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Sustainability Spotlight Statement:

This study presents a sustainable bioprocessing strategy for wheat bran (WB), an abundant 

agro-industrial byproduct, using Trichoderma sp. RCK65 through solid-state fermentation and 

enzymatic treatment. By unlocking bound phenolic compounds and enhancing antioxidant and 

nutritional profiles, the approach transforms WB into a value-added ingredient for functional 

foods and nutraceuticals. The use of a crude fungal enzyme extract not only maximizes 

bioactive recovery but also reduces reliance on costly commercial enzymes, reinforcing the 

environmental and economic viability of this method. This work exemplifies circular 

bioeconomy principles by valorizing cereal waste into health-promoting food components.
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39 Abstract

40 Trichoderma sp. RCK65, a potent polysaccharide-degrading fungal strain, was explored for 

41 its ability to enhance the antioxidant potential of wheat bran (WB) through solid-state 

42 fermentation (SSF). WB is a rich source of phenolic compounds (PCs) with notable 

43 antioxidant properties, but most are bound within the plant cell wall, limiting their 

44 bioavailability. This study compared unfermented WB (UWB), fermented WB before 

45 enzyme extraction (BE), and residual fermented biomass after enzyme extraction (AE), to 

46 optimize antioxidant phenolic extraction. The highest total phenolic content (TPC), DPPH• 

47 and ABTS•+ radical scavenging activities, and ferric reducing antioxidant potential were 

48 observed in the 70% methanol extract of BE. Even AE extracts demonstrated significantly 

49 improved antioxidant activities compared to UWB. SSF with Trichoderma sp. RCK65 also 

50 elevated free amino acid content, notably essential amino acids lysine and threonine, 

51 reinforcing its role in nutritional fortification of cereal-based foods.

52 Further, enzymatic treatments were evaluated using commercial cellulase from Trichoderma 

53 reesei, Novozyme 188, and a crude enzyme extract of Trichoderma sp. RCK65. The crude 

54 extract led to a 3.7-fold increase in TPC (1.47 mg GAE/g WB) and the strongest 

55 enhancement in antioxidant assays: 5.3-fold (DPPH●), 2.4-fold (ABTS●+), and 2.2-fold 

56 FRAP. UPLC analysis showed notable shifts in phenolic acid composition post-treatment, 

57 with ferulic acid (648.17 µg/g WB) as the predominant compound in enzyme-treated 

58 samples. These findings underline the superior efficacy and cost-effectiveness of 

59 Trichoderma sp. RCK65 in releasing bound phenolics, offering a promising biotechnological 

60 strategy for WB valorization and development of functional foods and nutraceuticals.

61 Key words:

62 Phenolics; antioxidant; extraction; solid-state fermentation; enzymes; free radical.
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63

64 Highlights:
65 • Solid-state fermentation (SSF) of wheat bran was done by Trichoderma sp. RCK65.

66 • Phenolics content, antioxidant properties and free amino acid content (e.g., lysine and 

67 threonine) were enhanced by this process.

68 • Even after enzyme extraction, the fermented biomass contained higher antioxidants. 

69 • Enzymatic treatment also increased the antioxidant properties of wheat bran.

70 • Extraction of ferulic acid was more efficient by enzyme treatment compared to SSF. 

71

72

73 Introduction

74 Humans obtain exogenous antioxidants from plants, animals, fungi, bacteria, and other 

75 organisms such as micro- and macroalgae, while the body also possesses its own endogenous 

76 antioxidant defense systems. 1 Vitamin C, vitamin E (tocopherols), β-carotene, lycopene, 

77 flavonoids (e.g., quercetin), phenolic compounds, curcumin, and resveratrol are examples of 

78 natural antioxidants derived from plant sources. Among them phenolic compounds are a 

79 diverse class of phytochemicals derived from phenylalanine and tyrosine through the 

80 secondary metabolism of plants. They are produced during normal development and are 

81 upregulated in response to stressors such as infection, wounding, and ultraviolet (UV) 

82 radiation.2 In recent decades, their significance has grown rapidly across food science, 

83 clinical research, and academic fields due to their potential role in preventing chronic 

84 diseases, including cardiovascular disorders, cancer, osteoporosis, diabetes mellitus, and 

85 neurodegenerative conditions. Their antioxidant properties enable them to neutralize reactive 

86 oxygen species (ROS) such as O₂, H₂O₂, and •OH, thereby protecting cells from oxidative 

87 damage.3 

88 In recent years, the food industry has shown a growing inclination toward the 

89 development of antioxidant-rich processed foods, driven by increasing consumer demand for 
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90 health-oriented products.4 This shift reflects a broader movement away from synthetic 

91 antioxidants, such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and 

92 tertiary butyl hydroquinone (TBHQ), due to concerns over their potential health risks. As 

93 safer alternatives, various natural antioxidant phenolic compounds have been extracted from 

94 diverse plant sources, offering both health benefits and functionality. 5, 6 The pharmaceutical 

95 and food industries alike have recognized the value of these bioactives, with applications 

96 ranging from nutraceuticals and functional foods to therapeutic agents. 4 

97 Wheat bran (WB), consisting of the pericarp, testa, hyaline, and aleurone layers, is the 

98 principal by-product of the wheat milling process. In recent years, its application in the 

99 food and feed industries has surged, owing to its recognized contribution to the health 

100 benefits associated with whole grains. 7 A variety of WB-enriched food products have 

101 entered the market, reflecting its growing nutritional relevance. WB typically contains 13–

102 18% protein, 56–57% carbohydrates, and 3.5–4.3% crude fat, 7, 8 along with an array of 

103 micronutrients and bioactive phytochemicals, including phenolic compounds, lignans, 

104 carotenoids, and phytosterols.

105 Phenolic compounds are the primary contributors to WB's antioxidant activity, yet their 

106 bioavailability is often limited due to their insoluble bound forms. These compounds are 

107 typically conjugated with polysaccharides, fatty acids, or amino acids through ester, ether, 

108 or acetal linkages, and are commonly integrated into the plant cell wall structure. 9 This 

109 binding restricts their antioxidant efficacy, as it hinders the availability of free hydroxyl 

110 groups necessary for resonance stabilization of free radicals. 10, 11 Various conventional 

111 solvent extraction strategies (liquid-liquid and solid-liquid), such as Soxhlet extraction, 

112 maceration, microwave-assisted extraction (MAE), ultrasound-assisted extraction, high 

113 hydrostatic pressure extraction, pressurized hot water extraction (PHWE) and supercritical 

114 fluid extraction, have been employed for isolating phenolics from plant materials.12, 13 
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115 However, these methods often struggle to release bound phenolics without the aid of acid 

116 or base hydrolysis. In this context, alternative green and emerging extraction technologies 

117 such as enzymatic treatment and microbial fermentation have shown promise in improving 

118 phenolic release. These methods are not only more sustainable reducing solvent usage, but 

119 also enhance extraction efficiency and product quality. 14, 15 

120 A variety of carbohydrate-degrading enzymes can be employed in the enzymatic 

121 extraction of cell wall-bound phenolics from natural sources. 16 Solid-state fermentation 

122 (SSF) is widely favored by microorganisms for the high-yield production of such 

123 enzymes.3 During SSF, microorganisms produce a broad spectrum of carbohydrases, 

124 including cellulases, β-glucosidase, xylanase, pectinases, β-xylosidase, β-galactosidase, α-

125 amylases, and esterases, that facilitate the release of bound phenolic compounds. 17, 18 

126 These phenolics, known for their strong antioxidant activity, offer a promising natural 

127 alternative to synthetic antioxidants.

128 Numerous studies have explored the bioprocessing of cereals such as rice, 10 maize, 

129 19 wheat, 17 buckwheat, wheat germ, barley, rye, 6 oats, 18, 20 pearl barley, 21 rice bran, 22 

130 and combinations of wheat, brown rice, maize, and oats 23 to enhance antioxidant phenolic 

131 content and bioavailability via SSF using various food-grade microbial strains.

132 The valorization of cereal processing by-products through fermentation-based bioprocessing 

133 is increasingly recognized as a sustainable biorefinery strategy for generating functional 

134 food ingredients while supporting circular economy principles in the agri-food sector. 24, 25, 

135 26  WB, a major cereal by-product, is rich in dietary fiber and phenolic compounds but is 

136 often underutilized in food applications. Only limited studies have specifically addressed 

137 the valorization of WB, particularly the enhancement of antioxidant properties through SSF 

138 and enzymatic treatments, and a systematic comparison of these two approaches in WB 

139 remains scarce. 16, 27, 28, 29 In particular, it remains unclear which method is more effective at 
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140 improving overall antioxidant capacity and which is better suited for selectively releasing 

141 valuable phenolic acids such as ferulic acid. It indicates a need for further exploration in this 

142 area. We hypothesized that SSF would lead to a greater enhancement of total antioxidant 

143 activity due to the synergistic effects of enzymatic release and other microbial metabolic 

144 activities, like microbial biotransformation of phenolic compounds, whereas enzymatic 

145 treatment would be more efficient for the selective liberation of bound ferulic acid via 

146 specific bond hydrolysis. Food technologists and biorefinery stakeholders need evidence to 

147 choose the most effective strategy depending on whether the goal is broad antioxidant 

148 enrichment or selective recovery of high-value phenolics.

149 In the present study, the potential of SSF using Trichoderma sp. RCK65 was explored 

150 for the first time to release bound phenolic compounds and enhance the antioxidant properties 

151 of WB.  This organism abundantly produces cell wall-degrading enzymes, such as cellulase 

152 and xylanase, which can be effectively applied in various industrial sectors. Therefore, we 

153 have also assessed the antioxidant potential of the residual fermented biomass after enzyme 

154 extraction (AE) to utilize the extracted enzymes for commercial applications and to 

155 simultaneously use the residual fermented WB as a rich source of antioxidant compounds. 

156 First, we compared the total phenolic content (TPC) and antioxidant properties of 

157 unfermented wheat bran (UWB), fermented wheat bran before enzyme extraction (BE), and 

158 the residual fermented biomass after enzyme extraction (AE). Second, the amino acid profiles 

159 of fermented and unfermented wheat bran were evaluated to assess compositional changes 

160 induced by fermentation. In addition, enzymatic treatment of wheat bran was performed to 

161 enhance antioxidant activity and facilitate the release of bioactive phenolic compounds, 

162 particularly ferulic acid, the predominant phenolic constituent of wheat bran. Finally, the 

163 outcomes of SSF were systematically compared with those of enzymatic treatment to 

164 evaluate their relative effectiveness. The study also systematically evaluated solvent 
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165 efficiency for phenolic extraction, ensured experimental reproducibility through biological 

166 replication, and validated the findings using appropriate statistical analysis.

167

168 2 Materials and Method

169 2.1 Materials

170 The following chemicals were procured from Sigma–Aldrich Chemicals (USA): 2,20-

171 diphenyl-1-picryl-hydrazyl (DPPH), 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) 

172 diammonium salt (ABTS), trolox, phenolic acid standards such as gallic (GA), protocatechuic 

173 acid (PCA), caffeic acid (CA), 4-hydroxy benzoic acid (HBA), 4-hydroxy 3-methoxy benzoic 

174 acid (HMBA), trans-cinnamic acid (TCA) and ferulic acid (FA). All other chemicals were 

175 analytical grade.

176

177 2.2 Inoculum preparation 

178 Four discs (8 mm diameter) excised from a 10-day-old culture of Trichoderma sp. RCK65 

179 grown on potato dextrose agar (PDA) were inoculated into a 250 mL Erlenmeyer flask 

180 containing 100 mL of potato dextrose broth (HiMedia) supplemented with 0.5% 

181 carboxymethyl cellulose (Sigma). The flask was incubated under shaking conditions at 30 °C 

182 and 150 rpm for 48 hours. Subsequently, a secondary inoculum was prepared by transferring 

183 5 mL of this primary culture into another flask containing 100 mL of the same broth 

184 composition. This was again incubated at 30 °C and 150 rpm for an additional 48 hours.

185

186 2.3 SSF of wheat bran

187 Fermentation was performed in a 250 mL Erlenmeyer flask containing 5 g of wheat bran 

188 (WB), moistened with 15 mL of a nutrient-rich moistening agent composed of soybean meal 

189 (2.4%), KH₂PO₄ (0.05937%), (NH₄)₂SO₄ (0.03125%), yeast extract (0.5%), and adjusted to 
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190 pH 4.5. The mixture was autoclaved at 121 °C for 15 minutes and cooled to ambient 

191 temperature. After sterilization, the substrate was inoculated with 1 mL of the secondary 

192 culture of Trichoderma sp. RCK65 and incubated under static conditions at 30 °C. On the 

193 third day of incubation, the fermented biomass was harvested for the extraction of 

194 extracellular enzymes and phenolic compounds. SSF was done in the triplicates conducted as 

195 independent fermentations in separate flasks with separate inoculations. A flask containing 

196 sterilized WB without fungal inoculation served as the control (unfermented wheat bran, 

197 UWB). 

198

199 2.4 Extraction of phenolic compounds

200 Two types of fermented wheat bran (WB) samples were utilized for phenolic compound 

201 extraction. The first, designated as BE, refers to fermented WB without enzyme extraction. In 

202 the second set, extracellular enzymes produced by Trichoderma sp. RCK65 were extracted 

203 from the fermented biomass using 0.1 M citrate-phosphate buffer (pH 5.0). The biomass was 

204 incubated at 30 °C with shaking at 150 rpm for 1 hour, followed by filtration through muslin 

205 cloth; this treated biomass was designated as AE.

206 All samples including BE, AE, and unfermented WB (UWB), were dried in an oven at 60 °C 

207 for 24 hours, ground individually using an electric grinder, and defatted by blending with 

208 hexane (1:5 w/v) for 5 minutes at ambient temperature, repeated three times. The defatted 

209 samples were air-dried for 24 hours and stored at –20 °C for further analysis.

210 Phenolic compounds were extracted from each sample using eight solvent systems: water, 

211 methanol, ethanol, acetone, ethyl acetate, 70% methanol, 70% ethanol, and 70% acetone, 

212 with a solid-to-solvent ratio of 1:10 w/v. Extractions were performed twice at 50 °C for 60 

213 minutes in a water bath. The resulting extracts were filtered through Whatman No.1 filter 

214 paper, and the filtrates were used for comparative analysis of total phenolic content (TPC), 
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215 DPPH● and ABTS●+ radical scavenging activities, and ferric reducing antioxidant power 

216 (FRAP).

217

218 2.5 Enzymatic Extraction of Phenolic Compounds from Wheat Bran (WB)

219 Three enzymatic treatments were employed to extract phenolic compounds from wheat bran:

220 - i) Pure cellulase derived from Trichoderma reesei (Sigma-Aldrich, USA) (6.5 U/mg), with 

221 an activity of 13 U/mL (i.e. 2 mg/ml).

222 - ii) Crude enzyme extract from Trichoderma sp. RCK65-fermented WB, exhibiting 

223 enzymatic activities as follows: FPase – 10.6 IU/mL, CMCase – 44.77 IU/mL, β-glucosidase 

224 – 39.71 IU/mL, and xylanase – 28,480 IU/mL.

225 - iii) Novozyme 188, applied at a concentration of 250 U/g (1ml).

226 Defatting of WB samples (4 × 1 g) was carried out by blending each sample with hexane 

227 (1:5 w/v) for 5 minutes at ambient temperature, repeated three times. The defatted samples 

228 were then air-dried for 24 hours and stored at –20 °C until further use.

229 For enzymatic treatment, each defatted sample was mixed with 1 mL of enzyme solution and 

230 2 mL of 0.1 M citrate-phosphate buffer (pH 5.0), followed by incubation at 50 °C for 1 hour. 

231 In the control group (untreated WB), 1 mL of buffer was used in place of the enzyme. After 

232 enzymatic hydrolysis, 7 mL of methanol was added to each sample, and incubation was 

233 continued at 50 °C for another hour.

234 Phenolic-rich extracts were recovered via centrifugation at 8,000 × g for 10 minutes. These 

235 extracts were subsequently analyzed to determine antioxidant properties. Additionally, Ultra-

236 Performance Liquid Chromatography (UPLC) was performed to characterize the phenolic 

237 acid profiles. Enzymatic treatment experiments were conducted only once due to limited 

238 material availability; consequently, no biological replicates were included, and statistical 
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239 analysis could not be performed in case of UPLC. However, TPC and antioxidant assays 

240 were conducted in triplicates.

241

242 2.6 Analytical methods

243 2.6.1 Determination of total phenolic content (TPC)

244 Total phenolic content was determined following the method of Emmons and Peterson, 30. 

245 Briefly, 0.5 mL of suitably diluted phenolic extract was mixed with 0.5 mL of Folin–

246 Ciocalteu reagent. Subsequently, 1.5 mL of 20% (w/v) aqueous sodium carbonate solution 

247 was added, and the mixture was thoroughly vortexed and incubated at room temperature for 

248 15 minutes. After incubation, 5 mL of distilled water was added to each reaction mixture. The 

249 absorbance was measured at 725 nm using a spectrophotometer, with a reagent blank serving 

250 as reference. TPC was quantified using a gallic acid standard calibration curve and expressed 

251 as milligrams of gallic acid equivalent per gram of wheat bran (mg GAE/g WB).

252

253 2.6.2 DPPH (2, 2-diphenyl-1-picrylhydrazyl) Radical Scavenging Assay

254 The free radical scavenging activity of various phenolic extract fractions was assessed 

255 using the DPPH method described by Brand-Williams et al. 31 A 0.1 mM solution of DPPH 

256 (Sigma-Aldrich Chemie, Steinheim, Germany) in methanol was prepared, and 0.5 mL of 

257 appropriately diluted phenolic extract was added to 2 mL of the DPPH solution. The reaction 

258 mixture was incubated in the dark at room temperature for 30 minutes. Absorbance was 

259 recorded at 515 nm using a UV-Vis spectrophotometer. The percentage of DPPH radical 

260 scavenging activity was calculated using the following equation:

261 % Scavenging Activity = [(Abc − Abs) / Abc] × 100

262 where, AbC was the absorbance of the control and AbS was the absorbance in the presence of 

263 the test compound. A standard curve was prepared by using different concentrations of 
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264 Trolox. The DPPH● scavenging activities of phenolic extracts were expressed as μmol Trolox 

265 equivalent (TE)/g WB.

266

267 2.6.3 ABTS Radical Cation Depolarization Assay 

268 The ABTS●+ [2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt] 

269 radical cation scavenging activity was assessed using the improved ABTS decolorization 

270 assay as described by Re et al. 32 ABTS●+ was generated by oxidizing ABTS with potassium 

271 persulfate and incubating the mixture in the dark until the radical cation stabilized. For the 

272 assay, 1 mL of ABTS●+ working solution was mixed with 10 μL of phenolic extract. After a 

273 reaction time of 1 minute at room temperature, the decrease in absorbance was recorded at 

274 the appropriate wavelength (typically 734 nm) using a spectrophotometer. A calibration curve 

275 was constructed using Trolox standards at varying concentrations. The ABTS●+ scavenging 

276 activity of each sample was expressed as micromoles of Trolox equivalent per gram of wheat 

277 bran (μmol TE/g WB), consistent with the reporting method used for DPPH● assays.

278

279 2.6.4 FRAP (Ferric Reducing Antioxidant Property) assay

280 The ferric reducing antioxidant power (FRAP) of the phenolic extracts was assessed 

281 following the method of Wong et al. 33 with slight modifications. Briefly, 100 μL of phenolic 

282 extract was combined with 1.5 mL of freshly prepared FRAP reagent, composed of 10 parts 

283 300 mM sodium acetate buffer (pH 3.6), 1 part 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) 

284 solution, and 1 part 20 mM FeCl₃·6H₂O solution. The mixture was incubated at 37 °C in a 

285 water bath for 30 minutes. After incubation, the absorbance was measured at 593 nm using a 

286 spectrophotometer. FRAP values were calculated from a standard curve of L-ascorbic acid 
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287 and expressed as micromoles of ascorbic acid equivalent per gram of wheat bran (μmol 

288 AAE/g WB).

289

290 2.6.5 Free amino acid content

291 Defatted unfermented and fermented samples were extracted using a water-ethanol solution 

292 (1:10; w/v). A 0.2 ml aliquot of the appropriately diluted extract was mixed with 0.2 ml of 

293 0.2% ninhydrin (in ethanol) and heated in a boiling water bath for 20 minutes. Subsequently, 

294 1 ml of diluent (water : n-propanol, 1:1) was added and the mixture was heated again for 15 

295 minutes. After cooling, the absorbance was measured at 570 nm. The total free amino acid 

296 content in the supernatant was quantified using a standard curve of leucine and expressed as 

297 mg leucine equivalents per gram of sample. 34 

298 Thin layer chromatography (TLC) of water extracts was carried out using the ascending 

299 technique with a developing solvent of n-butanol:acetic acid:water (5:3:2) containing 0.4% 

300 (w/v) ninhydrin. After development, TLC plates were dried in an oven at 90°C for 5 minutes 

301 to facilitate color development.

302

303 2.6.5 Enzyme activities

304 Filter paper cellulase (FPase), carboxymethyl cellulase (CMCase), and xylanase activities 

305 were determined by quantifying the reducing sugars released from respective substrates, 

306 Whatman No. 1 filter paper, carboxymethyl cellulose, and birch wood xylan, at 50°C and pH 

307 5, following the procedures described by Ghose (1987)35 and Kapoor et al. (2008). , 36

308 β-glucosidase activity was assessed based on the amount of p-nitrophenol released from p-

309 nitrophenyl glucopyranoside, as per the method outlined by Wood and Bhat. 37
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310 One unit of enzyme activity corresponded to the formation of 1µmol of product (e.g. in case 

311 of xylanase, xylose equivalent) per minute from the substrate.

312

313 2.7 Ultra-performance Liquid Chromatography (UPLC) 

314 UPLC (Waters, Milford, USA) of 70% methanolic extracts (1l) were performed for the 

315 separation of phenolics using BEH 300 C-18 column (2.1 × 50 mm, 1.7 µm). The column 

316 temperature, total run time and flow rate were maintained at 30oC, 5 min and 0.6 ml/min, 

317 respectively. Two mobile phases consisted of water containing 0.1% TFA (solvent A) and 

318 acetonitrile containing 0.1% TFA (solvent B) were used and gradient elution was carried out 

319 using the following program: 95% A to 90% A in 1  mi, 90% A to 85% A in 1 min, 85% A to 

320 75% A in 1 min, 75% A to 40% A in 1 min, 40% A to 0% A in 0.2 min, 0% A to 0% A in 0.6 

321 min and 0% A to 95% A in 0.2 min. The peaks were identified by congruent retention times 

322 and UV spectra (280 nm) and compared with standards (PCA: protocatechuic acid; HBA: 4-

323 hydroxybenzoic acid; HMBA: 4-hydroxy 3- methoxy benzoic acid; CA: caffeic acid; FA: 

324 ferulic acid; TCA: trans cinnemic acid) and quantified based on their peak’s area.   

325

326 2.8 Statistical analysis

327 The mean values and the standard deviations (SD) were calculated from the data obtained 

328 from three separate experiments (biological triplicates). Results were expressed as the 

329 mean±SD of three sets of experiments. Analysis of variance (ANOVA) was used to evaluate 

330 the significant difference among various treatments with the criterion of P< 0.05. 

331

332 3. Results and Discussion

333 3.1 Solid state fermentation of WB
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334 3.1.1 Total phenolic content (TPC)

335 Selective extraction of biomolecules from natural sources by appropriate solvents is very 

336 important to obtain fractions with high antioxidant activity. It is noted that a solvent system for 

337 extraction is selected according to the purpose of extraction, the nature of interested components, 

338 the physicochemical properties of the matrix, the availability of reagents and equipment, cost and 

339 safety concerns. 38 It is generally known that alcohol/water solutions exert a better influence 

340 on the extractability of phenolic compounds in comparison to the mono-component solvents. 

341 The amount of extracted phenolic compounds obtained in this study by different 

342 solvents is presented in Fig. 1. In comparison to UWB, TPC was higher in each of the solvent 

343 extracts of fermented WB (BE and AE) except ethanol and acetone extracts.  Maximum TPC 

344 was attained in water extract (2.23±0.20 mg GAE/ g WB) and in 70% acetone extract 

345 (2.14±0.13 mg GAE/ g WB) of UWB. Whereas, in case of Trichoderma sp. RCK65 

346 fermented wheat bran (BE), highest TPC was obtained in 70% methanol (13.09 ±1.08 mg 

347 GAE/ g WB), 70% ethanol extracts (12.19±0.17 mg GAE/g WB) and water (12.10±0.55 mg 

348 GAE/ g WB). Among the AE samples, highest amount of TPC was estimated in 70% 

349 methanol and 70% acetone extracts (6.37±0.44 and 6.11±0.29 mg GAE/g WB, respectively). 

350 Total phenolic content (TPC) was lower in all AE extracts compared to BE, likely due to 

351 partial loss of phenolic compounds during the enzyme extraction process. If we consider the 

352 water soluble phenolics, it was clearly observed that SSF enhanced the TPC of WB by 5.5-

353 fold in BE, and even after enzyme extraction (AE), water soluble TPC was increased by 2.5-

354 fold compared to UWB (p<0.05). A maximum of 15-fold and 7-fold enhancement was 

355 observed in BE and AE, respectively, for the 70% methanolic extracts compared to UWB 

356 (p<0.05). The extent to which fermentation positively influenced the total phenolic content 

357 (TPC) and antioxidant activity of cereals was reported to vary depending on the specific 

358 microorganism employed in the process. 6, 39 An increase in phenolic compounds has been 
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359 observed in various cereal and cereal brans fermented by lactic acid bacteria, yeast, and mold. 

360 23 , 27,  29 A Maximum two-fold improvement of TPC was observed by Schmidt et al. 22 in rice 

361 bran after SSF by Rhizopus oryzae. Moore et al. 40 found only 50 to 100% improvement of 

362 releasable TPC of WB (in 100% ethanol extract) through solid state yeast fermentation. SSF 

363 of wheat bran with Clostridium butyricum increased TPC from 0.45 mg GAE/g to only 0.58 

364 mg GAE/g. 29 Maximum TPC was registered on 3rd day of fermentation by yeast for WB 

365 (0.84 mg GAE/g DW) with a 112% increase in TPC value compared to the control. 12 Hence, 

366 based on our current findings, SSF by Trichoderma sp. RCK65 appears to be a more effective 

367 approach for enhancing the extractable TPC of WB. Despite undergoing enzyme extraction, a 

368 substantial quantity of phenolic compounds remained extractable. The enhanced level of TPC 

369 observed in fermented sample can be explained by the following facts: 

370 i) Following colonization of wheat by fungal strains, the structural breakdown of cell 

371 walls occurred, facilitating the release of phenolic compounds 41 .

372 ii) Bound phenolics were liberated through the enzymatic activity of carbohydrate-

373 degrading enzymes, such as cellulases and xylanases, produced by Trichoderma sp. 

374 RCK65 during the SSF process.

375 iii) In addition, certain soluble phenolic compounds may have been biosynthesized by 

376 the microorganism because of secondary metabolic pathways.

377

378 3.1.2 Antioxidant status of UWB and fermented WB

379 3.1.2.1 DPPH● scavenging properties

380 The evaluation of antioxidant potential in plant-derived compounds remains a complex and 

381 unresolved issue. 42 Although several analytical mechanisms have been proposed, none can 

382 independently provide a comprehensive assessment. Currently, over 20 different indices are 

383 employed to measure antioxidant activity, yet no single assay is deemed sufficient for 
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384 evaluating total antioxidant capacity. 43 Among these, the DPPH● assay is widely utilized to 

385 assess the free radical scavenging activity of various compounds. DPPH●, a purple-colored 

386 stable free radical in methanolic solution, undergoes decolorization to yellow upon 

387 interaction with antioxidant compounds via electron transfer or hydrogen atom donation. 16 

388 DPPH● scavenging potential of UWB and fermented WB (BE & AE) was estimated. As 

389 shown in Fig. 2A, an enhanced level of DPPH● scavenging activity was observed in 

390 fermented wheat bran (WB), both before (BE) and after enzyme extraction (AE), when 

391 extracted using water, methanol, 70% methanol, 70% ethanol, and 70% acetone. No 

392 significant improvement was noted in extracts prepared with ethanol, acetone, and ethyl 

393 acetate. Consistent with the pattern observed for total phenolic content (TPC), the 

394 unfermented wheat bran (UWB) exhibited its highest DPPH● scavenging activity when 

395 extracted with water (4.48±0.06 μmol TE/g WB) and 70% acetone (4.03± 0.78 μmol TE/g 

396 WB). In case of BE sample, highest DPPH● scavenging property was observed in 70% 

397 methanol (24.39±1.02 μmol TE/g WB) and 70% ethanol (24.86±1.10 μmol TE/g WB) 

398 extracts, whereas, in case of AE sample, maximum DPPH● scavenging property was obtained 

399 in 70% methanol extract (16.77±0.59 μmol TE/g WB). Even after enzyme extraction from 

400 fermented WB, a considerable amount of DPPH● scavenging property was retained in the 

401 fermented biomass (AE). In this study, maximum 11.4 and 7.8-fold improvement of DPPH● 

402 scavenging property was observed in BE and AE as compared to UWB in 70% methanol 

403 extracts (p<0.05), whereas, Moore et al. 40 obtained only 13 to 19% improvement of DPPH● 

404 scavenging activity of WB by solid state yeast treatment.

405

406 3.1.2.2 ABTS●+ scavenging property

407 ABTS●+ scavenging property of UWB, BE and AE has been shown in Fig. 2B.  ABTS●+ 

408 scavenging property of different solvents extracts of UWB followed the order of 70% 
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409 acetone> 70% EtOH > 70% MeOH=MeOH > water > EtOH > EtOAc. Among different 

410 solvent extracts, there was no significant difference among 70% acetone (11.50 μmol±0.71 

411 TE/g WB), 70% EtOH (10.58±1.43 μmol TE/g WB) and 70% MeOH extract (9.78±1.39 

412 TE/g WB) of BE sample and 70% acetone (5.46±0.36 μmol TE/g WB) and 70% MeOH 

413 (5.41±0.71 μmol TE/g WB) extracts of AE sample. Therefore, in comparison to UWB 

414 maximum 4 and 2-fold enhancement was found in 70% methanol extract of BE and AE, 

415 respectively.  Improvement of ABTS●+ scavenging property was not observed in the ethanol, 

416 acetone and ethyl acetate extracts of BE and AE as compared to UWB. According to the 

417 result obtained by Moore et al. 40 solid state yeast treatments of WB increased the ABTS●+ 

418 scavenging property only by 0 to 20%. 

419

420 3.1.2.3 FRAP assay

421 Almost comparable amounts of FRAP were observed in 70% acetone (8.92±0.27 μmol 

422 AAE/g WB), 70% EtOH (8.56±0.06 μmol AAE/g WB) and water (8.51±0.17 μmol AAE/g 

423 WB) extracts of UWB (Fig. 2C). There was no significant difference of FRAP value between 

424 methanol and 70% methanol extracts of UWB. Like other antioxidant properties, FRAP 

425 values of different solvents extracts were increased after SSF of WB except ethanol, acetone 

426 and ethyl acetate extracts. Among all the solvents used, 70% MeOH showed the maximum 

427 influence for the extraction of antioxidant compounds with highest FRAP in BE (23.81 μmol 

428 AAE/g WB) as well as in AE (15.74 μmol AAE/g) with 3.4 and 2.3-fold increment, 

429 respectively (p<0.05). 

430

431 In the present study, among all the solvent systems used, 70% methanol was found to 

432 be the most efficient solvent for extraction of phenolics antioxidants from fermented WB 

433 (both BE and AE), whereas, 70% acetone was most suitable solvent for UWB. On the other 

Page 18 of 35Sustainable 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
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

2:
20

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FB00564G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00564g


18

434 hand, EtOAc gave the lowest TPC with lowest antioxidant properties for all the samples. 

435 According to the report of Zhou and Yu, 44 among four solvent systems used (50% acetone, 

436 70% methanol, 70% ethanol and ethanol), 50% acetone was proved to be the best solvent for 

437 the extraction of phenolic antioxidants from wheat bran. Various solvent systems and 

438 extracting conditions have been used for the extraction of antioxidant phenolic compounds 

439 from wheat and wheat-based products following several methods and hence with variant 

440 results. 40 Therefore, comparisons in antioxidant properties of WB results among individual 

441 research laboratories and groups are very difficult. 

442

443 3.1.2.4 Total free amino acid content

444 Total free amino acid contents of water extract obtained from unfermented wheat, R. oryzae 

445 fermented wheat, unfermented wheat bran and Trichoderma sp. RCK65 fermented wheat 

446 bran before enzyme extraction (BE) & after enzyme extraction (AE) were 2.95, 14.16, 8.28, 

447 22.2 and 19.25 mg equivalents of Leucine/g of sample, respectively, whereas for ethanol 

448 extract, those values were 0.28, 0.83, 0.27, 4.91, 2.65 mg equivalents of Leucine/g of sample, 

449 respectively (Table 2). A significant increase in total free amino acid content was clearly 

450 observed in wheat bran following SSF. Notably, even after enzyme extraction, the free amino 

451 acid levels remained substantially higher compared to those in unfermented wheat bran. 

452 TLC analysis of the amino acid profile further supports the observed increase in free amino 

453 acid content, which may be attributed to microbial degradation of proteins or an increase in 

454 protein synthesis resulting from the mycelial growth of the organisms. 

455 In general, cereal proteins are low in Lys (1.5–4.5% vs. 5.5% of WHO recommendation), 

456 tryptophan (Trp, 0.8–2.0% vs. 1.0%), and threonine (Thr, 2.7–3.9% vs. 4.0%). Due to this 

457 deficiency, these essential amino acids (EAAs) are often the limiting factors in cereal-based 

458 proteins. It is thus of economic and nutritional significance to enhance the EAAs in plant 
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459 proteins. 46 Fermentation process can improve those amino acids content46. In our study, SSF 

460 of wheat bran by Trichoderma sp. RCK65 clearly demonstrated an increase in the 

461 concentrations of lysine (Lys) and threonine (Thr), suggesting enhanced bioavailability and 

462 improved protein quality.

463

464 3.2 Enzymatic treatment of WB for the release of antioxidant phenolics

465 3.2.1 TPC, DPPH •, ABTS • + scavenging activity and FRAP of enzyme treated WB

466 WB was treated with cellulase of Trichoderma reesei (Sigma Aldrich), Novozyme 188 and 

467 enzyme extract of Trichoderma sp. RCK65. Fig. 3A shows the TPC extracted through 

468 enzymatic treatment. TPC of WB without enzyme treatment (control) was 0.4 mg GAE/g 

469 WB. Maximum amount of total phenolics (1.47 mg GAE/g WB) was released due to the 

470 action of enzyme extract obtained from Trichoderma sp. RCK65 with 3.7 times 

471 improvement. Whereas, pure cellulase of Trichoderma reesei increased the TPC only 1.7-

472 fold. There was no effect of Novozyme 188 for the release of phenolics from WB. 

473 As shown in Fig. 3B, C and D, maximum improvement of DPPH● (5.3-fold) and 

474 ABTS●+ (2.4-fold) scavenging properties and FRAP (2.2-fold) was observed by the treatment 

475 of enzyme extract obtained from Trichoderma sp. RCK65 fermented WB as compared to 

476 untreated WB (control).  While enzyme from Trichoderma reesei and Novozyme 188 showed 

477 no effect on the improvement of antioxidant properties of WB. Saroj e al. 15 observed 

478 maximum increase in TPC and antioxidant properties (DPPH & FRAP) in cellulase (Sigma 

479 Aldrich) treated wheat bran followed by xylanase (Sigma Aldrich) and -glucanase (Sigma 

480 Aldrich).  

481 Cellulase has been used for the extraction of phytochemicals from black currant 

482 pomace, 47 wheat bran 16, 28 and oat bran. 48, 49 All those previous studies have reported 

483 enhanced total phenolic content (TPC) and antioxidant properties through enzymatic action; 
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484 however, high-cost commercial enzyme preparations were predominantly employed. In 

485 contrast, the present study employed a crude enzyme extract derived from a newly isolated 

486 laboratory strain, Trichoderma sp. RCK65, for the release of antioxidant phenolics. This 

487 approach demonstrates a potentially cost-effective method for improving the antioxidant 

488 potential of wheat bran.

489 Beyond antioxidant activity, phenolic compounds in WB may also exert biofunctional 

490 effects such as modulating glucose and lipid metabolism, supporting gut microbiota, and 

491 reducing inflammation. 25 The release of bound phenolics through fermentation and 

492 enzymatic bioprocessing can improve bioavailability, thereby enhancing their potential health 

493 relevance.

494 3. 3 Profiles of the phenolic compounds

495 Present study demonstrated that 70% MeOH is the best solvent for the extraction of 

496 antioxidant phenolics from both BE and AE samples. Therefore, this solvent extract was used 

497 for the compositional analysis of phenolic acids through UPLC. Seven phenolic acid 

498 standards were separated in UPLC system within 5 min (Fig. 4A). The chromatographic 

499 profile of the phenolic acids extracted from UWB, BE and AE is shown in Fig. 4 (B-D), 

500 which clearly showed the improvement of phenolic acids content in BE and AE as compared 

501 to UWB. Significant changes were observed in UPLC profiles of BE and AE. As shown in 

502 Table 1, the main phenolic acid detected in UPLC profile of BE was TCA (407.98 μg / g of 

503 WB) and in AE it was PCA (277.02 μg / g of WB). FA content of BE and AE was 233.62 and 

504 204.09 μg / g of WB, respectively. The result shows that even after enzyme extraction from 

505 fermented WB, loss of FA was very less in AE sample.

506

507 Fig. 4(E-H) shows the UPLC profile of phenolic acids present in the different enzyme 

508 treated and untreated WB.  Three major phenolic acids (4-hydroxybenzoic acid, ferulic acid 
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509 and trans cinnemic acid) were detected in the extract of WB without enzyme treatment (Fig. 

510 4E). Significant change was not observed in the phenolic acids profile after treatment of pure 

511 cellulase from Trichoderma reesei (Fig. 4E and F), whereas treatment of enzyme extracts 

512 from Trichoderma sp. RCK65 modified the UPLC profile (Fig. 4G). Free phenolic acid 

513 content of enzyme treated and without enzyme treated WB was given in the Table 1. The 

514 amount of TCA was maximum for each of the sample except Trichoderma sp. RCK65 

515 enzyme treated WB, where FA (648.17 μg / g of WB) was the major phenolic acid.  

516 According to a previous report by Napolitano et al., 50 FA content of durum wheat 

517 fiber was increased from 1.1 mg/kg to 4.6 mg /kg by the enzymatic treatment (from 

518 Trichoderma spp.). Faulds et al. 51 achieved FA recovery of 5.7 g/ kg or 5700 mg/kg de-

519 starched WB using Trichoderma xylanase and Aspergillus niger FAE-III after 16 h of 

520 incubation.  FA yield of 1.05 g/kg bran or 1050 mg/kg bran was achieved through a multistep 

521 biorefinery process. That method involved rehydrating bran via autoclaving or steaming 

522 explosion followed by enzymatic pre-treatment with Alcalase and Termamyl to remove 

523 proteins and sugars, and final hydrolysis with Pentopan and feruloyl esterase to release 

524 phenolics. 52 Another notable approach utilized a recombinant bifunctional enzyme 

525 (rXyn10A/Fae1A) with xylanase and feruloyl esterase activities, which yielded 1.82 mg/g FA 

526 or 1820 mg/kg from de-starched WB. 11 In our experiment FA content was increased by 45 

527 times with only 1 h of enzymatic treatment and the amount was high; 648.17 mg / kg.  This 

528 amount can be increased by optimizing enzyme doses, incubation time, WB particle size etc. 

529 In addition to that in combination of esterase from Aspergillus sp., the FA content can be 

530 increased many folds. FA has various potential applications in various industrial sectors 

531 including health (antioxidant, antimicrobial, anti-inflammatory), food (preservative agent, 

532 gel-forming properties, flavor precursor) and cosmetic (photoprotecting agent) industries. 53, 
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533 54 Therefore, Trichoderma sp. RCK65 can be a suitable source of enzymes for the extraction 

534 of commercially valuable FA from WB.  

535 SSF proved more effective than enzymatic treatment in enhancing the overall 

536 antioxidant capacity of wheat bran due to the diverse biochemical actions of fermenting 

537 microorganisms. During SSF, microbes produce cell wall–degrading enzymes that release 

538 bound phenolic compounds, while also biotransforming them into more bioactive forms and 

539 generating additional antioxidant metabolites such as peptides and organic acids. This leads 

540 to a broad and synergistic increase in total antioxidant activity. The lower ferulic acid content 

541 observed after SSF compared to enzymatic treatment may be attributed to microbial 

542 metabolism and biotransformation of ferulic acid into other phenolic derivatives, as well as 

543 its possible incorporation into complex or polymerized forms that are not detected as free 

544 ferulic acid, despite contributing to overall antioxidant activity. In contrast, enzymatic 

545 treatment primarily uses specific enzymes like cellulase, xylanase, feruloyl esterases to 

546 selectively hydrolyze bonds and release ferulic acid (FA) from the bran matrix. This targeted 

547 mechanism enables efficient liberation of intact FA with minimal secondary modification, 

548 thereby improving yield and purity, but does not significantly enhance the overall antioxidant 

549 profile. Therefore, SSF is more suitable for producing antioxidant-rich functional ingredients, 

550 whereas enzymatic treatment is preferable for efficient extraction of valuable ferulic acid. 

551 Additionally, SSF presents a cost-effective approach compared to traditional enzymatic 

552 treatments, primarily because it eliminates the need for downstream enzyme purification.

553

554 4. Conclusion

555 This study proved SSF as an economical and convenient method to improve antioxidant 

556 potential of wheat bran. Trichoderma sp. RCK65 was established as a powerful organism for 

557 the enhancement of antioxidant properties of wheat bran within a short time period. Even 
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558 after enzyme extraction, the fermented WB could be a good source of antioxidant as 

559 compared to unfermented WB. So SSF can be a useful method for simultaneous production 

560 of commercially useful enzymes as well as production of antioxidant rich WB. Moreover, 

561 SSF using Trichoderma sp. RCK65 significantly enhanced the free amino acid content, 

562 particularly essential amino acids like lysine and threonine, in wheat bran, demonstrating its 

563 potential to nutritionally enrich cereal-based foods. At the same time, through enzymatic 

564 treatment antioxidant property of WB can be increased and free FA content can be improved 

565 very efficiently. If we compare the efficiency of SSF process and enzymatic treatment, SSF 

566 was proved to be most suitable for the development of antioxidant rich WB, whereas, 

567 enzymatic treatment was appropriate for the extraction of valuable FA.

568 The proposed SSF and enzymatic approach not only enhance the release of bound phenolics 

569 from WB but also aligns with broader valorization frameworks by offering a sustainable 

570 route to value-added compounds. Given that the same methodology can be adapted to 

571 existing wheat-bran biorefinery operations, the process shows potential for scalability and 

572 integration, with implications for improved processing efficiency and circular bioeconomy 

573 practices. However, releasing phenolics from wheat bran through SSF and enzyme treatment 

574 may be limited by variability in substrate composition, incomplete liberation of bound 

575 compounds, and challenges in reproducibility and scale-up, as well as the absence of 

576 bioavailability testing. Future studies should focus on downstream stabilization, cost-benefit 

577 analysis, and regulatory compliance to enable large-scale implementation of wheat bran 

578 valorization strategies within biorefinery frameworks.

579
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714

Name of the sample Free phenolic acid content (μg / g of WB)
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PCA HBA HMBA CA FA TCA

1. SSF of WB

UFW ND ND ND ND 201.71 248.70

BE 144.39 166.08 ND 64.32 233.62 407.98

AE 277.02 138.80 ND ND 204.09 77.45

2. Enzymatic treatment of WB

Untreated WB (control) ND 56.71 ND ND 14.32 112.95

T. reesei cellulase treated 
WB ND 86.78 ND ND 26.86 104.96

Trichoderma sp. RCK65 
enzyme treated WB ND 267.28 ND ND 648.17 234.89

Novozyme 188 treated 
WB

ND 103.95 88.66 ND 141.44 155.41

715

716 NB: PCA: protocatechuic acid; HBA: 4-hydroxybenzoic acid; HMBA: 4-hydroxy 3- 
717 methoxy benzoic acid; CA: caffeic acid; FA: ferulic acid; TCA: trans cinnemic acid; ND: 
718 Not Detected. Based on the UPLC data free phenolic acid contents were estimated. No 
719 biological or technical replicates were performed and therefore, statistical analysis could not 
720 be applied
721
722
723

724 Table 2 Total free amino acid content

725
726
727
728
729

Free amino acid content (mg equivalents of Leucine/g of sample)Name of the sample
Water extract Ethanol extract

WB control 8.28±1.34 0.27±0.03
BE 22.20±1.10 4.91±0.49
AE 19.25±0.34 2.65±0.20

Page 28 of 35Sustainable 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
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

2:
20

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FB00564G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00564g


28

730 Fig. 1 TPC of different solvent extracts from unfermented (UWB) and Trichoderma sp. 
731 RCK65 fermented wheat bran before enzyme extraction (BE) and after enzyme 
732 extraction (AE). Data are expressed as mean±SD (n = 3). Different letters in each bar are 
733 significantly different at p < 0.05
734
735 Fig. 2 DPPH● (A) and ABTS●+ scavenging properties (B) and FRAP (C) of different 
736 solvent extracts from unfermented (UWB) and Trichoderma sp. RCK65 fermented 
737 wheat bran before enzyme extraction (BE) and after enzyme extraction (AE). Data are 
738 expressed as mean±SD (n= 3).  Different letters in each bar are significantly different at p < 
739 0.05.
740
741
742 Fig. 3 TPC (A), DPPH • (B), ABTS • + scavenging activity (C) and FRAP (D) of enzyme 
743 treated WB. Data are expressed as mean±SD (n= 3). Different letters in each bar are 
744 significantly different at p < 0.05
745
746 Fig. 4 UPLC profile of standard phenolic compounds (A), UWB (B), BE (C), AE (D), 
747 control WB (E), T. reesei cellulase treated WB (F), Trichoderma sp. RCK65 enzyme 
748 treated WB (G), and Novozyme 188 treated WB (H).
749 [Phenolic acid standards were gallic acid (1), protocatechuic acid (2), 4-hydroxybenzoic acid 
750 (3), 4-hydroxy 3- methoxy benzoic acid (4), caffeic acid (5), ferulic acid (6) and trans 
751 cinnemic acid (7)].
752
753

754 Fig 5: Free amino acid profiling: TLC of fermented and unfermented samples
755

756

757
758
759
760 Fig.1
761
762
763
764
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