
Sustainable  
Food Technology

Sustainable  
Food Technology
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  S. Xiao, B. Chen,

J. Yu, H. Hu, Y. Wang, X. Sun, H. Li and H. Li, Sustainable Food Technol., 2026, DOI:

10.1039/D6FB00033A.

https://doi.org/10.1039/d6fb00033a
https://pubs.rsc.org/en/journals/journal/FB
http://crossmark.crossref.org/dialog/?doi=10.1039/D6FB00033A&domain=pdf&date_stamp=2026-05-26


Sustainability spotlight 

This study supports sustainability by constructing a pH-responsive fucoidan/carboxymethyl 
chitosan hydrogel beads for the encapsulation of bioactive curcumin. An innovative and 
environmentally friendly strategy was developed for the fabrication of the hydrogel beads solely 
relying one hydrogen bonding among the protonated sulfate groups of fucoidan, the carboxyl 
groups of carboxymethyl chitosan hydrogel, and the hydroxyl groups of curcumin under acidic 
condition, thereby eliminating the need for chemical modifiers. The strategy exploits the intrinsic 
functional groups of readily available food biopolymers and bioactive compounds to enable a 
practical and green strategy for the encapsulation of other natural phenolic compounds.
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16 Abstract

17 Curcumin (Cur) features versatile bioactivities but suffers from poor stability and 

18 high vulnerability to gastrointestinal degradation. To address these bottlenecks, an 

19 effective and facile strategy for constructing a sustainable hydrogel delivery system 

20 with pH-responsive function and controlled gastrointestinal release properties is 

21 reported. The hydrogel beads were developed through physical crosslinking between 

22 fucoidan (Fuc), carboxymethyl chitosan (CMCS), and the encapsulated bioactive 

23 compound Cur. Structural characterization confirmed that intermolecular hydrogen 

24 bonding between Fuc and CMCS played a pivotal role in the hydrogel network 

25 formation. Cur was efficiently encapsulated within the hydrogel beads, functioning as 

26 an additional crosslinking agent that increased the crosslinking density and reduced the 

27 equilibrium water content of the system. Notably, the hydrogel beads protected Cur via 

28 non-covalent interactions and physical barriers, enhancing its thermal and UV 

29 stabilities. Furthermore, the hydrogel beads exhibited pronounced pH-responsive 

30 swelling and release behaviors, showing minimal swelling and limited release in acidic 

31 gastric conditions, in contrast to sharp swelling and near-complete release in alkaline 

32 intestinal environments, attributed to the pH-dependent protonation states of 

33 polysaccharides' functional groups altering intermolecular interactions. Importantly, 

34 the encapsulated Cur retained more than 90% antioxidant capacity following simulated 

35 gastrointestinal digestion. This crosslinker-free and food-grade system provides a safe 

36 delivery platform for labile polyphenols, showing considerable potential in functional 

37 foods and dietary supplements.
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38 Keywords: fucoidan; carboxymethyl chitosan; pH-responsive hydrogel beads; 

39 curcumin; oral delivery system; controlled release
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40 1. Introduction

41 With the rising consumer demand for functional foods that integrate nutrition and 

42 health benefits, the food industry has increasingly focused on incorporating food-

43 derived bioactive compounds (e.g., polyphenols, vitamins, and bioactive lipids) into 

44 daily products. Curcumin (Cur), a natural polyphenol derived from Curcuma longa L., 

45 has attracted extensive attention in food science and nutrition owing to its versatile 

46 bioactivities, including antioxidant, anti-inflammatory, gut-protective, and chronic 

47 disease-mitigating properties.1 However, the direct utilization of Cur in food systems is 

48 severely hindered by inherent physicochemical limitations, such as extremely low 

49 water solubility, poor chemical stability, and rapid degradation in the gastrointestinal 

50 tract (GIT),2 which collectively result in low bioavailability and compromised 

51 functional efficacy. Hence, addressing these challenges is critical for unlocking the full 

52 application potential of Cur in formulating it into the existing food products.

53 To overcome the delivery bottlenecks of Cur, various encapsulation systems have 

54 been developed over the past decades, such as lipid-based carriers, protein-based 

55 matrices, polymeric nanoparticles, and microcapsules.3, 4 Despite the fact that these 

56 systems have shown certain effects in improving the stability and bioavailability of Cur, 

57 they share inherent limitations, such as the susceptibility to lipid oxidation, high 

58 sensitivity to pH, temperature, and enzymatic degradation.5 Hence, there remains an 

59 urgent need to develop a biocompatible, stable, and cost-effective delivery system that 

60 can efficiently protect Cur during food processing and after ingestion.

61 Food biopolymer based hydrogels are three-dimensional network materials 
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62 formed by polysaccharides and/or proteins in aqueous microenvironments, whose 

63 tunable physicochemical properties enable responsiveness to environmental stimuli.6 

64 Specifically, their pH-sensitivity has attracted significant attention for oral food 

65 applications, as they can adapt to the distinct pH gradients of the GIT.7 Such systems 

66 protect bioactive compounds in acidic gastric environments while triggering release in 

67 the intestine via pH-responsive mechanisms. Fucoidan (Fuc), a sulfated polysaccharide 

68 rich in sulfate groups from brown algae, exhibits diverse bioactivities, including 

69 antioxidant activity, anti-tumor, immunomodulatory, and antithrombotic.8, 9 The sulfate 

70 groups in Fuc chain undergo pH-dependent protonation/deprotonation (pKa 1.0-2.5) 

71 and endow correspondingly gastric pH responsiveness.10 Carboxymethyl chitosan 

72 (CMCS) is a versatile chitosan derivative containing adequate amino and carboxyl 

73 groups and combines chitosan’s biocompatibility with superior water solubility and 

74 pKa values of 6.5 and 2.7 within the gastrointestinal pH range.11, 12 Importantly, 

75 CMCS’s anionic nature enables miscibility with Fuc in aqueous solutions which avoids 

76 the development of insoluble polyelectrolyte complexes.11 Despite the favorable 

77 properties of Fuc and CMCS, Fuc alone lacks sufficient gelling ability, limiting its 

78 direct application in hydrogel fabrication. 13 Therefore, certain chemical crosslinking 

79 strategies such as aldehyde modification of Fuc or EDC/NHS coupling have been 

80 reported to prepare Fuc-CMCS hydrogels.14, 15 However, these chemical approaches 

81 involve toxic reagents, complicated modification procedures, and potential food safety 

82 risks, which violate the principles of green and sustainable food processing. 

83 Additionally, such conventional methods overlook the presence of abundant hydroxyl 
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84 and sulfate groups in Fuc as well as the carboxyl, amino, and hydroxyl groups in CMCS, 

85 which may potentially provide abundant sites for intermolecular hydrogen bond 

86 interactions and facilitate the assembly of stable composite hydrogels without the need 

87 for chemical modifications.

88 Building on the complementary structural features and hydrogen bond‑forming 

89 capacities of Fuc and CMCS, we hypothesize that simple, green, hydrogen 

90 bond‑mediated Fuc/CMCS composite hydrogel beads can effectively resolve the 

91 delivery bottlenecks of Cur. Inspired by the strong binding affinity between 

92 polyphenols and dietary polysaccharides via non-covalent interactions in natural plant 

93 cell walls,16 this composite hydrogel system is expected to efficiently encapsulate and 

94 stabilize Cur via hydrogen bonds formed between the phenolic hydroxyl groups of Cur 

95 and the functional groups of Fuc and CMCS. Furthermore, the hydrogen bond-

96 crosslinked Fuc/CMCS network will exhibit inherent pH responsiveness, as changes in 

97 GIT pH alter the stability of intermolecular interactions, thereby protecting Cur in the 

98 stomach and triggering its controlled release in the intestine.

99 Hence, this study designed and fabricated hydrogen bond-mediated physically 

100 crosslinked Fuc-CMCS hydrogel beads for Cur encapsulation. The physicochemical 

101 structure, swelling behaviors, pH responsiveness and mechanism, the stability of Cur 

102 under various conditions, and the corresponding release profiles of Cur from the 

103 hydrogel beads were thoroughly explored. Meanwhile, the free radical scavenging 

104 ability, monitored by real-time electron paramagnetic resonance (EPR) spectroscopy, 

105 was evaluated after in vitro simulated gastrointestinal digestion to assess both the 
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106 antioxidant capacity of encapsulated Cur and the protective mechanism of the hydrogel 

107 beads. This green, chemically unmodified design developed in this study follows 

108 sustainable food processing guidelines and provides a safe platform for stabilizing and 

109 delivering labile bioactive compounds, with considerable potential in functional foods 

110 and dietary supplements.

111

112 2. Materials and methods

113 2.1 Materials

114 Fuc (from: brown seaweed, purity: 98%, sulphation degree: 0.24, molecular 

115 weight: 121.6 kDa) was purchased from Macklin Biochemical Technology Co., Ltd. 

116 (Shanghai, China). CMCS (carboxylation degree: ≥ 80%, deacetylation degree: 88%-

117 92%, molecular weight: 100 kDa), Cur, polyethylene glycol 400 (PEG400), and 1,1-

118 diphenyl-2-picrylhydrazyl (DPPH) were supported by Aladdin Biochemical 

119 Technology Co., Ltd. (Shanghai, China). Trypsin (from porcine pancreas), pepsin (pig 

120 source), and bile salt (pig source) were supplied by Macklin Biochemical Technology 

121 Co., Ltd. (Shanghai, China).

122 2.2 Preparation of Fuc-CMCS@Cur hydrogel beads

123 Specifically, Fuc and CMCS were separately dissolved in deionized water to 

124 prepare polysaccharide solutions with a concentration of 5% (w/v). A 0.5 mg mL-1 Cur 

125 solution was prepared by dissolving in a PEG400/deionized water mixture with a 

126 volume ratio of 1:3. PEG400, a FDA approved food-grade polymer, served to enhance 

127 the dispersibility of Cur in deionized water, thereby facilitating the uniform dispersion 
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128 of Cur within the hydrogel matrix.17 To prepare Cur‑encapsulated hydrogel beads, the 

129 Cur stock solution was thoroughly blended with equal volumes of Fuc and CMCS 

130 solutions under gentle stirring to ensure homogeneous mixing. The obtained mixed 

131 solution was then slowly and carefully added dropwise into 0.1 M HCl solution using 

132 a 10 μL pipette tip to induce gelation and beads formation. The reaction was allowed 

133 to proceed for 1 h to ensure complete crosslinking, even though the hydrogel beads 

134 formed instantaneously. Finally, the as‑prepared hydrogel beads (denoted 

135 Fuc‑CMCS@Cur) were collected and washed three times with deionized water to 

136 remove residual surface components, and then used for subsequent characterization and 

137 analysis. A control of mixed Fuc and CMCS was prepared following the same 

138 procedure but replacing the Cur with the same volume of deionized water.

139 2.3 Encapsulation efficiency (EE) and loading capacity (LC)

140 To evaluate the EE and LC of the hydrogel beads system, the prepared hydrogel 

141 beads were transferred to ethanol to extract Cur with the assistance of ultrasound. 

142 Subsequently, the insoluble polysaccharides were precipitated by centrifugation (12 

143 000 rpm, 2 min), and the supernatant was carefully collected. The concentration of Cur 

144 in the supernatant was measured by recording the absorbance at 426 nm using a UV-

145 vis spectrophotometer. The amount of encapsulated Cur was determined by referring 

146 to a standard curve. The Cur-encapsulated hydrogel beads were then freeze-dried for 

147 LC determination. The EE and LC were calculated using the following equations:

148 EE (%) = mass of encapsulated Cur / mass of added Cur × 100%

149 LC (%) = mass of encapsulated Cur / (mass of beads + mass of encapsulated Cur) × 100%
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150 2.4 Structural characterization

151 Fourier transform infrared (FTIR) spectra of the samples were recorded ranging 

152 from 4000-400 cm-1 by a FTIR spectrometer (BRUKER Vertex 70) equipped with an 

153 attenuated total reflectance (ATR) module. The spectra were obtained by accumulating 

154 32 scans at a resolution of 4 cm-1. X-ray diffraction (XRD) data were conducted by an 

155 X-ray powder diffractometer (BRUKER D8 ADVANCE) with a voltage of 40 kV and 

156 a current of 40 mA, utilizing Cu Kα radiation (λ = 1.5406 Å). The samples were scanned 

157 over a diffraction angle 2θ range from 5 to 50° at a scanning rate of 5° min-1. 

158 Thermogravimetric analysis (TGA) was performed using a TA Instruments Q50 

159 thermogravimetric analyzer under a nitrogen atmosphere with a flow rate of 30 mL min-

160 1. The samples were placed in an alumina crucible and heated from 30 to 600 °C at a 

161 heating rate of 10 °C min-1. Scanning electron microscope (SEM, Zeiss-Merlin Cemini 

162 SEM 300) was used to observe the surface and cross-sectional morphologies of freeze-

163 dried samples at an acceleration voltage of 5 kV. The UV-vis absorption spectroscopy 

164 was measured ranging from 250-550 nm by using a Perkin Elmer Lambda 35 UV-vis 

165 spectrophotometer. The samples were placed in a 10 mm path length quartz cuvette for 

166 the measurement.

167 2.5 Thermal and UV stabilities

168 Free Cur solution and Fuc-CMCS@Cur hydrogel beads with equal weight of Cur 

169 were subjected to different treatments. They were placed in the dark at 4, 20, 37, 60, 

170 and 80 °C for 1 h, or in the dark at 80 °C for 3 h, or under 365 nm UV irradiation for 3 

171 h. Subsequently, the absorbance of the solutions was measured at 426 nm using a UV-
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172 vis spectrophotometer to assess the retention of Cur in the samples. The Cur retention 

173 rate was calculated using the following formula:

174 Cur retention rate (%) = mass of Cur in treated samples under different conditions / mass of Cur 

175 in untreated samples × 100%

176 2.6 Measurement of the pH-sensitive swelling behavior

177 Equilibrium water content (EWC) of hydrogel beads was determined as 

178 follows.18 The samples were soaked in deionized water at room temperature to achieve 

179 their equilibrium swelling. The weight of swollen hydrogel beads was denoted as Ws 

180 Subsequently, these swollen hydrogel beads were freeze-dried and weighed as Wd The 

181 EWC was calculated according to the following equation:

182 EWC (%) = (Ws-Wd) / Wd × 100%

183 The swelling behavior of the hydrogel beads was investigated by a weighing 

184 method. Briefly, the freeze-dried samples were accurately weighed and designated as 

185 M1. These samples were then placed in separate petri dishes, each containing an equal 

186 volume of medium solutions with varying pH values (2.0, 4.0, 6.0, and 7.4). After 4 h, 

187 the swollen samples were carefully taken out from the solutions. Excess liquid on the 

188 surface of the samples was gently blotted off using filter paper, and the samples were 

189 subsequently weighed as M2. The swelling degree was calculated using the following 

190 formula:

191 Swelling degree (%) = (M2-M1) / M1 × 100%

192 The size of swollen hydrogel beads was determined by particle sizing analysis 

193 software, and the mean size change rate was calculated using the following equation:
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194 Mean size change rate (%) = (Ds-Dfd) / Dfd × 100%

195 where Ds represents the mean size of swollen hydrogel beads and Dfd represents the 

196 mean size of freeze-dried hydrogel beads.

197 2.7 Measurement of the pH-sensitive release behavior

198 The pH-sensitivity of the hydrogel beads was evaluated by studying the release 

199 profile of Cur from the hydrogel beads in medium solutions with different pH values 

200 (2.0, 4.0, 6.0, and 7.4). Specifically, the Fuc-CMCS@Cur hydrogel beads were 

201 separately incubated in various pH-adjusted medium solutions for 4 h. At 30-minute 

202 intervals, 0.1 mL of the supernatant was withdrawn for Cur determination and 

203 immediately replaced with fresh medium to maintain constant volume. The withdrawn 

204 supernatant was then mixed with 0.9 mL of ethanol. The absorbance of Cur in the 

205 supernatant was measured at 426 nm using a UV-vis spectrophotometer.

206 2.8 In vitro simulated gastrointestinal environment release

207 The simulated gastric fluids (SGF, pH 2.0) and simulated intestinal fluids (SIF, 

208 pH 7.0) were prepared according to the methods with some modification.19 Briefly, 

209 SGF was prepared by adjusting a 0.2% (w/v) NaCl solution to pH 2.0 with a 1.0 M HCl 

210 solution. A specific amount of gastric protease was added to the solution to achieve a 

211 final concentration of 3.0% (w/v). For the SIF, trypsin and bile salt were evenly 

212 dispersed in a PBS buffer (pH 7.0) with final concentrations of 1.0% and 0.8% (w/v), 

213 respectively. Subsequently, the pH value of the mixture was adjusted to 7.0 using a 1.0 

214 M NaOH solution.

215 To investigate the release profile of Cur from the hydrogel beads, the Fuc-
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216 CMCS@Cur hydrogel beads were initially incubated in the SGF at 37 °C for 2 h. After 

217 that, the hydrogel beads were transferred to the SIF and maintained at 37 °C for 4 h. At 

218 30-minute intervals, 0.1 mL of the supernatant was withdrawn for the determination of 

219 Cur and replaced with fresh medium to keep the volume constant. The withdrawn 

220 supernatant was mixed with 0.9 mL of ethanol, and the absorbance of Cur in the 

221 supernatant was measured at 426 nm using a UV-vis spectrophotometer.

222 2.9 DPPH radical scavenging capacity test

223 The DPPH radical scavenging capacity of samples was determined by electron 

224 paramagnetic resonance (EPR) spectroscopy. In detail, the hydrogel beads that had been 

225 digested by either SGF (2 h) or SIF (4 h) were mixed with 0.2 mM DPPH ethanol 

226 solution by the equal volume. Immediately after mixing, the EPR signal of DPPH was 

227 monitored. The hydrogel beads incubated in PBS (pH 7.4) served as the control group. 

228 The double-integration of the EPR spectrum, commonly known as the EPR signal, was 

229 then used to determine the extent of DPPH reduction according to the following 

230 formula:20

231 EPR signal reduction (%) = (SDPPH-Ssample) / SDPPH × 100%

232 where SDPPH represents the EPR signals for free DPPH ethanol solution and Ssample 

233 represents the EPR signals of hydrogel beads.

234 The antioxidant kinetic process of hydrogel beads was determined by single 

235 exponential or biexponential fitting kinetic parameters using the following formula:20

236 EPRsignal = S0 + A exp (-(t-t0) / t1)

237 EPRsignal = S0 + A exp (-(t-t0) / t1) + B exp (-(t-t0) / t2)
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238 where EPR signal denotes the double integration of the DPPH scavenging EPR 

239 spectrum along time, while t1 and t2 correspond to the time constants for the DPPH 

240 decay of two different antioxidant processes, respectively.

241 2.10 Statistical analysis

242 All experiments were performed in triplicate and results were analyzed using 

243 IBM SPSS software. One-way ANOVA with Tukey test was applied for significance 

244 tests, and differences were considered significant if p < 0.05.

245 3. Results and discussion

246 3.1 Preparation of Fuc-CMCS and Fuc-CMCS@Cur hydrogel beads

247 As expected, individual biopolymer solutions (pure Fuc or CMCS) could not 

248 form hydrogel beads under our experimental condition. Interestingly, we observed that 

249 hydrogel beads were able to form by the mixture of Fuc and CMCS solutions under the 

250 acidic environment. In order to better compare the role of Cur on the properties of the 

251 hydrogel beads formed by Fuc and CMCS, we first optimized the volume ratio of the 

252 Fuc and CMCS mixture. To do so, the mixed solution of Fuc and CMCS with various 

253 volume ratios (3:1, 2:1, 1:1, 1:2, 1:3) was injected dropwise into a 0.1 M HCl solution 

254 to prepare hydrogel beads. As shown in Fig. 1a, the fabricated hydrogel beads displayed 

255 characteristic spherical morphology with uniform white color and were dependent on 

256 Fuc/CMCS volume ratios. Specifically, a concentration-dependent morphological 

257 alteration was observed with the increase of Fuc content, manifested by progressive 

258 opacity enhancement, measurable size reduction, and pronounced tailing formation, 

259 suggesting the gradual densification of the three-dimensional polymeric network 
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260 structure. Meanwhile, extreme mixing volume ratios (Fuc/CMCS  3:1 or  1:3) could 

261 not produce stable spherical architectures. This phenomenon stemmed from 

262 competitive hydrogen bonding interactions in Fuc/CMCS/water system where 

263 individual polysaccharide (Fuc or CMCS) preferentially engaged in hydration with 

264 water molecules rather than forming inter-polymer crosslinks, resulting in failure to 

265 form a three-dimensional network structure. Accordingly, a Fuc/CMCS volume ratio 

266 of 1:1 was selected to prepare the optimized control sample (Fuc-CMCS) as well as the 

267 Cur-encapsulated hydrogel beads (Fuc-CMCS@Cur) following the identical procedure 

268 as described in section 2.2 and illustrated in Fig. 1b. Regarding the appearance of Fuc-

269 CMCS@Cur, no other notable alterations were observed except the unmistakable 

270 yellow color of the hydrogel beads (Fig. 1b). The encapsulation efficiency (EE) and 

271 loading capacity (LC) of the hydrogel beads for Cur were determined to be 88.22% and 

272 3.45 mg g-1, respectively. The high EE value could be ascribed to the strong 

273 intermolecular hydrogen bonding interactions between Cur and the Fuc-CMCS 

274 polysaccharide network, which effectively trapped Cur molecules inside the hydrogel 

275 matrix during the acidic gelation process. Meanwhile, the considerable LC value 

276 indicated that the hydrogel beads exhibited favorable loading potential for hydrophobic 

277 Cur, wherein food-grade PEG400 promoted Cur uniform dispersion and facilitated its 

278 homogeneous integration into the hydrogel network.
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279

280 Fig. 1. (a) Digital photographs of the freshly prepared hydrogel beads with various 

281 volume ratios of Fuc/CMCS; and (b) schematic diagram for preparation and 

282 crosslinking mechanism of Fuc-CMCS@Cur hydrogel beads.

283

284 3.2 Characterization of Fuc-CMCS hydrogel beads and Fuc-CMCS@Cur 

285 hydrogel beads

286 3.2.1 Structural and physical properties

287 Given that FTIR can evaluate the interactions among different components within 

288 composite hydrogel beads, the FTIR spectra of Fuc, CMCS, Cur, Fuc-CMCS, and Fuc-

289 CMCS@Cur hydrogel beads were determined (Fig. 2a). The FTIR spectra of Fuc, 

290 CMCS, and Cur exhibited broad absorption peaks in the range of 3000-3600 cm-1, 

291 corresponding to the -OH stretching vibration. Additionally, a characteristic peak 

292 observed at approximately 2800 cm−1 was assigned to C-H stretching vibrations.21 For 

293 Fuc, the absorption peak at 1616 cm-1 was associated with the presence of 2-O-acetyl 

294 groups in the structure. A broad band in the range of 1222-1260 cm-1 corresponded to 
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295 the stretching vibration of S=O, and the absorption peak at 838 cm-1 was related to the 

296 stretching vibration of C-O-S.22 For CMCS, a broad absorption peak at 3000-3600 cm-

297 1 was also assigned to stretching vibrations of N-H. The characteristic peaks at 1582 

298 and 1409 cm-1 originated from the asymmetric and symmetric stretching vibrations of 

299 -COO-.23 By contrast, the spectra of Fuc-CMCS and Fuc-CMCS@Cur hydrogel beads 

300 showed several significant alterations. A new peak appeared at 1211 cm-1 potentially 

301 attributed to the protonation of -NH2 groups within the CMCS chain.24 Moreover, the 

302 newly observed characteristic peak at 1731 cm-1 (Fig. 2b) corresponded to the 

303 protonated carboxyl groups (-COOH) in CMCS.25 These protonated functional groups 

304 could readily form intermolecular hydrogen bonding interactions with the -OH groups 

305 present in both Fuc and Cur. The characteristic absorption peak at 838 cm-1, assigned 

306 to the C-O-S stretching vibration of sulfate groups in Fuc, exhibited a noticeable shift 

307 to 836 cm-1 after hydrogel bead formation (Fig. 2b).26, 27 According to previous reports, 

308 this shift was typically induced by hydrogen bond formation between sulfate groups in 

309 Fuc and hydroxyl groups in CMCS and Cur.10 Furthermore, the broad absorption band 

310 associated with -OH stretching was shifted from 3378 cm-1 in Fuc-CMCS to 3375 cm-

311 1 in Fuc-CMCS@Cur. This change further confirmed the formation of hydrogen 

312 bonding interactions between Cur and the Fuc-CMCS polysaccharide network,28 

313 collectively demonstrating that Cur was successfully encapsulated within the hydrogel 

314 beads. The significant overlap between the main absorption bands of Cur and those of 

315 polysaccharides, coupled with the low content of Cur, likely accounted for the minimal 

316 alterations observed in the FTIR after Cur encapsulation.29
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317

318 Fig. 2. (a) Raw and (b) enlarged FTIR spectra, (c) XRD patterns, and (d) TGA 

319 thermograms of Fuc, CMCS, Cur, Fuc-CMCS hydrogel beads and Fuc-CMCS@Cur 

320 hydrogel beads.

321

322 XRD was employed to investigate the crystal or amorphous structural changes of 

323 the hydrogel beads matrix and Cur (Fig. 2c). The characteristic broad diffraction peaks 

324 of Fuc and CMCS were found at 2θ = 22.8° and 20.2°, respectively, indicating their 

325 amorphous state. The XRD diffraction patterns of Fuc-CMCS and Fuc-CMCS@Cur 

326 hydrogel beads exhibited even broader and weaker peaks in the same angular region. 

327 This transformation primarily resulted from competitive hydrogen bonding interactions 

328 between Fuc and CMCS, specifically disrupting the formation of individual hydrogen 

329 bonds and altering the crystalline region of polysaccharides.30 Notably, free Cur 

330 manifested a distinguishable crystalline structure. However, for Fuc-CMCS@Cur 

331 hydrogel beads, the characteristic diffraction peaks of free Cur disappeared entirely, 
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332 which was probably attributed to the intermolecular interactions that took place 

333 between Cur and polysaccharide matrix during the encapsulation procedure. Such 

334 interactions led to the obscuration or alteration of the molecular arrangement of Cur 

335 upon encapsulation. Consequently, there was a transition of Cur from a crystalline state 

336 to an amorphous state.31

337 The thermal properties of Cur, polysaccharides, and the formed hydrogel beads 

338 were assessed using TGA (Fig. 2d). In the case of pure Fuc and CMCS, the first stage 

339 degradation occurred within a temperature range of approximately 30-220 °C, which 

340 was mainly caused by the diffusion loss of free water and bound water within Fuc and 

341 CMCS, accompanied by the partial cleavage of glycosidic bonds.32 The second stage 

342 corresponded to a temperature range of 220-340 °C, and was predominantly 

343 characterized by the cleavage of glycosidic bonds presented within the structural units 

344 of Fuc and CMCS. Moreover, during this particular stage, adjacent hydroxyl groups 

345 were eliminated in the form of water molecules, and eventually, the intermediate 

346 products experienced carbonization and decomposition. Conversely, the thermal 

347 decomposition patterns of the hydrogel beads exhibited markedly distinct 

348 characteristics compared to the individual components. The initial degradation of the 

349 hydrogel beads was primarily caused by the loss of free water and bound water within 

350 the temperature range of 30-190 °C. At 190 °C, Fuc-CMCS exhibited 15.87% weight 

351 loss when compared to 8.90% for Fuc-CMCS@Cur, indicating that the latter contained 

352 less water. This phenomenon was likely due to the addition of Cur, which weakened 

353 the interaction between the polysaccharide matrix and water, thereby reducing available 
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354 sites for water coordination. Subsequently, the notable weight loss in the temperature 

355 range of 190-350 °C could be ascribed to the disruption of polysaccharide 

356 intramolecular and intermolecular interactions, caused by the depolymerization of 

357 molecular rings along with the cleavage of saccharide rings and glycosidic bonds.32 The 

358 weight loss of Fuc-CMCS@Cur hydrogel beads at 350-430 °C was probably due to the 

359 decomposition of Cur, as evidenced by the curve of free Cur. Finally, the hydrogel 

360 beads’ matrix underwent gradual thermal decomposition at a higher temperature of 430-

361 600 °C.33

362 3.2.2 Morphology and microstructure

363 The surface and cross-sectional morphologies, as well as microstructures of 

364 lyophilized Fuc-CMCS and Fuc-CMCS@Cur hydrogel beads were characterized by 

365 SEM (Fig. 3). The surface of the hydrogel beads displayed folding patterns and 

366 depressions, which could be attributed to the dehydration shrinkage of the hydrogel 

367 networks during the freeze-drying process (Fig. 3a & d).34, 35 For the microstructure of 

368 Fuc-CMCS hydrogel beads, it exhibited minimal wrinkles and folds on the surface. 

369 This indicated that polysaccharide-only composition restricted the mobility of water 

370 within the hydrogel beads, thereby promoting the formation of a smaller and more 

371 compact network structure (Fig. 3a).36 Upon the incorporation of Cur, the hydrogel bead 

372 structure became larger and more wrinkled (Fig. 3d), which was probably attributed to 

373 the competitive replacement of Cur with water molecules within the polysaccharide 

374 matrix, forming stable hydrogen bonds with the polymer chains. This molecular 

375 interaction diminished the water-holding capacity of hydrogel beads, making the water 
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376 molecules more susceptible to being squeezed out by external forces, thereby yielding 

377 a characteristically coarser microstructure. Furthermore, magnification images revealed 

378 that all the hydrogel beads exhibited dense surface structures without any clearly visible 

379 micropores and particles (Fig. 3b & e). This suggested that the Cur molecules dispersed 

380 well in the hydrogel matrix which could provide superior protective effects.35 The 

381 cross-sectional images showed that both Fuc-CMCS and Fuc-CMCS@Cur hydrogel 

382 beads featured a characteristic honeycomb-like network structure (Fig. 3c & f). 

383 Nevertheless, a more densely packed pore arrangement within the hydrogel network 

384 was observed with the incorporation of Cur. This disparity could be ascribed to the 

385 robust hydrogen bonding interactions established between Cur and Fuc-CMCS matrix. 

386 These enhanced interactions promoted the development of a more tightly knit and 

387 compact hydrogel network.37

388
389 Fig. 3. SEM images of the surface and cross-section of the Fuc-CMCS hydrogel beads 

390 and Fuc-CMCS@Cur hydrogel beads.

391 3.3 The thermal and UV stabilities of Cur encapsulated in Fuc-CMCS@Cur 

392 hydrogel beads

393 Considering the well-documented thermal and photochemical instability of Cur, 
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394 the stability of Cur within the composite hydrogel beads when exposed to thermal 

395 conditions (4, 20, 37, 60, and 80 °C) and UV irradiation (λ = 365 nm) was examined 

396 by closely observing the degradation behaviors of both free and encapsulated Cur. 

397 According to Fig. 4a, both free and encapsulated Cur exhibited comparable retention 

398 rates without notable influence under mild temperature conditions (4, 20, and 37 °C). 

399 In contrast, upon elevating temperatures (60 and 80 °C), hydrogel beads displayed a 

400 striking protective advantage in 1 h of storage. We further prolonged the thermal 

401 treatment duration to 3 h at 80 °C to evaluate the long‑term stability of Cur (Fig. 4b). 

402 Free Cur underwent rapid and severe thermal degradation under such conditions, with 

403 only approximately 50% of the initial content retained after 3 h of incubation. In sharp 

404 comparison, Cur encapsulated within the Fuc‑CMCS@Cur hydrogel beads remained at 

405 a significantly higher retention level throughout the high‑temperature storage. These 

406 results clearly validated that the hydrogel beads matrix exerted outstanding protective 

407 effects against thermal decomposition of Cur. The improved thermal stability was 

408 mainly attributed to the robust physical barrier provided by the polysaccharide network, 

409 which effectively isolated Cur from heat‑induced degradation. Regarding UV stability 

410 (Fig. 4c), free Cur retained only 43.14% of its initial content after 3 h of continuous 

411 exposure to 365 nm UV light, indicating severe photodegradation. In contrast, Cur 

412 encapsulated in Fuc‑CMCS@Cur hydrogel beads exhibited a markedly higher retention 

413 rate of up to 84.11%, demonstrating the excellent UV‑shielding performance of the 

414 hydrogel system. Collectively, these findings confirmed that encapsulation within the 

415 Fuc‑CMCS hydrogel beads could significantly enhance both the thermal stability and 
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416 UV resistance of Cur, thereby overcoming its inherent instability against harsh 

417 environmental stresses.

418

419 Fig. 4. Cur retention rate of Fuc-CMCS hydrogel beads and Fuc-CMCS@Cur hydrogel 

420 beads (a) at different temperatures (4, 20, 37, 60, 80 °C) for 1 h in the dark, (b) at 80 °C 

421 for 3 h in the dark, and (c) under 365 nm UV irradiation for 3 h (different letters in the 

422 figure represent significant differences at p < 0.05).

423

424 3.4 The pH-sensitivity swelling and release behavior of Fuc-CMCS and Fuc-

425 CMCS@Cur hydrogel beads

426 The equilibrium water content (EWC) and swelling behavior of hydrogels are of 

427 great significance in determining the quality of their applications. These properties 

428 depend on the interactions and microstructures of the hydrogel networks, which can be 

429 used to indicate their physical or chemical crosslinking degrees in suitable solvents.18, 

430 38 As shown in Fig. 5a, Fuc-CMCS hydrogel beads exhibited a higher EWC compared 

431 with those encapsulated with Cur, which could be attributed to the ability of Cur to 

432 interact with the polysaccharide matrix via hydrogen bonds. Acting as a physical 

433 crosslinking agent, Cur enhanced the crosslinking degree, thereby decreasing the EWC 

434 through competitive molecular interactions. This finding was in accordance with the 

435 TGA and SEM results analyzed above.
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436 The swelling behavior of hydrogel beads under varying pH served as a 

437 fundamental assessment of their swelling degree and size change. The freeze-dried 

438 hydrogel beads were immersed in medium solutions with different pH values (2.0, 4.0, 

439 6.0, and 7.4) for 4 h to achieve their equilibrium swelling. As shown in Fig. 5b, the 

440 swelling degrees of Fuc-CMCS hydrogel beads were higher than those of Fuc-

441 CMCS@Cur hydrogel beads across all pH values. In the absence of Cur, a higher 

442 swelling degree and water absorption capacity was observed for Fuc-CMCS hydrogel 

443 beads. This could be attributed to its relatively loose networks and the insufficient 

444 crosslinking density, consistent with the above discussion.39 Conversely, upon the 

445 addition of Cur, Cur elevated the crosslinking density of hydrogel beads by establishing 

446 hydrogen bonds with polysaccharides, which restricted the expansion space of the 

447 network structure and consequently decreased the swelling degree. This conclusion was 

448 further corroborated by the size change rates of the hydrogel beads presented in Fig. 5c 

449 & d. Specifically, across all pH values, the main size change rates of the Fuc-CMCS 

450 hydrogel beads were consistently higher than those of the Fuc-CMCS@Cur hydrogel 

451 beads. Notably, both Fuc-CMCS and Fuc-CMCS@Cur hydrogel beads demonstrated 

452 distinct swelling behaviors as the pH value changed, which revealed the pH-responsive 

453 characteristics of these hydrogel beads. The swelling degrees of these hydrogel beads 

454 at pH 2.0 and 4.0 were markedly lower compared to those at pH 6.0. Interestingly, when 

455 the pH reached 7.4, both hydrogel beads dissolved entirely, making it unfeasible to 

456 measure and compare their swelling degrees (Fig. 5d). In an environment with a 

457 relatively high concentration of H+ ions (pH 2.0 and 4.0), the abundance of H+ ions 
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458 prompted the protonation of sulfate groups in Fuc and carboxyl groups in CMCS. The 

459 protonated groups effectively suppressed electrostatic repulsion while promoting 

460 intermolecular hydrogen bonding, causing the matrix to become more compact with no 

461 significant swelling. In contrast, in a weak acidic environment (pH 6.0), progressive 

462 deprotonation of these functional groups amplified electrostatic repulsion, thereby 

463 facilitating network expansion. Subsequently, this expansion enabled greater fluid 

464 absorption by the hydrogel beads, manifesting as heightened swelling with larger and 

465 more transparent shapes.32, 36 While in an alkaline environment (pH 7.4), the gradual 

466 deprotonation of amino groups in CMCS intensified electrostatic repulsion of sulfate 

467 groups and carboxyl groups, ultimately leading to the disintegration of hydrogel beads. 

468 The obtained results revealed that the hydrogel beads exhibited remarkable pH-

469 sensitivity, making them suitable for application in pH-responsive delivery systems.

470

471 Fig. 5. (a) Equilibrium water content, (b) swelling degree, (c) size and mean size change 

472 rate, and (d) appearance of Fuc-CMCS hydrogel beads and Fuc-CMCS@Cur hydrogel 

473 beads under different pH conditions (different letters in the figure represent significant 

474 differences at p < 0.05).
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475 To further demonstrate the outstanding pH-sensitivity of the hydrogel beads, the 

476 pH-dependent release profile of Cur from the hydrogel beads in medium solutions with 

477 different pH values (2.0, 4.0, 6.0, and 7.4) for 4 h was investigated and illustrated in 

478 Fig. 6a. As anticipated, Cur exhibited varying release behaviors in different pH 

479 environments. Specifically, the cumulative release amounts of Cur were only 23.84% 

480 and 22.37%, respectively, after incubating in the solution media at pH 2.0 and 4.0 for 

481 4 h. Under pH 6.0, the cumulative release amount increased to 39.56% after incubation. 

482 This increment could be explained by the significant swelling of hydrogel beads which 

483 enabled Cur to be released relatively quickly from the expandable pores of the hydrogel 

484 beads. When increasing the pH to 7.4, Cur demonstrated a rapid release behavior and 

485 reached 100% release within one hour, due to the disintegration of the hydrogel beads. 

486 The above analysis firmly confirmed that the hydrogel beads developed in this study 

487 possessed remarkable pH-sensitivity, allowing them to effectively prevent the 

488 premature release of the encapsulated Cur in an acidic environment (such as the 

489 stomach) and to facilitate a sustained release in a neutral or weakly alkaline 

490 environment (such as the intestinal tract).
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491

492 Fig. 6. (a) Cumulative release amount of Cur from Fuc-CMCS@Cur hydrogel beads 

493 under different pH conditions; FTIR spectra of (b) Fuc-CMCS hydrogel beads and (c) 

494 Fuc-CMCS@Cur hydrogel beads under different pH conditions; and (d) schematic 

495 illustrations of the interactions between Fuc and CMCS under different pH conditions.

496

497 To investigate the pH-sensitive mechanism of hydrogel beads, the FTIR spectra 

498 of Fuc-CMCS and Fuc-CMCS@Cur hydrogel beads after the storage under various pH 

499 conditions for 4 h were carried out and as displayed in Fig. 6b & c. The relatively low 

500 content of Cur might account for the lack of significant changes in the FTIR spectra 

501 after encapsulation.30 Additionally, a schematic diagram was included in Fig. 6d to 

502 provide a visual representation of the pH-sensitivity mechanism of the hydrogel 

503 networks. At pH 2.0, the characteristic peak observed at 1731 cm-1 was assigned to the 

504 protonated carboxyl groups (-COOH) in CMCS, consistent with its pKa value of 2.7.12 

505 Meanwhile, the peak at 838 cm-1 corresponded to the C-O-S stretching vibration of 

506 protonated sulfate groups (-OSO3H) in Fuc, whose pKa ranges from 1.0 to 2.5.10 Both 
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507 protonated functional groups could form strong intermolecular hydrogen bonds with 

508 hydroxyl moieties present in the polysaccharide chains and Cur molecules. In addition, 

509 a distinct peak at 1211 cm-1 appeared under acidic conditions (pH < 6.5), which was 

510 attributed to the protonation of -NH2 to -NH3
+ in CMCS.12, 24 Simultaneously, the peak 

511 at 1620 cm-1 was ascribed to the asymmetric stretching of unprotonated carboxylate 

512 groups (-COO-), which only accounted for a small fraction at this low pH. At this pH, 

513 hydrogen bonding thus acted as the dominant intermolecular force that stabilized the 

514 hydrogel bead network. At pH 4.0, the spectral features showed no significant 

515 differences from those at pH 2.0, except for the shift of the peak from 838 to 849 cm-1 

516 (or from 846 to 847 cm-1). This probably indicated the deprotonation of sulfate groups 

517 (-OSO3
-) in Fuc due to its low pKa. As a result, it might enable electrostatic attraction 

518 with -NH3
+ in CMCS. Meanwhile, gradually deprotonated carboxyl groups could also 

519 generate such interaction with -NH3
+. Here, the main forces acting on the hydrogel 

520 beads comprised hydrogen bonding and electrostatic attraction. At pH 6.0, the 

521 disappearance of the peak at 1731 cm-1 and the emergence of a broad peak at 1620 cm-

522 1 confirmed complete deprotonation of carboxyl groups. At this pH value, the dominant 

523 force within the hydrogel beads shifted to electrostatic repulsion between -OSO3
- and -

524 COO-, leading to significant swelling of hydrogel beads and correspondingly Cur 

525 release. Notably, the hydrogel beads demonstrated remarkable structural integrity 

526 without disintegration, primarily due to synergistic stabilization through hydrogen 

527 bonding and electrostatic interactions between -NH3
+ and both -COO- and -OSO3

- 

528 groups. At pH 7.4, the peak at 1211 cm-1 (representing -NH3
+) completely disappeared, 
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529 indicating full deprotonation of amino groups. This change intensified electrostatic 

530 repulsion between negatively charged -COO- (from CMCS) and -OSO3
- (from Fuc), 

531 which disrupted the original network structure and ultimately led to the disintegration 

532 of the hydrogel beads. Moreover, the broad peak underwent shifts from 3378 to 3204 

533 cm-1 (or from 3388 to 3254 cm-1) at pH 7.4, respectively. These shifts differed from 

534 those of the pure components (Fig. 2a), suggesting that the hydrogel beads’ components 

535 still maintained non-covalent interactions such as hydrogen bonds.10, 34

536 3.5 Cur release and antioxidant activity

537 3.5.1 The release of Fuc-CMCS@Cur hydrogel beads in vitro simulated 

538 gastrointestinal environment

539 The release profile of encapsulated Cur and retention rate of free Cur in simulated 

540 gastrointestinal fluids were checked and illustrated in Fig. 7a & b. After incubation in 

541 SGF (pH 2.0) for 2 h, the Fuc-CMCS@Cur hydrogel beads effectively retained the 

542 encapsulated Cur, and the cumulative release amount of Cur was less than 20%. This 

543 phenomenon could be ascribed to its diminished swelling capacity under acidic 

544 conditions. In contrast, the amount of Cur released from the hydrogel beads in SIF (pH 

545 7.0) increased dramatically compared to that in SGF, with approximately 100% of Cur 

546 being released within 4 h. The significantly enhanced Cur release kinetics observed in 

547 SIF could be mechanistically attributed to the pH-responsive nature and corresponding 

548 swelling behavior of the hydrogel matrix at higher pH. Notably, free Cur is highly 

549 susceptible to degradation within the human gastrointestinal tract. The controlled 

550 release behavior of Cur from the hydrogel beads effectively avoided premature 
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551 degradation, thereby greatly improving its bioavailability and functional efficacy.40 As 

552 depicted in Fig. 7b, free Cur experienced degradation in both SGF and SIF over a 6 h 

553 period, with only 41.77% of the initial amount remaining. These findings demonstrated 

554 that the Fuc-CMCS@Cur hydrogel beads not only display pH-sensitive release 

555 characteristics but also protect Cur against enzymatic degradation through a 

556 polysaccharide matrix shield. Consequently, the encapsulated Cur achieved an almost 

557 100% release amount, ensuring excellent active retention and delivery efficiency. These 

558 features were also clearly demonstrated by the insets in Fig. 7a & b, which vividly 

559 showed the release status of free and encapsulated Cur under different medium 

560 conditions at various time points.

561

562 Fig. 7. (a) Cumulative release amount of Cur from Fuc-CMCS@Cur hydrogel beads in 

563 simulated digestion fluids (SGF + SIF); and (b) Cur retention rate of free Cur in 

564 simulated digestion fluids (SGF + SIF). Insets show the release or retention status of 

565 Cur at different stages (1 represents the initial state before treatment, 2 represents the 

566 state after completing digestion in SGF, and 3 represents the state after completing 

567 digestion in SIF).

568

569 3.5.2 The antioxidant activity of Fuc-CMCS@Cur during digestion
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570 Although Cur exhibits strong antioxidant properties, free Cur is highly 

571 susceptible to degradation within the human gastrointestinal environment, which 

572 significantly undermines its antioxidant activity.40 Herein, EPR spectroscopy was 

573 employed to directly quantify in situ radical content in DPPH upon contact with Fuc-

574 CMCS@Cur hydrogel beads as a function of time.41, 42 A typical set of time-resolved 

575 EPR spectra of DPPH with Fuc-CMCS@Cur hydrogel beads after digestion in PBS 

576 (pH 7.4), SGF, and SIF were shown in Fig. 8a-c, respectively. At 0 min, all typical 

577 DPPH EPR spectra were observed, with their intensity decreasing over time until the 

578 end of the 30 min test. The integrated area of the EPR spectrum, which was proportional 

579 to the radical density,20 was plotted as a function of time (Fig. 8d). Fuc-CMCS@Cur 

580 hydrogel beads without gastrointestinal digestion (incubated in PBS) showed a fast 

581 decline in DPPH EPR signals over time, with the signal reaching a steady state within 

582 approximately 10 min. This rapid radical‑scavenging behavior was consistent with the 

583 well‑recognized strong antioxidant activity of Cur. After digestion in SGF (2 h), the 

584 decay rate of the DPPH EPR signal slowed down noticeably. However, the overall 

585 percentage of EPR signal reduction within 30 min was only slightly affected, suggesting 

586 that the hydrogel matrix effectively shielded Cur from gastric stress and prevented 

587 substantial degradation. Following digestion in SIF (4 h), both the decay rate and the 

588 final intensity of the DPPH EPR signal were comparable to those of the undigested 

589 control in PBS, further confirming that Cur retained excellent antioxidant activity after 

590 intestinal digestion. Taken together, these results verified that Fuc-CMCS@Cur 

591 hydrogel beads preserved more than 90% of the antioxidant activity of Cur relative to 
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592 the undigested control (Table 1). The remarkable protective effect was attributed to the 

593 physical barrier formed by the polysaccharide network, which effectively insulated Cur 

594 from harsh digestive enzymes, acidic environments, and oxidative stress during 

595 gastrointestinal transit.

596

597 Fig. 8. EPR spectra of DPPH with Fuc-CMCS@Cur hydrogel beads after digestion in 

598 (a) PBS, (b) SGF, and (c) SIF, respectively; (d) time dependence of EPR signal 

599 reduction of DPPH with Fuc-CMCS@Cur hydrogel beads after digestion in PBS, SGF 

600 or SIF; (e) UV-vis spectra of the Fuc, CMCS, Cur, physical mixed solution of Fuc, 

601 CMCS and Cur, and disassembled solution of Fuc-CMCS@Cur; (f) FTIR spectra of 

602 the physical mixed solution of Fuc and CMCS, the physical mixed solution of Fuc, 

603 CMCS and Cur, and the disassembled solution of Fuc-CMCS@Cur.

604

605 Subsequently, the decay of the DPPH EPR signal over incubation time was fitted 

606 in an attempt to obtain quantitative results. The fitting parameters were presented in 

607 Table 1. The single exponential decay function was the best fit for the behavior of Fuc-

608 CMCS@Cur treated in PBS and SIF, whereas the biexponential decay function was a 
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609 more accurate model for the response of Fuc-CMCS@Cur treated in SGF. This 

610 discrepancy suggested distinct mechanisms or processes for DPPH radical quenching. 

611 Complete release of Cur from Fuc‑CMCS@Cur hydrogel beads was achieved in PBS 

612 or SIF, leading to homogeneous dispersion throughout the solution. All Cur was in a 

613 uniform chemical environment, ensuring equivalent accessibility to DPPH free radicals, 

614 thus exhibiting single exponential decay with no significant change in the primary time 

615 constant (designated as τ1). In stark contrast, SGF treatment led to partial release 

616 characteristics, where only a minor fraction of Cur became freely dispersed in solution 

617 while the majority remained entrapped within the intact hydrogel matrix. This spatial 

618 confinement of hydrogel beads for incorporated Cur created differential accessibility 

619 for DPPH radicals and correspondingly distinct interaction kinetics between the free 

620 and encapsulated Cur fractions, ultimately manifesting as double exponential decay. 

621 The secondary time constant (designated as τ2) exhibited a marked prolongation 

622 compared to τ1, attributable to the extended diffusion period required for DPPH radicals 

623 to permeate the dense polysaccharide-based hydrogel matrix prior to accessing 

624 encapsulated Cur molecules. Interestingly, the τ₁ value of Fuc-CMCS@Cur treated in 

625 SGF was significantly shorter than those in PBS and SIF. This phenomenon probably 

626 arose from the fact that Cur released in PBS or SIF continued to interact with the 

627 disassembled polysaccharide matrix of hydrogel beads, thereby impeding contact 

628 between DPPH free radicals and Cur. Conversely, the hydrogel beads maintained 

629 structural integrity in SGF, allowing the released Cur to remain freely dispersed in the 

630 solution, which facilitated immediate interaction with DPPH free radicals.
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631 Table 1. Exponential fitting kinetic parameters of Fuc-CMCS@Cur hydrogel beads 

632 after digestion in various conditions determined by the EPR method.

Treatmen
t

EPR 
signal 

reduction 
(%)

Maintained 
antioxidant 

capacity 
(%)

τ1 
(min)

relative 
amplitude 

(%)

τ2 
(min)

relative 
amplitude 

(%)

R2 
(%)

in PBS 71.39 100 2.65 100 0 0 99.73

in SGF 2 h 66.55 93.22 0.029 43.31 42.42 56.69 99.37

in SIF 4 h 68.09 95.38 2.75 100 0 0 99.92

633 Furthermore, to verify the above analysis, UV-vis and FTIR spectroscopy were 

634 employed to characterize the interaction between Cur and the disassembled hydrogel 

635 bead polysaccharide matrix. As attested in Fig. 8e, the UV-vis absorption of Cur in the 

636 disassembled solution of Fuc-CMCS@Cur hydrogel beads exhibited a red shift 

637 compared to free Cur. This finding confirmed the interaction between Cur and the 

638 polysaccharide matrix in solution, which was consistent with the physical mixed 

639 solution of Fuc, CMCS, and Cur (after excluding the UV-vis absorption interference of 

640 Fuc and CMCS). Meanwhile, as shown in the FTIR spectra of Fig. 8f, the broad peak 

641 that associated with the -OH stretching vibration in the physical mixed solution of Fuc 

642 and CMCS shifted from 3378 to 3337 cm-1, and the peak corresponding to C-O 

643 stretching vibration shifted from 1031 to 1059 cm-1 upon the addition of Cur, as well 

644 as in the disassembled solution of Fuc-CMCS@Cur hydrogel beads. These shifts were 

645 attributed to hydrogen bonding interactions between Cur and polysaccharide matrix.43 

646 The findings confirmed the interaction between Cur and polysaccharide of the 

647 disassembled hydrogel beads, indicating that the polysaccharide matrix could protect 

648 Cur in the gastrointestinal environment to some extent even after the hydrogel beads 

Page 34 of 43Sustainable 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
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
7/

20
26

 6
:3

9:
14

 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/D6FB00033A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6fb00033a


34

649 had disassembled in the intestine, thus ensuring sustained bioavailability.

650 4. Conclusions

651 This study successfully fabricated pH-responsive polysaccharide hydrogel beads 

652 via physical crosslinking driven by hydrogen bonding between Fuc and CMCS, which 

653 constructed a stable three-dimensional network for Cur encapsulation. Cur served as 

654 both a bioactive agent and an additional crosslinker, enhancing the network 

655 crosslinking density and structural stability of the hydrogel. The hydrogel beads 

656 markedly improved the thermal stability and UV resistance of Cur, and exhibited 

657 favorable pH-responsive swelling and controlled release behavior. In simulated gastric 

658 fluid, the hydrogel beads maintained a compact structure with low Cur release, whereas 

659 nearly complete release was achieved in simulated intestinal fluid. Additionally, after 

660 in vitro simulated gastrointestinal digestion, the encapsulated Cur retained over 90% of 

661 its antioxidant activity, confirming the superior protective performance of the hydrogel 

662 beads. This green, food-grade delivery system provides an efficient and sustainable 

663 strategy for encapsulation and targeted delivery of labile polyphenolic compounds, 

664 addressing critical challenges in their stabilization and controlled release for 

665 nutraceutical and supplement applications.

666
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