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Research Highlights:

 Developed zein film functionalized atomic force microscopy.
 Differentiated the surface force between starch and gluten.
 Quantified the adhesion force differences in soft and hard wheat flour.
 Raman with BTEM algorithm analyses the surface chemical composition of wheat flour.
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21 ABSTRACT

22 Fundamental differences exist between the surfaces of hard and soft wheat flours. Ranging 

23 from surface roughness, chemical composition to cohesive forces, these differences could 

24 affect the flow behaviour of wheat flour. In an attempt to address these differences, we 

25 developed a zein film functionalized atomic force microscopy technique to evaluate the 

26 surface forces on compacts of hard, soft wheat flour, and its pure components, starch and 

27 gluten. Using the pure wheat components as the baseline, we analyzed the chemical 

28 compositional differences via Raman spectroscopy coupled with Band–Target Entropy 

29 Minimization (BTEM®) algorithm. The zein film functionalization distinguishes between 

30 wheat starch and gluten with stronger interactions on starch at least twice that of gluten. In 

31 general, soft wheat flour has higher adhesion forces than hard wheat flour of the same particle 

32 size. Higher starch content at the expense of protein in soft wheat flour seems to suggest the 

33 difference. However, the microstructural difference of starch granules on the compacted 

34 surface could describe more adequately the effect of particle size on the interaction forces.

35
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43 INTRODUCTION

44 Wheat flour milling is a progressive grinding and sifting processes that separates the floury 

45 endosperm from the bran. In order to maximize wheat flour yield, it is essential to optimize 

46 the mill process settings according to the wheat mill stream particle characteristics. 

47 Specifically, knowledge on flow characteristics of flour stream would help in optimizing the 

48 flow of mill stream during sifting, purifying, and handling. Flowability of wheat flour is 

49 inherent in its various classes seemingly arising from the kernel hardness and their 

50 compositional differences (Barton and Himmelsbach, 2002; Greenblatt et al., 1995; Le Bihan 

51 et al., 1996; Wang et al., 2004). Soft wheat flour generally has poor flow and its particles 

52 would adhere to surfaces in contact (Neel and Hoseney, 1984). Understanding the single 

53 particle characteristics of wheat flour, from different classes, could help in improving the 

54 milling and sifting efficiency.

55

56 The collective set of interaction forces between individual particles gives rise to the observed 

57 powder flow behaviour. As the particles collide with one another during flow, surfaces in 

58 contact determine the magnitude of the interaction forces. The characteristics of these 

59 surfaces depend on the physicochemical properties: particle size (Hart, A., 2015), shape or 

60 morphology (Horio et al., 2014), surface roughness (Islam et al., 2005), moisture content 

61 (Crouter and Briens, 2014), and surface chemistry or composition (Ho, et al., 2011). The 

62 interplay of these physicochemical properties on the surface forces would require reliable 

63 characterization techniques that can analyze their interactions on a molecular level.

64
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65 The atomic force microscope (AFM) directly measures inter-particle forces via a micro-

66 cantilever (Ducker et al., 1992). First, the tip of the cantilever is either activated with 

67 chemical functional groups or is replaced with a single particle as in the colloidal probe 

68 technique (Ducker et al., 1992). Then as the functionalized cantilever approaches the 

69 substrate, surface forces deflect the cantilever. The laser, reflecting off the end of the 

70 cantilever, captures the deflection and the value of which is used to calculate the forces down 

71 to the pico-Newton resolution. The obtained surface forces are further used in conjunction 

72 with surface topographical images to analyze the relationships between surface forces and the 

73 characteristics of the surface such as the surface roughness (Beach et al., 2002) and particle 

74 size (Katainen et al., 2006). 

75

76 Researchers have used the AFM colloidal probe technique to study the adhesion of wheat 

77 endosperm components namely, starch, protein and arabinoxylan. Duri and co-workers (2013) 

78 attached the component particle on the cantilever to interact with the hydrophobic polysine 

79 and hydrophilic glass slides. Their method of using a particle-functionalized cantilever on a 

80 flat substrate distinguishes between hydrophobic and hydrophilic wheat components. But it 

81 could not differentiate between hydrophilic wheat components of lower adhesion forces 

82 probably due to the contribution of numerous surface asperities on particles, in particular 

83 arabinoxylan, on the surface forces. Multiple contact points on a rough surface not only can 

84 reduce the adhesion force due to decreased total contact area (Beach et al., 2002) but they 

85 also can give larger force distributions (Islam et al., 2005). Besides surface roughness, if the 

86 particle is much larger than that of the individual asperities on the test surface, the measured 

87 interactions will involve multiple contacts and particle size will have significant influence 

88 (Katainen et al., 2006). 
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89

90 Noting the inadequacies of the AFM colloidal probe technique, one can alternatively 

91 functionalize the AFM cantilever with chemical groups that have specific surface force 

92 interactions with different components of the material. Wuttisela and co-workers (2009) used 

93 chemical force microscopy by functionalizing the AFM cantilevers with phosphate specific 

94 hydroxyl groups and carbon specific methyl groups. They successfully mapped the 

95 microstructures of acid hydrolyzed tapioca starch granules and related the acid concentrations 

96 used to the ratios of the amylose (methyl) and amylopectin (hydroxyl) formed. To the best of 

97 the authors’ knowledge, there is currently no work on using film coated AFM cantilevers to 

98 differentiate the characteristics between the wheat flour classes.

99

100 The surface chemical composition directs the bulk flow cohesiveness. Neel and Hooseney 

101 (1984) reported that the presence of fat in wheat flour can contribute significantly to the 

102 observed cohesiveness. Characterizations of the surface chemical composition can thus help 

103 to elucidate the nature of the measured surface forces behind the observed bulk flow 

104 behaviour. Directly engaging the surface with a physical entity such as liquid droplet or vapor 

105 and determining its wettability or retention properties in thermodynamic equilibrium enables 

106 one to evaluate its surface chemistry. The sensitivity of the wettability technique manifests 

107 itself in being able to relate the amount of drug on the excipient surface in solid dispersions 

108 (Dahlberg et al., 2008) and the different polar functionalities on various facets of a 

109 pharmaceutical crystal (Heng et al., 2006) with the sessile drop contact angles measured. The 

110 thermodynamic spreading coefficients of a series of organic vapor probes on the solid 

111 surfaces can be calculated from the heterogeneity in surface energy distributions to evaluate 

112 the effect of surface chemistry of pharmaceutical solids on granulation performance (Ho et al., 
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113 2011). However, these techniques would often need spectroscopy to verify their surface 

114 chemical composition. 

115

116 Spectroscopic techniques including Fourier transform infra-red (FTIR) (Amir et al., 2013), 

117 Raman (Piot et al., 2000; 2001), and X-ray photoelectron spectroscopy (XPS) (Saad et al., 

118 2011) have been used to examine the constituents of wheat. However, these analyses are 

119 mostly limited to structural information. Saad and co-workers (2011) tried to quantify the 

120 surface chemical composition using XPS but the values were not representative of the true 

121 composition. A possible candidate for quantification is Raman spectroscopy with band target-

122 entropy minimization (BTEM) algorithm (Widjaja and Seah, 2008). It has been instrumental 

123 in resolving the spectral data of a mixture into its pure component spectra with no need for a 

124 priori information (e.g. nature of the components, their spectra or concentration). With the 

125 additional detection limit down to less than 1% weight basis (Widjaja and Seah, 2008), 

126 Raman spectroscopy with BTEM offers a potentially exciting avenue to more accurately 

127 characterize the surface chemical composition of wheat flour.

128

129 The aim of this work is to first develop a functionalized atomic force microscopy (AFM) 

130 technique that enables surface differentiation between hard and soft wheat flour compacts 

131 with reference to two of their constituents, starch and gluten.  Next, we evaluate possible 

132 links to their relative surface chemical compositions analyzed by Raman spectroscopy with 

133 BTEM algorithm. The developed protocols with the AFM and Raman spectroscopy with 

134 BTEM could be adopted in future to further our understanding on the contributions of surface 

135 forces and surface chemical composition to bulk flow behaviour.
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136

137 MATERIALS AND METHOD

138 Materials

139 Hard and soft red winter wheat were milled and sieved according to the method described 

140 previously (Siliveru et al., 2016). Milled wheat flour samples that retained on 90 and 45 m 

141 sieve sizes were then used for compaction and subsequent analyses. The size based separation 

142 was made using an Alpine jet sieve analyzer (Model e 200 LS, Hosokawa Alpine Ag & Co, 

143 Augsburg, Germany). For convenience, the samples are referred to as “HRW” for hard red 

144 winter and “SRW” for soft red winter respectively while sieve sizes 90 and 45 m are added 

145 to their suffixes. The selection of the particle sizes was based on the median particle sizes 

146 obtained from hard and soft wheat milling. Reference constituents of wheat flour, unmodified 

147 wheat starch (Lot No. BCBJ1188V) and wheat gluten (Lot No. MKBQ6971V) from Sigma 

148 Aldrich, were used as supplied. Zein from maize (Lot No. SLBC9380V, Sigma-Aldrich) was 

149 used for the film coating on the AFM cantilevers. The solvents used to prepare zein solution 

150 were ethanol (HPLC grade, purity > 99.8%, Fisher Scientific, U.K.) and MilliQ ultrapure 

151 water (Merck KGaA, Germany) with a resistivity of 18.2 M cm.

152

153 Method

154 Formation of zein film on AFM cantilever

155 Corn zein is used as a model film on the AFM cantilever since pure zein can be cast easily on 

156 cantilever surfaces (Panchapakesan et al., 2012) without the complexities of a plasticizer as 

157 additive. The set of procedures for zein film formation on the AFM cantilever has been 
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158 adapted from the drop deposition method developed by Panchapakesan et al. (2012) with 

159 some modifications. Briefly, the zein powders were dissolved in 75% v/v ethanol-water 

160 mixture to achieve a concentration of 5 mg/ml. The AFM cantilevers were first rinsed with 

161 ethanol and water. They were then subjected to plasma cleaning (Model PE-25, Plasma Etch 

162 Inc., USA) at a power rating of 75W for 4 minutes to remove organic contaminants. Instead 

163 of putting a drop of the zein solution onto the clean cantilevers as in the method by 

164 Panchapakesan et al. (2012), they were immersed in the solution for about half a minute 

165 before drying at 30C to form a thin film. The presence of zein film on the cantilever was 

166 verified using the scanning electron microscope with energy dispersive X-ray spectroscopy 

167 (JSM-6700F, SEM-EDX, JEOL, Japan). The zein film coated AFM cantilever exhibited a 

168 high concentration of carbon (C) whereas the uncoated AFM cantilever does not have a C 

169 peak (Fig. 1).

170

171

172

173

174

175

176

177

178 Fig. 1.  SEM-EDX evaluation for the presence of zein film on AFM cantilever with (a) image 

179 of uncoated AFM cantilever showing silicon (Si) and nitrogen (N) peaks at their respective 

180 amounts, and (b) image of zein film coated AFM cantilever showing predominantly carbon 

181 (C) and faint Si peaks at their respective amounts. The elemental composition is expressed as 

182 weight percentages.

N
Si43.7%
56.3%

C
92.6%

Si
7.4%

(a) (b)
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183

184 Preparation of wheat flour compacts

185 Compacts can potentially minimize the surface roughness effects associated with irregular 

186 wheat flour particles (Siliveru et al., 2016). The wheat flour samples (HRW45, HRW90, 

187 SRW45, and SRW90), wheat starch and gluten were made into compacts using a manual 

188 tablet press (Model 3912, Carver Inc., U.S.A.). About 200 mg of sample was weighed into 

189 the stainless steel die of 10 mm diameter. A compression force of 3 metric tons (~ 2000 psi) 

190 was exerted for 2 minutes to make the compacts. The compacts were then stored in a 

191 dessicator at ambient laboratory conditions till further analysis.

192

193 Measurement of surface forces and roughness with the AFM

194 All the surface force and roughness measurements were carried out with an atomic force 

195 microscope (NX-10 AFM, Park Systems Corp., Korea). Rectangular beam silicon nitride 

196 cantilevers (PNP-DB, Nanoworld AG, Switzerland) of 100 m length and nominal resonant 

197 frequency of 67 kHz were chosen for their flexibility and better force distribution during the 

198 measurements. In order to quantify the force measured, the spring constant, k, of the zein film 

199 functionalized cantilever was calibrated using an in-built module in the software (XEI, 

200 version 1.8.2. Build1, Park Systems Corp., Korea) based on the thermal tuning technique 

201 (Hutter and Bechhoefer, 1993). The calibrated values of spring constant ranged from 0.2 to 

202 0.5 N/m at ambient laboratory conditions (~ 24C, 60% RH).

203

204 Surfaces of the compacts were captured in non-contact mode to avoid changing the integrity 

205 of the surfaces. Raster scans of the cantilever tip over the surfaces were performed at scan 
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206 rates of 0.5 Hz for scan sizes of 5 x 5 m along the long axis of the cantilever. The surface 

207 roughness was calculated for each imaged surface for the root-mean-square (RMS) value. 

208 The RMS surface roughness (Rq) equation (Gadelmawla et al., 2002) is based on the mean of 

209 the squared absolute values for the roughness profile in the vertical (or Z) direction, as given 

210 below (eqn. 1):

211

212 (1) 
l

q dxxZ
l

R
0

21

213 where, l is the total length of the surface with position (x) wherein the height Z is determined.

214

215 Immediately after recording the surface image, the same zein film functionalized cantilever 

216 was used in force spectroscopy mode to measure the surface forces on the compacts. The 

217 force measurement procedures are illustrated in Fig. 2 as deflection versus cantilever-surface 

218 separation curve and described as follows: Initially, the functionalized cantilever was 

219 positioned away from the surface where there was no force acting on the cantilever (region 

220 (a)) with zero cantilever deflection. The probe was then lowered onto the surface at a rate of 

221 0.3 m/s until at a certain point (spot (b)) where the attractive force was strong enough for 

222 the cantilever to “snap” onto the surface. The cantilever and the surface continued to move 

223 together in the same direction until a pushing force of 10 nN was registered on the surface. 

224 The observation was a deflection in the positive direction as shown in region (c). After 

225 reaching the set pushing force, the cantilever was made to traverse in the reverse direction 

226 resulting in the decrease in the deflection as shown in region (d). The deflection soon became 

227 negative and “jumped” back to the zero baseline after reaching a maximum at spot (e). No 
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228 further deflection was detected on the cantilever as it returned to its original position (region 

229 (a)) after travelling for a total set vertical distance of 600 nm. The pull-off or adhesion force 

230 (Fv) was calculated from the deflection (z) of the cantilever as it returns to the zero baseline 

231 and the spring constant (k) of the cantilever using the equation given by Hooke’s law (eqn. 2).

232

233 (2)zkFv 

234

235 Altogether, 256 force curves were obtained on each scanned area of 5 x 5 m for the HRW45, 

236 HRW90, SRW45, SRW90, wheat starch, and gluten compacts. The measurements were done 

237 in triplicates for each compact.

238

239

240

241

242

243

244

245

246 Fig. 2.  Schematic of cantilever deflection versus separation distance between probe and 

247 surface curve. Regions (a) and (c), and spot (b) were components of the approaching curve 



ACCEPTED MANUSCRIPT

248 whereby the cantilever was brought close to the compact surface. Regions (d) and (a), and 

249 spot (e) were components of the retracting curve whereby the cantilever was moved away 

250 from the compact surface. The inset at spot (e) shows the zein film functionalized cantilever 

251 experiencing a pull-off force as it retracts from the surface. 

252

253 Measurement of surface chemical composition with Raman spectroscopy-BTEM algorithm

254 The HRW45, HRW90, SRW45, and SRW90 compacts were analyzed using a Renishaw 

255 inVia Raman Spectrometer equipped with a 785 nm laser under an objective lens with 20X 

256 magnification. Four different map locations namely, center, top right, bottom left, and one 

257 random spot on the surface of pellet were mapped. Raman maps, of 300 x 300 µm dimension 

258 in both directions, x- and y-axis, were obtained for the four locations for each compact. Each 

259 point on the map was analyzed at 50 µm intervals. For mapping measurement, 49 spectra 

260 were collected with a total of 196 spectra for each compact. Raman measurements were also 

261 made on compacts of wheat constituents, starch and gluten, and the spectra obtained (Fig. 3) 

262 were used for calculation of the surface chemical composition. For lipid, published literature 

263 (Piot et al., 2001) value was used for comparative analysis.

264

265

266

267

268

269
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Protein 
(Gluten)

270

271

272

273

274

275

276

277 Fig. 3.  Reference Raman spectra of wheat constituents, starch and protein (gluten).

278

279 The collected Raman spectra of wheat flour compacts were analyzed using Band–Target 

280 Entropy Minimization (BTEM®) algorithms, using Matlab® 7.12. BTEM® algorithm was 

281 used in order to obtain pure component spectral estimates of the constituents present in the 

282 compacts and then the percentage signal contributions of the components were calculated. 

283 The percentage signal contributions of starch, protein and lipid for each wheat flour sample 

284 are not true representations of the absolute percentage of each component in the samples. 

285 They are merely values indicating the percentages of Raman signal obtained per component 

286 in each sample. 

287

288 Surface imaging of wheat flour compacts with SEM

289 In order to visualize any possible effects of wheat flour particle size on the surfaces after 

290 compaction, the scanning electron microscope (JSM-6700F, SEM, JEOL, Japan) was used to 
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291 obtain the images of the surfaces at an accelerating voltage of 2 kV. Prior to imaging,the 

292 surfaces of the wheat flour compacts, HRW45, HRW90, SRW45 and SRW90, were first 

293 coated with gold for 2 min using a sputter coater (Sputter Coater 208HR, Cressington, UK). 

294

295 Statistical analysis of the AFM adhesion forces

296 All AFM adhesion force measurements on the wheat starch, gluten and wheat flour compacts 

297 were averaged and the mean values reported in this manuscript. The data were then analyzed 

298 in Excel 2010 (Microsoft, Redmond, WA) using two-sample student’s t-test assuming 

299 unequal variances. A confidence interval of 95% was used for the comparison of the mean 

300 adhesion forces.

301

302 RESULTS AND DISCUSSION

303 Adhesion force and surface roughness of wheat flour compacts and its constituents

304

305

306

307

308

309

310
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311 Fig. 4.  Cumulative adhesion force distribution curves for compacts of wheat flour, gluten 

312 and starch.

313

314 Pure component compacts, wheat gluten and starch, have the lowest median adhesion force 

315 (F50) values with the zein film functionalized cantilever (Fig. 4). Wheat gluten has a F50 value 

316 of 1.5 nN as compared to wheat starch with a higher F50 value of 4 nN. Wheat flour, being a 

317 composite body of these pure components and with lipids, registers a higher F50. The soft 

318 wheat flour compacts have higher F50 than the hard wheat flour compacts with SRW90 

319 having the highest F50 value of 12 nN. The particle size effect appears to be evident in the 

320 force distribution. An increase in particle size from 45 to 90 m seems to result in an increase 

321 in the F50 for the wheat flour compacts where the median adhesion force is higher for SRW90 

322 than SRW45 (9 nN), and HRW90 (10.5 nN) has F50 value greater than HRW45 (8.5 nN). It is 

323 important to note that the particle size of wheat flour is a collective measure of its 

324 components, mainly starch and gluten. As particle size reduces, starch particles with its 

325 morphological irregularities (Siliveru et al., 2016) could be the major contributor. However, it 

326 does not necessarily translate to higher adhesion forces for smaller particle size since 

327 compaction, as we shall see later, could deform the components of wheat flour to various 

328 extents. Besides the median adhesion force values, the span, which is the difference between 

329 F90 (adhesion force at 90%) and F10 (adhesion force at 10%), is useful for understanding the 

330 extent of variation of the forces. The span is found to be affected, in a similar manner as the 

331 median adhesion forces, by the composition and the particle size of the wheat flour. The span 

332 for the hard wheat flour compacts ranged from 4.5 (HRW45) to 6.5 nN (HRW90) while that 

333 of soft wheat ranged from 7 (SRW45) to 10 nN (SRW90). On the other hand, the span for the 

334 pure wheat flour constituents, starch and gluten, lies between 2 to 3 nN. 
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335

336 Table 1.  AFM and Raman spectroscopic analyses of the mean adhesion force, surface 

337 roughness and chemical composition of the wheat flour compacts and its constituents.

Force measurements Raman signal contribution [%] based on 
intensity

Sample

Mean adhesion 
force [nN]

Mean surface 
roughness [nm]

Starch Protein Lipid 

Wheat Gluten 1.98 (0.74) 152 (75) - - -

Wheat Starch 4.27 (1.43) 185 (87) - - -

HRW45 8.49 (2.51) 45 (23) 81.20 (1.16) 17.91 (1.11) 0.89 (0.08)

SRW45 10.31 (4.60) 115 (101) 88.23 (0.55) 10.75 (0.63) 1.02 (0.22)

HRW90 10.73 (4.15) 104 (20) 81.17 (1.41) 18.01 (1.41) 0.83 (0.09)

SRW90 12.93 (4.00) 92 (18) 89.31 (0.61) 9.65 (0.78) 1.05 (0.21)

338 Values in parentheses are standard deviations.

339 The comparison of the F50 values between the wheat flour constituents and their various 

340 classes is further substantiated by examining the mean adhesion forces (Table 1) using the 

341 two-sample student’s t-test. Firstly, the mean adhesion force on the wheat starch compacts is 

342 found to be significantly higher than the wheat gluten compacts (p < 0.05). Then the soft 

343 wheat compacts have significantly higher mean adhesion force values than the hard wheat 

344 compacts (p < 0.05). It also seems that the mean adhesion force is increased significantly (p < 

345 0.05) with an increase in particle size. The explanation of which will be attempted in the last 

346 section. 

347

348 The mean surface roughness, in Table 1, ranges from 45 to 185 nm for the 5 x 5 m scan size, 

349 which, in comparison, is much smaller than that of their individual particles. Previously, we 

350 reported that the statistical average of the surface roughness of the single particles of various 



ACCEPTED MANUSCRIPT

351 wheat flour classes ranged from 325 to 518 nm for the same scan size (Siliveru et al., 2016). 

352 Apparently, from the data in Table 1, there does not seem to have any trend between the 

353 surface roughness and the mean adhesion force. For instance, even though HRW90 with a 

354 higher surface roughness has a higher mean adhesion force than HRW45, the rougher 

355 SRW45 has a lower mean adhesion force than SRW90. Furthermore, due to the large 

356 variation in surface roughness measured, the effect of surface roughness on the mean 

357 adhesion force should be minimal. Instead, we hypothesized that the contribution could be 

358 more likely due to the differences in their surface chemical composition.

359

360 Surface chemical compositions of hard and soft wheat flour compacts

361 Table 1 also gives the relative surface chemical compositions of HRW45, HRW90, SRW45 

362 and SRW90 compacts with respect to its constituents, starch, protein (gluten), and lipids. The 

363 obtained percentages of starch, protein and lipids are approximates of the actual surface 

364 chemical composition. 

365

366 Spectroscopic analysis using X-ray photoelectron spectroscopy (XPS), over-predicts the 

367 surface chemical composition of wheat flour in the range of about 54% for protein and by 

368 about 44% for lipids. But this technique under-predicted the surface starch content by 2% 

369 (Saad et al., 2011). Raman spectroscopy, so far has only been used to study the 

370 microstructure of wheat kernels (Piot et al., 2000; Scudiero and Morris, 2010) and 

371 conformation of secondary wheat proteins (Le Bihan et al., 1996). But, our study indicated 

372 that this technique gave better compositional prediction than other spectroscopic methods. In 

373 our measurements (Table 1) the wheat starch content ranged from 82 to 89%, protein from 10 
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374 to 18%, and lipids from 1 to 2% in contribution to the total Raman spectrum, depending on 

375 the wheat class. Even though the values are relative, they are in close agreement to those 

376 reported in literature (Atwell, 2001). Starch, protein and lipids generally constitutes 63 – 72%, 

377 7 – 15%, and ~ 1% of wheat flour respectively. David et al.  (2015) reported that soft wheat 

378 flour have carbohydrate (starch) content of 83.6%, protein 10.23%, and fat (lipids) 1.33%. 

379

380 Furthermore, Raman spectroscopy has been used to investigate to some extent, the kernel 

381 hardness based on specific bond interactions in chemical functional groups (Scudiero and 

382 Morris, 2010; Piot et al., 2001). However, Barton and Himmelsbach (2002) as well as 

383 Scudiero and Morris (2010) found very little spectral difference between hard and soft wheat. 

384 It is clear from Table 1 that the surface chemical compositions of hard and soft wheat flour 

385 compacts are distinctly different. SRW has higher starch with corresponding lower protein 

386 contents than HRW of same particle size. Soft wheats easily break up upon milling due to 

387 weak interaction forces between starch and protein, or between cell wall and its contents 

388 (Neel and Hoseney, 1984). The starch granules are detached from the protein matrix of the 

389 inner cell (Neel and Hoseney, 1984) and could become predominant on the surface of the soft 

390 wheat compacts. On the other hand, the effect of particle size on the surface chemical 

391 composition is not as significant. The reasons of which are unclear now but we postulate, as 

392 described in the next section, that compaction could have plastically deformed some 

393 components over the surface independent from the particle size. Nevertheless, Raman 

394 spectroscopy coupled with BTEM analysis provides a useful tool to distinguish between hard 

395 and soft wheat flour that could be potentially used to explain the difference in adhesion forces, 

396 in particular, between hard and soft wheat flour.

397
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398 Zein film-wheat flour interactions:  An insight to surface chemical composition dependence 

399 and bulk flow behaviour

400 Zein is one of the most hydrophobic proteins with a reported value of 1.365 J/mol 

401 (Panchapakesan et al., 2012) while gluten showed higher adhesive forces with hydrophobic 

402 surface, polysine (Duri et al., 2013). Intuitively, the interactions between zein and gluten are 

403 likely to be hydrophobic and stronger than hydrophilic starch. Instead, we have witnessed 

404 from the AFM adhesion measurements that zein interacts more strongly with starch than 

405 gluten. This could be likely due to the presence of beta zein fractions on the zein film 

406 functionalized cantilever tip wherein the tendency for hydrophilic interactions is higher than 

407 hydrophobic ones (Wang et al., 2004). An advantage of the functionalized tip is the ability to 

408 differentiate between soft and hard wheat flour: the former has higher mean adhesion force 

409 with zein. One of the possibilities that led to the above-mentioned phenomenon is the ease in 

410 which individual starch granules are released from the protein matrix during the milling on 

411 the soft wheat (Neel and Hoseney, 1984). Another probable reason is that polar lipids are 

412 generally associated with the starch grains for soft wheat varieties but not the hard wheat 

413 ones (Greenblatt et al., 1995). These lipids could thus interact strongly with the hydrophilic 

414 zein film on the cantilever.A more intriguing result is that wheat flour compacts with larger 

415 particle size have higher adhesion force with zein than those with lower particle size that 

416 cannot be adequately explained via the surface chemical composition. There is no significant 

417 difference in the surface chemical composition between wheat flour compacts of different 

418 particle sizes. To describe the particle size effect on the adhesion force, we propose that the 

419 larger starch granules present could have been readily deformed and spread over a larger area 

420 during compaction. The following SEM images of the hard wheat in Fig. 5 showed that with 

421 HRW45, there are discrete starch granules (flattened spherical entities) with clear boundaries 

422 interspersed with the protein particles on the surface. On the contrary, HRW90 appears to 
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423 have lower surface density of distinct starch granules but the starch content of which is not 

424 significantly different from HRW45. The zein functionalized film on the AFM cantilever 

425 could have potential application in initial screening and differentiation between wheat flour 

426 classes. At the molecular scale, the adhesion force on soft wheat is greater than on hard wheat. 

427 This could in turn explain the bulk observations by Bian and co-workers (2015) that soft 

428 white wheat (SWW) has poorer flow than hard red winter (HRW). Future work could include 

429 refining the AFM cantilever as a sensing platform for wheat related products. Material such 

430 as gluten could be thinly coated on the AFM cantilever so that it closely simulates interaction 

431 forces between the wheat constituents and the test surface, enabling powder flow problems to 

432 be addressed.

433

434

435

436

437

438 Fig. 5. Surface images of (a) HRW45, and (b) HRW90 illustrating the differences due to 

439 possible deformation of the starch granules during compaction. 

440

441 CONCLUSION

442 We have developed a zein film functionalized atomic force microscopy (AFM) technique to 

443 differentiate between hard and soft red winter wheat flour compacts as well as their 

444 constituents: starch and gluten. Hydrophilic interactions between possible beta zein structures 

(a) (b)
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445 on the cantilever tip and starch could explain the higher adhesion forces with starch. Raman 

446 spectroscopy with Band–Target Entropy Minimization (BTEM®) analysis that gives close 

447 approximates of the surface chemical compositions of the wheat flour compacts could 

448 complement the AFM findings on the adhesion force values. Soft wheat has stronger 

449 interactions with zein since it has a higher starch content arising from the release of starch 

450 granules coupled with polar lipids. However, the particle size effect on the adhesion forces 

451 could not be attributed adequately to the surface chemical composition. Instead, the possible 

452 deformation of starch granules upon compaction resulting in surface microstructural 

453 differences better describes the stronger interactions with compacts having a larger particle 

454 size. There is potential in further refining the thin film functionalized AFM method to 

455 become a sensing platform between the wheat constituents and test surfaces.

456
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