, C4, C5; SRF- Stright run flour

 SRF B1 B2 B3 B4 C1 C2F1 C2F2 C3 C4 C5
Damaged starch 
(%)

8.85±0.03a 3.48±0.05j 7.1±0.1c 4.3±0.06g 4.1±0.01h 5.65±0.08e 5.25±0.05f 3.69±0.04i 3.48±0.05j 8.61±0.1b 5.86±0.03d

Falling number 
(sec)

732.86±14b 631.52±21f 652.28±11e 730.79±32b 838.02±18a 723.56±13.5b,c 656.55±16e 712.59±13d 659.64±16e 583.36±231g 533.07±7h

Zeleny (mL) 21.41±0.5c 21.62±0.2c 27.29±0.3b 29.55±0.7a 20.01±0.1d 20.65±0.1d 21.14±0.1c 20.59±0.15d 15.99±0.10.1e 14.76±0.2f 13.19±0.1g

Dough mixing 
Characteristics
Water absorption 
(%)

59.6±0.3b 52.00±0.12e 56.70±0.23d 58.90±0.31b,c 59.70±0.25b 56.00±0.3d 57.70±0.2c 58.30±0.18b,c 59.40±0.3b 63.90±0.5a 59.60±0.45b

Development time 
(min)

1.5±0.07f 0.9±0.03g 20±0.9a 19.5±1.2a,b 9.5±0.56c 1.7±0.1f 1.5±0.1f 2.2±0.11e 1.5±0.05 7.5±1.2d 1.7±0.1f

Stability (min) 16.4±0.5b 0.6±0.1h 11.2±1.5d 12.4±1.3c 16.2±2.1b 9.1±1.0f 16.9±2.1b 10.1±1.5e 16.5±2.5b 18.1±0.5a 7.8±0.55g

Tolerance Index 
(MTI) (FU)

24±3.5e 44±5.2a 26±1.5d 22±2.1f 20±1.02g 32±2.5b 31±1.5c 11±1.1i 14±1.5h 15±1.5h 15±1.9h

Time to 
breakdown:

3.1±0.1d 1.2±0.1h 20±4.2a 20±1.5a 19±0.5b 2±0.1g 2.1±0.3f 2.8±0.1e 2.4±0.1e,f 20±0.57a 9.6±0.56c
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Table 2: Pasting and Melting properties of stream flours

Values are expressed as mean ± standard deviation (n = 3). Mean values within a row followed by different superscript letters differ significantly 
(p < 0.05), whereas values sharing the same letter are not significantly different (p > 0.05) according to Tukey’s HSD test.

Breaks- B1, B2, B3, & B4; Reductions- C1F1, C2F1, C2F2, C3, C4, C5; SRF- Stright run flour
BG-Beginning of gelatinization; HPV- Hot paste viscosity; CPV-Cold paste viscosity; Onset Temperature -To; Peak temperature -Tp; End point -Te

SRF B1 B2 B3 B4 C1 C2F1 C2F2 C3 C4 C5

 Pasting 
properties
BG (oC) 63.9±0.2a 59.2±0.5c 59.8±0.23c 59.8±0.17c 60.7±0.52b 59.7±0.14c 59.7±1.1c 58.5±0.5d 62.8±0.55a 60.2±0.15b 60.1±0.51b

Viscosity (BU) 666±11i 974±19c 1032±24a 890±14e 856±9f 980±10b 953±07d 951±4.5d 712±121h 805±2g 842±16f

HPV (BU) 423±4i 677±2b,c 699±7a 648±4d 578±3e 688±9.5b 690±11a 697±07a 440±4.5h 544±5.5f,g 552±12f

CPV (BU) 838±13j 1053±9c,d 1068±27c 1021±31f 1038±36e 1093±21b 1090±27b 1114±34a 864±12i 1026±11g 965±17h

Breakdown 
(BU) 243±7e 297±3b 333±3a 242±5.2e 278±2.5c 292±4b 263±2d 254±6e 272±4c 261±5c 290±2.5b

Set back (BU) 415±11d 376±5g 369±3i 373±2h 460±7b 405±42e 400±3e,f 417±9d 424±5.5c 482±3.3a 413±6d

Melting characteristics

To (oC)  65.37±0.26a 63.99±0.17c 62.53±0.08d,e 60.35±0.06h 63.85±0.11c 64.56±0.12b 62.59±0.05d,e 62.53±0.13d,e 62.87±0.21d 61.07±0.27g 62.13±0.31f

Tp (oC)  72.51±0.31a 69.74±0.14c 67.98±0.11 67.85±0.13h 69.12±0.09c,d 70.17±0.23b 67.55±0.08h 68.16±0.10f 68.1±0.31f 68.01±0.08f,g 66.83±0.22e

Te (oC)  79.12±0.09a 77.1±0.10c 74.21±0.12e 75.11±0.08d,e 77.71±0.15b 77.28±0.11b,c 75.21±0.07d 75.22±0.22d 74.91±0.06e 73.63±0.05f 73.75±0.76f

ΔH (J/g)  5.08±0.06e,f 4.27±0.09g 6.32±0.05c,d 7.31±0.12b 4.13±0.08i 4.27±0.09h 6.45±0.10c 7.15±0.08b 5.16±0.11e 6.19±0.13d 8.93±0.07a
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Table 3: Physical qualities of cookies

Values are expressed as mean ± standard deviation (n = 3). Mean values within a column followed by different superscript letters differ significantly 
(p < 0.05), whereas values sharing the same letter are not significantly different (p > 0.05) according to Tukey’s HSD test.

Breaks- B1, B2, B3, & B4; Reductions- C1F1, C2F1, C2F2, C3, C4, C5; SRF- Stright run flour

 Fractions L* a* b* DE Spread ratio Hardness (g)
Fracturability 

(mm)
SRF 65.05±0.46a 9.74±0.0g 22.29±0.12a,b 35.42±0.33i 6.2±0.11e 7418.193±166d,e 9.36±0.33b

B1 59.99±o.67b 9.11±0.20h,i 21.43±0.12d 38.89±0.61h 6.6±0.10c,d 8376.173±192b 7.95±0.21h

B2 54.94±1.28f,g 10.69±0.31e 20.94±0.46e 43.41±0.86c 6.1±0.06e 8414.308±572b 8.23±0.63f,g

B3 54.20±1.11g 11.61±0.08b 20.44±0.19f,g 44.10±0.89b,c 5.8±0.10f 7432.903±340d 9.82±0.22a

B4 52.89±0.72h 11.20±0.12d,e 19.41±0.18h 44.74±0.61b 6.7±0.15c 9632.65±568a 9.4±0.12b

C1 55.60±0.59f 11.47±0.20d 20.68±0.19e,f 42.94±0.58d,e 7.0±0.15b 7048.02±570g 8.81±0.49e

C2F1 57.42±0.24d 11.06±0.08f 21.48±0.12d 41.62±0.17e 7.0±0.10b 7929.43±579c 8.63±0.19e,f

C2F2 56.30±0.72e 11.64±0.14b 21.45±0.39d 42.68±0.49d 7.0±0.10b 7284.548±419f 8.76±0.28e

C3 49.89±0.47i 13.08±0.27a 20.31±0.03f,g 48.04±0.35a 6.9±0.12b 6355.95±537i 9.05±0.26d

C4 58.34±1.59c 11.52±0.62b,c 22.07±0.23b,c 41.26±1.40e,f 7.0±0.05b 6558.488±271h 9.23±0.22b,c

C5 59.91±0.23b 9.23±0.10h 22.87±0.34a 39.69±0.36g 7.3±0.02a 4925.275±643j 7.93±0.21h
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Data availability 

Data will be made available on reasonable request.
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