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ABSTRACT 16 

Chia is an excellent source of healthy constituents (dietary fibre and proteins) with high 17 

water holding capacity (WHC) and strong gelling properties, which imply technological 18 

challenges for its application in foods, such as leavened bakery products. Therefore, this 19 

work explored the potential of high-pressure homogenization (HPH) to steer the 20 

technological functionalities (physicochemical, structural and rheological properties) of 21 

a chia fibre-protein concentrate (FPC) for food applications. Chia FPC suspensions (5%, 22 

w/w) were treated at increasing pressures (up to 150 MPa) and number of cycles (up to 23 

5) to generate a wide range of energy densities delivered to the sample during processing 24 

(100-750 MJ m-3). HPH treatments decreased particle size, WHC and oil holding capacity 25 

of FPC. WHC of treated samples was 52-70% lower than control. Moreover, rheological 26 

measurements on the soluble fraction of homogenized FPC showed a reduction in 27 

apparent viscosity and shear-thinning behaviour. These results can be attributed to 28 

multiple events occurring during HPH processing. In particular, the mechanical forces 29 

suffered by the samples induced the rupture of native structures in smaller fragments in 30 

concomitance with biopolymer structure modifications. HPH at energy densities between 31 

300 and 750 MJ m-3 determined a 14-35% increase in soluble dietary fibre (SDF) 32 

compared to control, indicating a partial conversion from insoluble to SDF without 33 

changes in total dietary fibre. Conformational changes in proteins were also observed. 34 

This study suggests that proper selection of HPH energy density represents a strategy to 35 

obtain novel promising ingredients rich in dietary fibre and proteins with tailored 36 

technological functionalities. 37 

 38 

Keywords: mucilage, functional properties, water holding capacity, rheology, 39 

homogenizer, unfolding 40 
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1. Introduction 41 

 42 

Seeds from Salvia hispanica L., also known as chia seeds, have been widely recognized 43 

as a potential source of nutrients with healthy properties, increasing their popularity 44 

(Alasalvar, Chang, Bolling, Oh, & Shahidi, 2021; Melo, MacHado, & Oliveira, 2019; 45 

Muñoz, Cobos, Diaz, & Aguilera, 2012). Besides being an excellent source of proteins, 46 

polyunsaturated fatty acids, and dietary fibre (Alasalvar et al., 2021; Melo et al., 2019; 47 

Sandoval-Oliveros & Paredes-López, 2013), chia seeds contain phenolic acids, especially 48 

quercetin and kaempferol, with potential antioxidant activity (Reyes-Caudillo, Tecante, 49 

& Valdivia-López, 2008). The main protein fractions are globulins (Sandoval-Oliveros 50 

& Paredes-López, 2013) and glutelins (Coelho & Salas-Mellado, 2018), which exhibit 51 

good thermal stability and technological functionalities including emulsifying, foaming, 52 

and gelling properties. Total dietary fibre (TDF) content in chia seeds varies from 20 to 53 

40% (Alasalvar et al., 2021; Alfredo, Gabriel, Luis, & David, 2009; Melo et al., 2019; 54 

Reyes-Caudillo et al., 2008). Insoluble fibre (lignin, cellulose, and hemicellulose) 55 

represents 85% of TDF. The soluble fibre fraction mainly consists of a mucilaginous 56 

polysaccharide (gum) (Alfredo et al., 2009; Melo et al., 2019), which is structurally a 57 

linear repeating tetrasaccharide sequence composed of two D-xylopyranosyl residues, a 58 

D-glucopyranosyl unit, and side branches of 4-O-methyl-D-glucopyranosyluronic acid 59 

(Lin, Daniel, & Whistler, 1994). Besides, chia mucilage is rich in planteose, a 60 

trisaccharide belonging to the galactosyl-sucrose oligosaccharide group (Daudé, 61 

Remaud-Siméon, & André, 2012; Xing et al., 2017). 62 

Generally, chia flour is obtained from seeds after partial oil extraction, resulting in a fibre-63 

protein rich ingredient, suitable to enhance the nutritional properties of several food 64 

products (Aranibar et al., 2018; Mas et al., 2020; Zettel & Hitzmann, 2018). However, 65 
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incorporation of this ingredient in a food formulation could have detrimental effects on 66 

the technological quality. This is especially the case of bakery products, in which chia 67 

flour addition is expected to lower specific volume and increase crumb firmness of 68 

leavened cereal-based products (Coelho & Salas-Mellado, 2015; Guiotto, Tomas, & 69 

Haros, 2020; Steffolani, Martinez, León, & Gómez, 2015).  70 

Application of non-thermal technologies could represent a promising strategy to modulate 71 

the techno-functionalities of food biopolymers comprising those constituting chia 72 

concentrate (Fayaz, Soleimanian, Mhamadi, Turgeon, & Khalloufi, 2022). Among all, 73 

high-pressure homogenization (HPH) is under the spotlight due to its demonstrated ability 74 

to promote structural changes of biopolymers, such as protein and carbohydrates (He, 75 

2022; Saricaoglu, 2020). HPH is a dynamic pressure technology operating up to 400 MPa. 76 

During processing the fluid product is subjected to high cavitation, elongational flow and 77 

mechanical stresses (Floury, Bellettre, Legrand, & Desrumaux, 2004; Kubo, Augusto, & 78 

Cristianini, 2013). Previous studies on HPH-treated soybean by-products and mustard 79 

bran reported particle size reduction and increase in fibre interfacial area promoting a 80 

more structured network (Colletti, Delgado, Cabezas, Wagner, & Porfiri, 2020; Donsì & 81 

Velikov, 2020), as well as improvement in protein extraction yield from the matrix (Donsì 82 

& Velikov, 2020; Fayaz, Plazzotta, Calligaris, Manzocco, & Nicoli, 2019; Plazzotta, 83 

Moretton, Calligaris, & Manzocco, 2021). Investigations on HPH-treated sugar beet fibre 84 

(Huang, Yang, Liu, & He, 2020) and citrus fibre (Su, Zhu, Wang, Li, & Wang, 2019) 85 

showed increase in water and oil holding capacities due to conformational and structural 86 

changes exhibiting new hydrophilic and/or hydrophobic regions. In addition, HPH 87 

induced the conversion of around 8% insoluble fibre to soluble fraction in tomato residue 88 

fibre (Hua et al., 2017) and soybean okara (Fayaz et al., 2019). Regarding the protein 89 

fraction, HPH can be used to steer functional and interfacial properties by promoting 90 
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unfolding or aggregation phenomena as observed on faba bean (Yang, Liu, Zeng, & Chen, 91 

2018), kidney bean (Guo et al., 2021) and lentil proteins (Saricaoglu, 2020). 92 

To the best of our knowledge, there are no studies in the scientific literature on chia 93 

dispersions treated by HPH. Based on these considerations, this research aimed to 94 

investigate the impact of HPH treatment on physicochemical, structural, and rheological 95 

properties of a commercial chia fibre-protein concentrate by using different 96 

homogenization pressures (up to150 MPa) and number of passes (up to 5) to improve 97 

technological functionalities and thus industrial feasibility. In order to better evaluate the 98 

effects of HPH on specific components, analyses were carried out on the protein and 99 

dietary fibre fractions. 100 

 101 

2. MATERIALS AND METHODS 102 

2.1 Materials 103 

 104 

A partially defatted chia fibre-protein concentrate (FPC) (56.0% dietary fibre, 24.7% 105 

protein, 9.0% fat, 4.7% ash and 4.7% moisture) was purchased from Benexia (Functional 106 

Products Trending S.A, Santiago, Chile). Commercial sunflower oil was used. 107 

 108 

2.2 High-pressure homogenization of chia suspension 109 

 110 

Chia FPC suspension (5%, w/w) was obtained by adding distilled water and magnetically 111 

stirring at room temperature for 24 h and 1,250 rpm. A continuous lab-scale high-pressure 112 

homogenizer (Panda Plus 2000, GEA Niro Soavi, Parma, Italy) equipped with two 113 

homogenization valves (flow rate of 10 L/h), was used to treat chia suspension (500 g). 114 

Working pressures of 0, 100 and 150 MPa for 1, 3 or 5 cycles were applied. Six different 115 
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treatments were carried out at homogenization energy densities from 0 to 750 MJ m-3 116 

(Table 1). The energy density was calculated as the pressure difference operating at the 117 

nozzles according to Stang, Schuchmann, & Schubert (2001). The temperature of 118 

homogenised samples was kept below 40 °C by cooling in ice-water bath after each pass. 119 

After the treatment, samples were immediately blast chilled, frozen, and freeze-dried. 120 

Freeze-dried samples (FDS) were used for further analyses. Experiments were performed 121 

in duplicate, where each replicate corresponds to a separately chia suspension. 122 

 123 

2.3 Dietary fibre content 124 

 125 

Total dietary fibre (TDF), soluble dietary fibre (SDF), and insoluble dietary fibre (IDF) 126 

contents of FDS were measured by using the total dietary fibre assay kit (Sigma Aldrich, 127 

Milan, Italy) and following the enzymatic-gravimetric official method 985.29 (AOAC, 128 

1997). 129 

 130 

2.4 Particle size distribution 131 

 132 

The particle size distribution of FDS was carried out by using a laser scattering particle 133 

size distribution analyser (LA-950 Horiba, Kyoto, Japan). FDS were suspended in water 134 

at room temperature and automatically kept in agitation for the analysis. The refractive 135 

index was 1.47 and 1.33 for FDS and water, respectively. Distribution curves were 136 

obtained from multiple measurements (n  3). 137 

 138 
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2.5 Water and oil holding capacities 139 

 140 

Distilled water or sunflower oil (1.5 g) was added to FDS (0.1 g), then the suspensions 141 

were mechanically stirred using a vortex (Vortex, Ika, Milan, Italy). After a stop of 15 142 

min, the samples were centrifuged at 13,680×g for 10 min at 4 °C. The supernatant was 143 

removed, and the precipitate was weighed. The water (WHC, %) and oil holding 144 

capacities (OHC, %) were calculated by: 145 

 146 

𝑊𝐻𝐶 𝑜𝑟 𝑂𝐻𝐶 =
𝐻 − 𝐹𝐷𝑆

𝐹𝐷𝑆
∗ 100   147 

 148 

where FDS is the weight (g on dry basis) of freeze-dried sample and H is the precipitate 149 

weight (g). 150 

 151 

2.6 Powder and protein solubilities 152 

 153 

The solubility of FDS was evaluated by suspending the samples in distilled water (1% 154 

w/w). The suspension was magnetically stirred for 4 h at room temperature, and 155 

centrifuged at 18,600×g for 15 min at 4 °C. The supernatant was collected, dried 156 

overnight at 70 °C in a vacuum oven (Vuotomatic 50, Bicasa, Milan, Italy), and weighed 157 

(Fs, g). Powder solubility (%) was measured by using the following equation (2): 158 

 159 

𝑃𝑜𝑤𝑑𝑒𝑟 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐹𝑠

𝐹𝐷𝑆
∗ 100 160 

 161 
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where FDS is the weight (g on dry basis) of freeze-dried sample and Fs is the weight of 162 

the dried soluble fraction (g). 163 

In order to evaluate protein solubility, FDS (1.75 g) was suspended in distilled water (5%, 164 

w/w), magnetically stirred for 1 h and centrifuged at 15,000×g for 20 min at 20 °C. Then, 165 

the supernatant was recovered and freeze-dried, while the insoluble pellet was discarded. 166 

Soluble protein content was evaluated through nitrogen Kjeldahl determination (N x 6.25) 167 

(Method 920.87, AOAC, 1997). 168 

 169 

2.7 Absorbance at 280 nm 170 

 171 

FDS (0.02 g) was suspended in 20 g of sodium phosphate buffer solution (0.05 M, pH 172 

6.9) containing 0.5% SDS (w/v) (Sigma Aldrich, Milan, Italy). Suspension was 173 

magnetically stirred for 30 min at room temperature and centrifuged at 13,680×g for 10 174 

min at 20 °C. The absorbance at 280 nm of the supernatant was measured at 25 °C by 175 

using a UV-Vis spectrophotometer (UV-2501 PC, Shimadzu Kyoto, Japan). 176 

 177 

2.8 Determination of free SH groups 178 

 179 

The concentration of total free sulfhydryl groups (SH) was determined according to the 180 

method of Panozzo et al. (2014) based on Ellman (1959) method. Briefly, chia samples 181 

(5 mg) were dispersed in 1.5 mL of 25% (w/v) SDS-Tris-Glycine-EDTA (SDS-TGE) 182 

buffer solution (pH 8) (Sigma Aldrich, Milan, Italy). Samples were mechanically stirred 183 

using a vortex, then added with 30 L of Ellman's reagent (5′,5-di-thiobis (2-nitrobenzoic 184 

acid) or DTNB) (Sigma Aldrich, Milan, Italy) and incubated for 20 min at room 185 
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temperature. Samples were centrifuged at 16,000×g for 15 min at 4 °C. The supernatant 186 

was collected, and the absorbance was measured at 412 nm and 25 °C. 187 

 188 

2.9 Surface hydrophobicity 189 

 190 

Proteins surface hydrophobicity was tested by fluorescence analysis. The probe 1-anilino-191 

8-naphthalene-sulfonate (ANS) was dispersed in the buffer solution (8 mM) and protected 192 

from the light. FDS (1 mg) was suspended in 1 mL of 0.1 M phosphate buffer solution 193 

(pH 7) for 1 h. Finally, samples were centrifuged for 10 min at 10,000×g and 4 °C. 194 

Supernatant (3 ml) was added with 18 µL of ANS solution and left reacting for 15 min in 195 

a dark place. Fluorescence intensity was measured using a fluorescence 196 

spectrophotometer (Cary Eclipse model, Agilent Technologies, Santa Clara, CA, USA). 197 

Samples were excited at 388 nm and the emission spectra was recorded from 400 to 700 198 

nm. 199 

 200 

2.10 Fourier transform infrared (FTIR) spectroscopy 201 

 202 

FTIR spectra of FDS and freeze-dried soluble fractions (Fs) were acquired by an Alpha-203 

P FTIR spectrometer (Bruker Optics, Milan, Italy) equipped with a diamond attenuated 204 

total reflection (ATR) Zn-Se crystal. Spectra were obtained over a wavelength range of 205 

4000-400 cm-1 at 25 °C with a spectrum resolution of 4 cm-1. Each collected spectrum 206 

was processed by using OPUS software (version 7.0, Bruker Optics, Milan, Italy) and 207 

Origin Pro 9 software (OriginLab, Northampton, MA, USA) according to Melchior, 208 

Calligaris, Bisson, & Manzocco (2020). 209 

 210 
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2.11 Optical microscopy 211 

 212 

FDS suspensions (1%, w/w) were prepared adding distilled water and magnetically 213 

stirring for 4 h at room temperature, while chia mucilage was recovered and freeze-dried 214 

as described in section 2.6. An optical microscope (Leica DM2000, Leica Microsystems, 215 

Heerbrugg, Switzerland) with normal light was used to observe samples at 4× and 20× 216 

magnifications. A digital camera (Leica EC3) and the software Leica Suite LAS EZ 217 

(Leica Microsystem, Heerbrugg, Switzerland) were used to acquire and elaborate the 218 

images. 219 

 220 

2.12 Fundamental rheology 221 

 222 

Oscillatory and rotational shear tests were carried out using a controlled stress rheometer 223 

(Haake RheoStress 6000, Thermo Scientific, Karlsruhe, Germany).   224 

FDS samples (1.3 g) were added with distilled water and gently mixed for 3 min using a 225 

spatula, to produce a dispersion with 68% (w/w) moisture content. To allow 226 

homogeneous hydration, FDS dispersion was rested at 25 °C for 20 min. Then, the sample 227 

was loaded between a parallel plate geometry (35 mm diameter and 2 mm gap) and rested 228 

additional 5 min before testing. To prevent drying, exposed surface was carefully coated 229 

with silicon oil. A frequency sweep test was conducted from 0.1 to 10 Hz at 25 °C and a 230 

stress amplitude below the limit of linear viscoelastic region (LVR). Storage modulus 231 

(G'), loss modulus (G") and loss tangent (tan δ = G"/G') vs. frequency were recorded and 232 

parameters at 1 Hz were used for statistical comparisons. 233 

Besides, FDS (1.75 g) was suspended in distilled water (5%, w/w), magnetically stirred 234 

for 1 h and centrifuged at 15,000×g for 20 min at 20 °C. The sample separated into three 235 
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phases (from the top in the tube): a liquid phase (LP), a gel layer (GL) and insoluble 236 

particle phase. LP and GL were collected. Then, GL was gently dispersed in LP (3 min) 237 

giving a stable polymer solution for rheological testing using a concentric cylinder 238 

geometry (CC25 DIN Ti). Shear dependent behaviour under steady state conditions was 239 

evaluated at 25 °C by increasing shear rate from 3 to 100 s-1. The sample was allowed to 240 

relax 5 minutes before analysis. The power law model was used to describe the 241 

relationship between shear stress (σ) and shear rate (�̇�) according to equation (5): 242 

𝜎 = 𝐾�̇�𝑛 243 

where K is the consistency coefficient (Pa.sn) and n is the flow behaviour index (-). 244 

For 100x3, 150x3 and 150x5 samples, Newton’s equation was used to express the flow 245 

behaviour (σ = η �̇�, where η is the viscosity coefficient). 246 

 247 

2.13 Statistical analysis 248 

 249 

Results were expressed as mean  standard deviation of at least three measurements 250 

performed on two replicated experiments (n  3). Bartlett’s test was conducted to check 251 

the homogeneity of variance within all data groups. One-way analysis of variance 252 

(ANOVA) followed by Tukey’s HSD test were used to determine statistically significant 253 

differences among means (P < 0.05) (R software, version 3.5.1, the R Foundation for 254 

Statistical Computing, Vienna, Austria).  255 
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3 Results and discussion 256 

 257 

3.1 Effect of HPH on chia concentrate 258 

 259 

The effect of HPH on particle size of chia flour is shown in Figs. 1 and 2. Particle size 260 

distribution of the control sample exhibited a main population with dimension around 200 261 

µm along with a broad signal associated to the presence of smaller particles with variable 262 

dimensions (Fig. 1). An evident bimodal distribution was observed for HPH-treated 263 

samples at 100 MPa and 150 MPa for a single pass due to the increase in the number of 264 

smaller sized particles (around 22 µm), indicating a breakdown of large particles. The 265 

increase in the number of passes caused a shift to a monomodal distribution with a main 266 

peak at about 88 µm for homogenization at 150 MPa for 5 cycles. These results are 267 

attributable to the ability of HPH to cause fragmentation of particles due to the intense 268 

mechanical stress delivered by the process (Song, Zhou, Fu, Chen, & Wu, 2013; Yang et 269 

al., 2018). Previous works reported a decrease in particle size of soybean hull fibre at 270 

homogenization pressures of 30-100 MPa for 3 cycles (Colletti et al., 2020) and mustard 271 

bran treated at 150 MPa for 1-5 cycles (Donsì & Velikov, 2020). 272 

Optical micrographs (Fig. 2) confirmed the ability of HPH to break down particles. 273 

Control (Fig. 2a) was characterized by the presence of big structures and aggregates of 274 

fibrous cell material, similar to those observed in mustard bran aqueous suspensions 275 

(Donsi et al., 2020). The increase in homogenization pressure and number of passes 276 

progressively induced the breakage of large particles to smaller size resulting in a more 277 

homogenous dispersion. These structural changes could affect functional properties of 278 

chia flour. To corroborate this hypothesis, solubility, water (WHC) and oil (OHC) holding 279 

capacities as well as rheological properties of chia suspensions were evaluated. 280 
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Homogenised samples showed significantly higher solubility (P < 0.05) than control 281 

(Table 2). The 150x5 sample gave the greatest amount of the soluble fraction, probably 282 

due to the highest HPH intensity. Earlier studies reported an increase in solubility of faba 283 

bean proteins (Yang et al., 2018) and tomato fibre (Hua et al., 2017) after HPH treatment, 284 

due to the formation of soluble aggregates and the conversion of insoluble to soluble fibre, 285 

respectively.  286 

WHC and OHC of control and treated samples are reported in Table 2. Both parameters 287 

were significantly lower for HPH-treated samples compared to the control (P < 0.05). 288 

Previous works on fibrous chia fractions (around 30% of TDF) identified soluble 289 

mucilage and insoluble fibres (hemicellulose and lignin) as the major responsible of high 290 

WHC values (Alfredo et al., 2009; Capitani, Spotorno, Nolasco, & Tomás, 2012). 291 

Hydration properties of dietary fibres are strongly dependent on structural characteristics, 292 

whereas oil absorption capacity is strictly related to surface properties of particles 293 

(hydrophobicity and available area) (López et al., 1996). For specific applications such 294 

as bakery products, DF-rich ingredients with reduced WHC are particularly interesting to 295 

avoid competition for water between fibre and gluten proteins, which reflects on dough 296 

development. 297 

Rheological parameters from oscillatory test in LVR of treated chia dispersions are 298 

reported in Table 2. The frequency sweep test of control and HPH-treated samples is 299 

shown in Fig. 3. Storage modulus (G') data showed frequency dependence and tan δ 300 

values below 1, indicating a weak gel behaviour for all samples. Control showed higher 301 

storage modulus than HPH-treated samples. No significant differences in G' were 302 

observed between 100x1, 150x1 and 100x3 suspensions, which gave lower values than 303 

150x3 and 150x5 (P = 0.05). The shear modulus of a suspension depends on the volume 304 

fraction of dispersed particles (). The equation of Eilers and Dijk established an increase 305 
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in shear modulus of a monodisperse suspension with , and introduced a limit of the solid 306 

volume fraction or maximum packing fraction (m) for concentrated suspensions (Ferry, 307 

1980). The value of m depends on particles size distribution, and it is higher for a 308 

bidispersed suspension than monodispersed suspension, resulting in a lower shear 309 

modulus (or relative viscosity) of the first one (He & Ekere, 2001). Thus, suspension 310 

rheology can be influenced by varying the particle size distribution. Based on these 311 

considerations and looking at rheological data of chia samples (Table 2), the decrease in 312 

G' to a minimum for 100x1 and 150x1 could be attributed to change in particle size 313 

distribution from monodisperse (control) to bimodal (Fig. 1). Moreover, it could not be 314 

excluded that the treatment induced a modification of the groups exposed onto the particle 315 

surface, thus affecting interparticle interactions. The rheological parameter tan δ was 316 

significantly lower for HPH-treated samples than control (Table 2) (P < 0.05). Besides, 317 

tan δ decreased with the increase in intensity of HPH treatment, which implied a more 318 

solid-like behaviour probably due to the formation of clusters. 319 

Based on the acquired results multiple mechanisms may explain the effect of HPH on 320 

functional properties of chia concentrates: 1) breakage of the spongy structure of 321 

insoluble fibre leading to partial shift to soluble fraction, as well as thinner and more open 322 

structures (Chau, Wang, & Wen, 2007; Hua et al., 2017; Su et al., 2019); 2) re-323 

arrangements of protein conformations (Dissanayake & Vasiljevic, 2009) with an 324 

increase in hydrophobic groups exposed on the surfaces (Guo et al., 2021; Yu et al., 325 

2018); 3) mechanical degradation of mucilaginous soluble fibre  (Villay et al., 2012), and 326 

consequently modification of its physicochemical properties (Coorey, Tjoe, & Jayasena, 327 

2014; García-Salcedo, Torres-Vargas, del Real, Contreras-Jiménez, & Rodriguez-Garcia, 328 

2018); 4) formation of new interactions between exposed residues of both proteins and 329 
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fibre polymers as a consequence of reduction in particle size and increase in surface area 330 

(Augusto, Ibarz, & Cristianini, 2012; Plazzotta et al., 2021). 331 

 332 

3.2 Effect of HPH on protein fraction of chia flour 333 

 334 

To understand the mechanisms behind changes in functional properties of HPH-treated 335 

chia flour, the protein fraction was deeply investigated. Soluble protein content was 27% 336 

(db) for the control. The amount of this fraction was significantly reduced by HPH 337 

treatments, but no significant differences were observed between treated samples (P = 338 

0.05) (Table 3). It could be supposed that the HPH treatment probably induced 339 

conformational changes in proteins with the exposure of hydrophobic residues on the 340 

protein surface and/or the formation of insoluble aggregates responsible of the sharp 341 

reduction in WHC (Table 2) (Guo et al., 2021; Yu et al., 2018). 342 

Although the increase in exposed aminoacidic hydrophobic groups in HPH-treated 343 

samples, OHC values slightly decreased (Table 2), indicating that proteins marginally 344 

influenced oil holding capacity. These results support the hypothesis that fibre fraction 345 

would mainly contribute to the increase in solubility of treated chia samples (Table 2).  346 

Fourier transform infrared spectroscopy (FT-IR) was performed to assess variations in 347 

protein secondary structure. The Amide I region (1600-1700 cm-1), which is related to the 348 

stretching vibrations of the C=O bonds of the amide groups, was analysed to predict 349 

modifications occurring in protein conformation (De Maria, Ferrari, & Maresca, 2016). 350 

Five main structures were detected corresponding to β-sheet intramolecular (~1613-1638 351 

cm-1), random coil (~1640-1648 cm-1), α-helix (~1650 cm-1), β-turn (~1670 cm-1), and β-352 

sheet intermolecular (~1690 cm-1) (data not shown) (Carbonaro, Maselli, & Nucara, 2012; 353 

Carullo, Donsì, & Ferrari, 2020; Shevkani, Singh, Kaur, & Rana, 2015; Yang et al., 2018). 354 
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Table 3 shows the percentage accounted for secondary structures. HPH caused the 355 

reduction in β-turns and the concomitant increase in random coil, whereas β-sheet firstly 356 

decreased and then increased. Conversely, α-helix structure appeared more stable since 357 

only slight variations were observed at 150 MPa for 3 cycles. In agreement with the 358 

literature, results suggest that secondary structure of chia proteins is very susceptible to 359 

HPH treatment due to changes in weak hydrogen bonds, which promote the 360 

conformational transition of different secondary structures (Chen et al., 2019; Wu et al., 361 

2019; Yu et al., 2018). 362 

Changes in protein tertiary and quaternary structure were evaluated by absorbance at 280 363 

nm (A280), extrinsic fluorescence and free -SH groups (Table 3; Fig. 4). Treated samples 364 

showed A280 values significantly higher than control indicating the exposure of tyrosine 365 

and tryptophan residues (Layne, 1957) (P < 0.05). The highest value was obtained at 100 366 

MPa and 150 MPa for a single pass, while a pressure of 150 MPa for 5 cycles led to the 367 

lowest value among treated samples. Based on these results, the increase in energy density 368 

up a certain value of HPH treatment would reduce the exposure of tyrosine and tryptophan 369 

residues. 370 

The same trend was observed for extrinsic fluorescence, which is a measure of surface 371 

hydrophobicity (Fig. 4). Homogenization at 150 MPa for a single pass gave maximum 372 

fluorescence intensity indicating the exposition of hydrophobic groups that were 373 

otherwise buried. The decrease in fluorescence intensity with the number of passes can 374 

be considered the result of protein aggregation via hydrophobic interactions (Guo et al., 375 

2021; Yu et al., 2018; Zhao & Yang, 2009). 376 

A progressive decrease in free thiol groups with HPH intensity was detected, suggesting 377 

the formation of covalent disulphide bonds and other aggregation phenomena 378 

(hydrophobic interactions) (Panozzo et al., 2014). HPH treatment could transfer excessive 379 
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energy to the matrix causing protein aggregation, which reduced exposure of free thiols 380 

(Maresca et al., 2017). Results suggest that HPH promoted the exposure of aromatic 381 

groups on the protein surface, while reassembling phenomena of extracted proteins 382 

occurred by increasing the number of cycles probably due to inter- and intramolecular 383 

interactions (Fayaz et al., 2019; Yu et al., 2018). Overall, obtained results showed that 384 

HPH energy density up to 150 MJ m-3 induced proteins unfolding, while further increase 385 

caused aggregation phenomena, as confirmed by other authors even if with different 386 

treatment magnitude (Carullo et al., 2020; Melchior, Moretton, Calligaris, Manzocco, & 387 

Nicoli, 2022). 388 

 389 

3.3 Effect of HPH on fibre fraction of chia flour 390 

 391 

Beside proteins, fibre fraction was also analysed to investigate the effect of HPH. Total 392 

dietary fibre (TDF), insoluble (IDF) and soluble (SDF) fibre contents were evaluated 393 

(Table 2). TDF of control was 64.5% (db). No significant differences in TDF were 394 

detected between control and treated samples (P > 0.05). However, HPH at 100 MPa for 395 

3 cycles or 150 MPa for 3 and 5 cycles determined a 14-35% increase in SDF compared 396 

to control suggesting a partial conversion from IDF to SDF. Similar results were reported 397 

for other vegetable sources such as soybean okara and tomato fibre treated at 150 MPa 398 

for 5 cycles and 100 MPa for 10 cycles, respectively (Fayaz et al., 2019; Hua et al., 2017). 399 

Changes in SDF content are consistent with previous observations on particle size 400 

distribution (Fig. 1 and 2) and the hypothesized disruption at molecular level of the fibre 401 

structure, confirming the partial breakage of the original structure of IDF into smaller 402 

soluble fibre chains. These phenomena affected the chia flour functional properties 403 

leading to increase in solubility and decrease in WHC and OHC (Table 2). Acquired 404 
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results could be particularly important from a nutritional point of view since several 405 

studies reported the beneficial effects of SDF, including antidiabetic properties and 406 

reduction in cardiovascular diseases (Anderson et al., 2009; Brownlee, 2011). 407 

After centrifugation and separation from the insoluble precipitate, the SDF fraction was 408 

then analyzed separately to assess the effect of HPH treatment on soluble compounds. 409 

Optical microscopy and FT-IR spectroscopy were used to evaluate mucilage freeze-dried 410 

structure, the major component of SDF in chia seeds. Fig. 5 shows the images of control 411 

and 150x5 sample. Control mucilage appeared as a compact network with scattered small 412 

porous. This structure was previously defined as a combination of overlapping sheets by 413 

Capitani, Ixtaina, Nolasco, & Tomás (2013). On the contrary, the treated sample showed 414 

a less dense and organized structure, suggesting that HPH treatment induced physical 415 

modification of soluble biopolymers by reducing the ability to form a network.  416 

FT-IR analysis was used to further investigate structural differences between freeze-dried 417 

soluble fractions. Fig. 6 shows FT-IR spectra for control and 150x5 sample. Evident 418 

differences in structure of chia mucilage were detected between control and high pressure 419 

treated sample by using infrared spectroscopy. HPH influenced the absorbance intensity 420 

of typical chia mucilage bands. The first structural difference was detected on the band 421 

between 3500 and 3100 cm-1 (peak at 3285 cm-1), the region characterized by hydroxyl-422 

OH stretching in carbohydrates structures (Câmara et al., 2020). Three peaks, at 3012, 423 

2923 and 2853 cm-1 which reflect -CH stretching modes typical of aromatic rings 424 

(Timilsena, Adhikari, Kasapis, & Adhikari, 2016), were notably affected by the HPH 425 

treatment. For the control sample a strong band appeared at 1743 cm-1 that represent the 426 

C=O stretching vibration of the carboxyl group of uronic acid (Ren, Yakubov, Linter, 427 

MacNaughtan, & Foster, 2020). In 150x5 sample spectra 1743 cm-1 peak almost 428 

disappeared, probably suggesting the breakage of the sided branched 4-O-methyl-D-429 
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glucopyranosyluronic acid from the mucilaginous tetrasaccharide linear structure. After 430 

the amide region (1700 to 1600 cm-1), the 1412 cm-1 peak relates to the symmetrical COO-431 

link stretching vibrations was found (Punia & Dhull, 2019). A weak band appeared at 432 

1242 cm-1, which is associate to the stretching of the C-O bond in carbohydrates (García-433 

Salcedo et al., 2018). At 1145 cm-1 a small peak was detected, corresponding to the 434 

asymmetrical bending vibration of O-C-O group in pyranose ring (presence of 435 

xyloglucan) (Punia & Dhull, 2019), while the intense 1034 cm-1 peak reflected the C-O-436 

C glycosidic bond stretching in sugar ring (Timilsena, Wang, Adhikari, & Adhikari, 437 

2016).  438 

Rheological measurements on the polymer solution resulting from liquid phase (LP) and 439 

gel layer (GL), which were obtained by centrifugation, were conducted. The flow curves 440 

(not shown) of polymer solutions showed a pseudoplastic behavior for control and treated 441 

samples at 100 MPa and 150 MPa for a single pass (up to 150 MJ m-3), whereas higher 442 

energy densities gave Newtonian solutions (shear-independent behavior). Pseudoplastic 443 

behavior was satisfactorily described by the power law model (R = 0.998-0.999), the 444 

parameters of which are reported in Table 4. Control exhibited significantly higher 445 

consistency coefficient (K) and lower flow index (n) than treated samples (P < 0.05), 446 

mainly attributed to structural changes in SDF. HPH treatments seem to lower the 447 

apparent viscosity (ηa) curve and the dependence of ηa from shear rate. In polymer 448 

solutions, ηa is mainly controlled by how much the polymer chains interpenetrate. Higher 449 

viscosity is associated with a greater number of entanglements between chains, which 450 

make the flow more difficult. Results clearly indicated a partial SDF depolymerization of 451 

SDF of HPH-treated samples, as previously found for other polysaccharides (Villay et 452 

al., 2012), which affects the ability to form the mucilaginous network and to increase the 453 

medium viscosity (Coorey et al., 2014; Ramos, Fradinho, Mata, & Raymundo, 2017). 454 
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Results have important implications for the bakery sector. Generally, the addition of high 455 

levels of DF to leavened cereal-based products, such as bread, cakes, and muffins, has 456 

detrimental effects on their volume expansion and crumb firmness (Elleuch et al., 2011). 457 

In fact, incorporation of DFs may weaken the gluten network or excessively increase 458 

dough/batter viscosity, leading to low expansion and undesired compact crumb. In this 459 

work, HPH was used to modify WHC and rheological properties of chia ingredient, 460 

making it more suitable to be incorporated in leavened starchy products. In addition, HPH 461 

promoted health benefits due to the increase in soluble dietary fibre. 462 

Summarizing, Fig. 7 shows a schematic representation of the main structural and 463 

physicochemical changes in chia ingredient induced by HPH treatments. By increasing 464 

the HPH intensity, particles were progressively reduced (Figs. 1 and 2) due to the partial 465 

breakage of the original IDF structure leading to the formation of SDF (Table 2) which 466 

was probably characterized by smaller chains. Considering protein fraction, the treatment 467 

induces the exposure of free -SH and aminoacidic residues as well as hydrophobic groups 468 

on the protein surface, while the further increase in intensity induced protein unfolding 469 

(Table 3). Moreover, it could be supposed that HPH also induced the formation of new 470 

protein-fibre interactions, resulting in small clusters. Overall, the resulting functionalities 471 

of HPH treated chia samples might depends to the structural changes occurring to fibre 472 

fraction as well as to novel protein-fibre aggregates. In particular, the ability to hold water 473 

and oil as well as to form gel network was reduced while the solubility increased due to 474 

the resulting less dense structure (Fig. 3, Tables 2 and 4). 475 

 476 

 477 

 478 
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4 CONCLUSIONS 479 

 480 

High-pressure homogenization technology at different processing conditions and energy 481 

density altered structural and physicochemical properties of chia products. Particle size, 482 

WHC, and OHC values were significantly reduced, probably due to the mechanical 483 

rupture of the fibre structures in smaller fragments and protein conformational changes. 484 

Solubility and SDF content results indicated a partial conversion of IDF to soluble 485 

polysaccharides. Furthermore, analysis on treated chia mucilage showed significant 486 

changes in FT-IR peak intensity and flow behaviours that may be caused by the 487 

depolymerization of soluble fibre with consequent inability to create networks. The 488 

protein fraction underwent structural changes, mainly due to the exposure of hydrophobic 489 

groups on the protein surface. The increase in number of passes induced reassembling 490 

phenomena of extracted proteins, probably due to hydrophobic interactions and formation 491 

of S-S bonds. In addition, structural modifications occurring to protein and fibre fractions 492 

might induce the formation of new smaller particles able to reassemble into new 493 

aggregates. 494 

Overall, the HPH-structural modifications observed can be properly exploited shaping 495 

the techno-functionalities of chia dispersions at 150-300 MJ m-3, which is compatible 496 

with the industrial feasibility. Moreover, these results open interesting horizons in DF 497 

rich food formulations. The HPH-driven properties of chia concentrate might be 498 

extremely important to produce leavened cereal products in which water availability and 499 

polymers interactions affects dough formation and handling, and the resulting textural 500 

properties.  501 



22 
 

In conclusion, further studies on the application of these HPH-treated chia powders in 502 

cereal-based products are recommended, to understand whether these functional 503 

ingredients could improve product technological and nutritional properties. 504 
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 766 

Fig. 1. Particle size distribution of HPH-treated chia samples. 767 

 768 

Fig. 2. Micrographs of HPH-treated chia samples. Control (A1, B1), 100x1 (A2, B2), 769 

150x1 (A3, B3), 100x3 (A4, B4), 150x3 (A5, B5) or 150x5 (A6, B6). Magnifications of 4x 770 

(A1-A6) and 20x (B1-B6). 771 

 772 

Fig. 3. Storage (G', close symbol) and loss (G", open symbol) moduli as a function of 773 

frequency for HPH-treated chia dispersions at 68% moisture content and 25 °C. Control 774 

(circle), 150x1 (triangle) or 150x3 (square). 775 

 776 

Fig. 4. ANS fluorescence spectra of HPH-treated chia samples. 777 

 778 

Fig. 5. Micrographs of HPH-treated chia mucilage. Control (A1, B1) or 150x5 (A2, B2). 779 

Magnifications of 10x (A1-A2) and 20x (B1-B2). 780 

 781 

Fig. 6. FT-IR spectra of soluble fraction for control and HPH-treated chia sample (150x5). 782 

 783 

Fig. 7. Schematic representation of the main structural and physicochemical changes in 784 

chia ingredient induced by HPH treatments. 785 
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TABLE 1 

 

 

Table 1. Processing conditions (pressure and number of cycles) and 
energy density of HPH treatments. 

 

Samples Pressure (MPa) Cycles (n°) Energy density (MJ m-3) 

Control 0 1 0 

100x1 100 1 100 

150x1 150 1 150 

100x3 100 3 300 

150x3 150 3 450 

150x5 150 5 750 
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TABLE 2 

 

 

Table 2. Physicochemical and rheological properties, and dietary fibre content of control and HPH-treated chia samples. 

 

Samples Solubility (%) WHC (%) OHC (%) G' (kPa)a tan delta (-)a TDF (% db) IDF (% on TDF) SDF (% on TDF) 

Control 15.5 ± 0.3c 546 ± 11a 536 ± 6a 27.2 ± 0.7a 0.316 ± 0.003a 64.49 ± 0.29a 89.44 ± 0.45a 10.56 ± 0.45c 

100x1 17.6 ± 0.3b 261 ± 7b 559 ± 7a 13.1 ± 0.0d 0.298 ± 0.004b 64.87 ± 0.77a 89.67 ± 0.02a 10.33 ± 0.02c 

150x1 17.1 ± 0.5b 180 ± 8cd 478 ± 20b 12.7 ± 0.3d 0.283 ± 0.001c 65.17 ± 0.90a 89.02 ± 0.58ab 10.98 ± 0.58bc 

100x3 16.9 ± 0.3b 176 ± 3cd 479 ± 16b 12.4 ± 0.2d 0.256 ± 0.002d 65.84 ± 0.28a 87.64 ± 0.10b 12.36 ± 0.10b 

150x3 16.9 ± 0.3b 164 ± 3d 479 ± 9b 16.6 ± 0.5c 0.243 ± 0.005e 65.72 ± 0.84a 87.94 ± 0.15b 12.06 ± 0.15b 

150x5 20.8 ± 0.3a 187 ± 4c 488 ± 9b 23.0 ± 0.2b 0.205 ± 0.002f 66.17 ± 0.48a 85.79 ± 0.55c 14.21 ± 0.55a 

Mean ± standard deviation (n ≥ 3). Values within a column followed by the same letter are not significantly different Tukey test (P > 0.05). 
db: dry basis. WHC: water holding capacity. OHC: oil holding capacity. TDF: total dietary fibre. IDF: insoluble dietary fibre. SDF: soluble 
dietary fibre. 
a Values at 1 Hz obtained from the frequency sweep test at 25 °C on chia dispersions (68% moisture content). 
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TABLE 3 

 

Table 3. Protein solubility, absorbance at 280 nm (A280), free sulfhydryl (SH) groups, and FT-IR protein secondary structure of control and HPH-treated 
chia samples. 

 

Samples 
Soluble 
proteins (%) A280 (-) 

Free SH groups 
(μM g−1) 

Intermolecular 
β-sheet (%)a 

Intramolecular 
β-sheet (%)a 

Random coil (%)a α-helix (%)a β-turn (%)a 

Control 27.6 ± 1.3a 0.643 ± 0.003d 73.8 ± 1.9a 17.0 ± 0.7b 25.9 ± 0.8a 12.0 ± 1.0b 24.1 ± 1.0a 18.1 ± 0.6a 

100x1 19.8 ± 0.6b 0.739 ± 0.003a 70.5 ± 0.7a 14.4 ± 0.9c 21.3 ± 0.4c 20.4 ± 0.8a 23.8 ± 0.3a 17.9 ± 0.3ab 

150x1 18.7 ± 0.3b  0.749 ± 0.004a 59.3 ± 0.5b 15.4 ± 0.9bc 23.2 ± 0.6b 20.3 ± 0.6a 24.0 ± 0.5a 15.7 ± 0.7c 

100x3 18.3 ± 0.2b 0.715 ± 0.003b 56.9 ± 0.5c 15.9 ± 1.1bc 21.9 ± 0.8bc 22.0 ± 0.8a 24.7 ± 0.4a 15.0 ± 1.0c 

150x3 17.9 ± 0.2b 0.709 ± 0.004b 46.5 ± 0.6d 17.4 ± 0.9b 18.9 ± 0.8d 20.6 ± 1.4a 18.8 ± 1.0b 16.1 ± 0.6bc 

150x5 18.4 ± 0.5b 0.691 ± 0.005c 41.5 ± 0.4e 23.0 ± 1.0a 22.4 ± 0.5bc 20.4 ± 0.2a 24.7 ± 0.2a 11.9 ± 0.9d 

Mean ± standard deviation (n ≥ 3). Values within a column followed by the same letter are not significantly different Tukey test (P > 0.05). 
a Protein amide I region obtained from FT-IR analysis. 
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TABLE 4 

 

 

Table 4. Rheological parameters of the power law model (K and n) and Newtonian 
viscosity (η) for soluble fraction of control and HPH-treated chia samples. 

 

Samples η (mPa s) K (mPa sn) n (-) R2 

Control - 146.5 ± 18.7a 0.605 ± 0.025d 0.999 

100x1 - 7.0 ± 0.4b 0.903 ± 0.014c 0.998 

150x1 - 5.4 ± 0.5b 0.939 ± 0.013bc 0.999 

100x3 2.7 ± 0.2a - - 0.999 

150x3 2.3 ± 0.1a - - 1.000 

150x5 1.8 ± 0.0b - - 1.000 

Mean ± standard deviation (n ≥ 3). Values within a column followed by the same 
letter are not significantly different Tukey test (P > 0.05). 
n: flow behavior index. K: consistency coefficient. 
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