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Abstract  20 

During the last years, the construction of binary particles has gained a growing 21 

attention for their use for the co-delivery of hydrophilic and hydrophobic bioactive 22 

compounds. The objective of this work was to assess the effectiveness of a L-ascorbate 23 

loaded chitosan coating on co-delivered curcumin in the caseinate core, by evaluating 24 

their interactions, protective effect as well as release behavior during in vitro simulated 25 

digestion. Caseinate-chitosan particles were fabricated by a combined facile pH 26 

conversion and ionic gelation method. Circular dichroism and infrared spectroscopy 27 

indicated that structural changes of caseinate were inhibited after coating with chitosan, 28 

and their interactions included hydrogen bonding and electrostatic interaction: 29 

electrostatic interaction occurred between L-ascorbate and chitosan, while hydrogen 30 

bonding primarily occurred between curcumin and caseinate. The particles could 31 

efficiently co-encapsulate around 47.6% L-ascorbate and 96.2% curcumin and 32 

exhibited a regulated release behavior in vitro, most of which were released in the 33 

intestine. The L-ascorbate-loaded chitosan coating greatly improved the storage and 34 

irradiation stability of curcumin. The ABTS+ scavenging ability of the co-delivered 35 

system was significantly improved as compared to the two separate systems and 36 

basically unchanged during irradiation. These results can be used as helpful guide for 37 

future research to optimize bilayer particles for the co-delivery of multiple compounds 38 

with a beneficial health activity.  39 

Keywords: binary particle; L-ascorbate; curcumin; co-delivery; stability; regulated 40 

release  41 
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1. Introduction  42 

Biopolymer-based edible carriers have been designed to overcome the challenge 43 

of bioactive compounds with chemical instability and low solubility by maximizing 44 

their function in commercial products. The pH-driven method is generally recognized 45 

as safe and utilizes the pH-dependent deprotonation-protonation of polyphenols and the 46 

unfolding-refolding properties of proteins [1]. As the major milk protein, caseinate has 47 

unique properties such as self-assembly properties and excellent gelation. It is thus an 48 

ideal candidate for food applications. However, caseinate is readily oxidized, which in 49 

turn accelerates the degradation of loaded polyphenols [2]. Furthermore, its instability 50 

in the gastrointestinal environment, as well as the low capture capacity for hydrophilic 51 

compounds pose significant challenges in fabricating stable delivery systems [3]. 52 

Accordingly, it is of major interest to fabricate biopolymer carriers with good colloid-53 

chemical stability that can protect bioactive compounds from harsh conditions and 54 

control their release in a targeted manner. 55 

Among the various modifications of caseinate-based carriers, the combination 56 

with polysaccharides has received considerable interest in polymer science. 57 

Advantageous structural features and better physicochemical properties can be attained 58 

in binary complexes than in either biopolymer [4]. Chitosan is a cationic polysaccharide 59 

composed of N-acetyl glucosamine and d-glucosamine units and can interact with other 60 

species owing to the presence of amino and hydroxyl groups along their chain. 61 

Chitosan-based carriers were reportedly used to capture bovine serum albumin and to 62 

improve its stability in a gastric environment [5]. In addition, tripolyphosphate (TPP) 63 



 

4 

 

as a cross-linking agent with pentavalent anions can ionically crosslink amine groups 64 

of chitosan to form nano-complexes, which have the capacity to entrap hydrophilic L-65 

ascorbate [6]. With the promising findings on synergistic activity between hydrophilic 66 

and hydrophobic bioactive compounds, the focus on protein-polysaccharide particles 67 

has recently shifted to explore their potential in the application of co-delivery and the 68 

interactions between them [7]. 69 

Curcumin is the major polyphenol isolated from the rhizome of turmeric. Beyond 70 

being used as a spice and color-agent in the food industry, its consumption has been 71 

linked to the prevention and treatment of cancer, cardiovascular diseases, diabetes and 72 

other diseases thanks to its multiple bioactivities [8]. Meanwhile, antioxidants with 73 

lower hydrogen dissociation energy than curcumin appear to be effective co-factors to 74 

suppress the formation of phenolic radicals of curcumin [9, 10]. It was reported that the 75 

combination with ascorbic acid improved the antioxidant activity of curcumin as well 76 

as reduced the minimum inhibitory concentrations (MIC) against Candida strains [9]. 77 

Additionally, the co-intake of curcumin and ascorbic acid prevented ionizing radiation-78 

induced cellular DNA damage in peripheral blood leukocytes [11]. These observations 79 

arouse the growing interest in the development of co-delivery systems of curcumin and 80 

ascorbic acid.  81 

However, designing co-delivery carriers for curcumin and L-ascorbate remains 82 

quite challenging. Curcumin is hydrophobic with a LogP of about 4.16 [a], whereas L-83 

ascorbate (L-SA) is the sodium salt of hydrophilic ascorbic acid, whose LogP is about 84 

-1.9 [b]. In this study, binary particles of caseinate and chitosan were constructed by 85 
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combining the pH conversion and ionic gelation methods. Curcumin was located in the 86 

caseinate and stabilized by a L-ascorbate-loaded polysaccharide coating. The binary 87 

particles were characterized by dynamic light scattering and atomic force microscopy, 88 

and the interactions between them were verified by infrared spectroscopy and circular 89 

dichroism. Moreover, the encapsulation, chemical stability and in vitro release behavior 90 

of curcumin and L-ascorbate were analyzed. The obtained results contribute to the 91 

design of co-delivery systems and to the exploration of their potential application in 92 

multi-functional foods. 93 

2. Materials and methods 94 

2.1. Materials  95 

Sodium caseinate (SC), chitosan (with a deacetylation degree of about 75-85%), 96 

glacial acetic acid and sodium tripolyphosphate (TPP) were purchased from Sigma-97 

Aldrich Co. (St. Louis, MO). Curcumin and 2,2’-azino-bis-3-ethylbenzthiazoline-6-98 

sulphonic acid (ABTS) were provided by ChenGuang Biotech Group Co., Ltd. 99 

(Handan, China) and Aladdin Bio-Chem Technology Co. Ltd. (Shanghai, China), 100 

respectively. Sodium L-ascorbate (L-SA, purity≥98%) and other agents of analytical 101 

grade were purchased from SinoPharm CNCM Ltd. (Shanghai, China).  102 

2.2. Preparation of L-ascorbate-loaded chitosan coating 103 

L-ascorbate-loaded chitosan was induced by TPP according to a previously 104 

described method with slight modifications [12]. Firstly, the chitosan solution (0.6%, 105 

w/v) was hydrated in 1% (w/v) acetic acid solution, and then filtered through a 0.45 μm 106 
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syringe filter. L-ascorbate stock solution (600 μg/mL) and TPP solutions were 107 

sequentially added into the chitosan stock solution and stirred at 750 rpm for 2 h. The 108 

final weight ratio of chitosan to TPP was 4:1. Blank samples were prepared by replacing 109 

the L-ascorbate stock solution with the same volume of ultrapure water. 110 

2.3. Preparation of chitosan-stabilized caseinate particles  111 

Caseinate (0.2%, w/v) was dispersed in ultrapure water and kept overnight to 112 

ensure complete hydration. Curcumin power was added into the caseinate solution,  113 

adjusted to pH 12.0 and stirred for 1 h. Exactly 5 mL of chitosan stock solution without 114 

or with L-ascorbate was equally added into the caseinate solutions and held for 30 min 115 

under agitation. The pH of the mixed system was adjusted to 5.0 with either 0.1M HCl 116 

or NaOH. The final concentrations of chitosan and caseinate were both 0.1%, whereas 117 

that of L-ascorbate and curcumin were both 100 μg/mL.  118 

2.4. Determination of particle size and ζ-potential 119 

The particles were analysed at 25 °C on a NanoBrooker Omni Particle Size 120 

Analyzer (Brookhaven Instruments Ltd, New York, NY) with a He/Ne laser (λ=633 nm) 121 

and a scattering angle of 173°. The particle size was analyzed using a NNLS model, 122 

whereas theζ-potential was calculated by the Smoluchowski equation based on phase 123 

analysis light-scattering (PALS) measurements. 124 

2.5. Atomic force microscope (AFM) 125 

Samples were diluted 20 times, dropped onto a freshly-cleaved mica surface and 126 

dried at room temperature for 12 h. The morphology was analyzed with a 127 
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Dimension fastscan AFM (Bruker Corporation, Billerica, MA) using the Tapping Mode.  128 

2.6. Quantitation of L-ascorbate and curcumin 129 

L-ascorbate was determined according to a previous method [13]. Briefly, 0.6 mL 130 

of sample was mixed with 1 mL of 4.5% metaphosphoric acid for 1 min, and then 131 

centrifuged at 3,500 g at 4 °C for 5 min. Exactly 1.0 mL of supernatant was collected 132 

and passed through a 0.22 μm syringe filter and injected into an HPLC system (Waters, 133 

Milford, MA) equipped with a 2695 separation module, a 2998 PDA detector and a T3 134 

column (5 μm, 4.6 mm×250 mm, Waters, USA). All samples were protected from light, 135 

and kept in an ice bath to avoid loss of L-ascorbate during the process. The mobile 136 

phase consisted of a mixture of 0.3% (v/v) formic acid and 3% methanol. The flow rate 137 

was 1 mL/min and the column temperature was set at 35 °C. UV detection at 245 nm 138 

was used to analyze L-ascorbate.  139 

For curcumin, 0.6 mL of sample was mixed with 2.4 mL ethanol for 1 min and 140 

then centrifuged at 10,000 g for 5 min at 4 °C. A mobile phase with acetonitrile, 141 

methanol and phosphoric acid (0.05%, v/v) in a volume ratio of 70:5:25 and UV 142 

detection at 425 nm were used to analyze curcumin[14]. 143 

2.7. Loading efficiency of L-ascorbate and curcumin 144 

The loaded L-ascorbate and curcumin in the particles were separated from the 145 

aqueous suspension by ultracentrifugation at 100,000 g at 4 °C for 60 min using a himac 146 

CP100NX centrifuge (Hitachi Koki Co. Ltd., Tokyo, Japan) with a P100AT2-1014 rotor. 147 

The loading efficiency (LE) was calculated according to the following formula:  148 
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                    LE (%) =
  C0 - Cs  

C0

×100                         (1) 149 

Where, C0 is the total concentration of bioactive compounds in the system and Cs is the 150 

concentration of free compounds in the supernatant.  151 

2.8. Fourier transform infrared spectroscopy (FTIR)  152 

Samples before and after storage were freeze-dried in a Free Zone 2.5plus freeze 153 

dryer (Labconco Corp., Kansas City, MO). Freeze-dried samples were mixed with 154 

potassium bromide at a mass ratio of 1:100 and then pressed into a transparent pellet. 155 

FTIR spectra in the range of 4000-400 cm−1 were obtained on a NicoletTM iSTM 10 FT-156 

IR Spectrometer (Thermo Fisher Scientific, Waltham, MA) by 64 scans with a 157 

resolution of 4 cm−1. 158 

2.9. Circular dichroism (CD) 159 

CD measurements were carried out in the far-UV region (190-250 nm) with n = 3 160 

replications on a Chirascan V100 spectropolarimeter (Applied PhotoPhysics, Surrey, 161 

United Kingdom). The optical path length was 0.1 cm. The background of chitosan/TPP 162 

and bioactive compounds was subtracted from the raw spectra. 163 

2.10. Storage and irradiation stability 164 

Samples were stored at 45 °C in a JK-MGC-300A incubator (JKI, Shanghai, China) 165 

or exposed to UVA light (365 nm) by using an UVL-21 ultraviolet lamp (VWR 166 

International Inc., West Chester, PA) with a fluence rate of 1 mW/cm2. The contents of 167 

L-ascorbate and curcumin were measured by HPLC as described above. Retention of 168 
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bioactive compounds during incubation was calculated by the equation as follows:  169 

                    Retention (%) =
Ct 

C0

×100                         (2) 170 

Where, Ct is the concentration of L-ascorbate or curcumin at time t during incubation. 171 

2.11. Antioxidant activity 172 

The ABTS assay was performed according to a previous method with some 173 

modifications [15]. Briefly, a mixture of 7.4 mM ABTS and 2.6 mM K2S2O8 in a 174 

volume ratio of 1:1 was placed in the dark for 12 h to produce an ABTS+ solution. The 175 

radical cation solution was further diluted 25 times. After mixing 0.2 mL buffer or 176 

sample and diluted solution for 6 min, the absorbance of radical plus buffer (Ac) and 177 

sample (As) was recorded at 729 nm. The radical-scavenging activity was calculated as 178 

follows:  179 

Scavenging capacity (%) =
  AC - AS  

AC

×100               (3) 180 

2.12. In vitro release assay  181 

 The release profile of curcumin and L-ascorbate was evaluated in simulated gastric 182 

and intestinal fluids [16, 17]. The simulated gastric fluid (SGF, pH 2) was composed of 183 

0.32% (w/v) pepsin and 0.2% (w/v) sodium chloride. Exactly 5 mL of sample was 184 

distributed into 95 mL of SGF and incubated at 37 °C with continuous agitation for 2 185 

h. Aliquots of digesta were taken at 0, 30, 60 and 120 min and replaced with fresh SGF. 186 

Then, exactly 20 mL of the above solution was mixed with 20 mL of simulated intestinal 187 

fluid (SIF) at pH 6.8, which contained 20 mM phosphate buffer, 0.5% (w/v) trypsin and 188 

0.2% (w/v) sodium chloride. Four aliquots of 2 mL sample were withdrawn during the 189 



 

10 

 

intestinal digestion (at 180, 240, 300 and 360 min) and replaced with the same volume 190 

of fresh SIF. After centrifuging at 100,000 g for 60 min, the amount of bioactive 191 

compounds in the supernatant was measured. The cumulative release was calculated 192 

according to the following formula: 193 

            Cumulative release (%)=
  Wt  

 w0

×100                  (4) 194 

Where Wt and W0 are the content of released bioactives at time t and the total content 195 

of bioactives in the system, respectively. 196 

2.13. Statistical Analysis 197 

All the experiments were carried out in triplicate. Data were presented as mean ± 198 

standard deviation and analyzed by a SPSS 20.0 statistical analysis system (IBM, 199 

Armonk, NY, USA) at 95% confidence. 200 

3. Results and Discussion 201 

3.1. Particle characterization 202 

3.1.1. Particle charge, size and morphology 203 

The pH-dependence of the electrical characteristics of the constituent polymers in 204 

the binary particles was analyzed to help understanding the formation and structure of 205 

the complexes. As shown in Fig. 1, the ζ-potential values of caseinate changed 206 

gradually from positive to negative as the pH increased from 2 to 10. There was a point 207 

of net charge around pH 4.7, which is close to the reported isoelectric point of caseinate 208 

(pH 4.6) [18]. The ζ-potential of chitosan was positive under acidic conditions due to 209 
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the protonation of amine groups. With the increase of pH to alkaline conditions, 210 

chitosan gradually lost most positive charges; the net charge of TPP-crosslinked 211 

chitosan was zero near pH 8 (Fig. 1). Some aggregation was visually observed with 212 

further increased pH due to its pH-responsive sol-gel transition properties [19]. The ζ-213 

potential value of the binary particles was observed to be located in between the two 214 

individual components at any pH, indicating the occurrence of electrostatic interaction. 215 

According to the charge heterogeneity, still ample negative charges or patches are 216 

present in proteins at a pH close to and above the isoelectric point [20]. Additionally, 217 

similar to the chitosan system, the aggregation under neutral and alkaline conditions 218 

also occurred in binary particles (data not shown), which proved that the pH-219 

dependence behavior of the binary particles was dominated by the chitosan coating. A 220 

similar phenomenon was observed in pectin-zein particles, where the core-shell 221 

structure of the binary particles was evidenced by the pH-responsive properties of the 222 

adsorbed anionic pectin [21].  223 

The ζ-potential value of the binary particles measured at pH 5 was about +28 mV, 224 

which was not affected by curcumin (Table 1). Such observation was consistent with 225 

an earlier report of curcumin-fortified zein–pectin particles [21]. Concomitantly, the 226 

addition of curcumin increased the size of the binary particles, which was consistent 227 

with the behaviour of curcumin-loaded saponin particles [22]. Therefore, it was 228 

speculated that curcumin was incorporated in the hydrophobic core. However, addition 229 

of L-ascorbate slightly decreased the ζ-potential of the particles, which changed from 230 

+28 mV to +25 mV. This can be ascribed to the electrostatic attraction between the 231 
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carboxyl acid groups of L-ascorbate and amine groups of chitosan. As reported, the ζ-232 

potential of TPP-crosslinked chitosan decreased with increased TPP concentration, 233 

whereby the optimized particles were obtained at a chitosan/TPP weight ratio of 2.5:1 234 

[23]. In this study, the ratio of chitosan/TPP was 4:1. Hence, the amines of chitosan 235 

were not sufficiently ionic gelled by TPP, but partially bound to negatively-charged 236 

caseinate and L-ascorbate. This was also verified by the reduction in size of the binary 237 

particles upon addition of L-ascorbate (Table 1). Further co-encapsulated curcumin 238 

weakened the decreasing trend of the ζ-potential caused by L-ascorbate, which was 239 

probably due to the partial competitive substitution of L-ascorbate by curcumin. It is 240 

noteworthy that co-encapsulation of L-ascorbate and curcumin further increased the 241 

size of the particles to 777 nm.  242 

The morphology of the binary particles was further evaluated by AFM. As 243 

observed in Fig. 2, the binary particles containing L-ascorbate showed compact, rather 244 

than lumpy edges as in the absence of L-ascorbate. In contrast, complexation with 245 

curcumin caused a greater contour size of the binary particles. This behavior was also 246 

in agreement with AFM images of curcumin complexation with soy protein isolate and 247 

soy soluble polysaccharide at pH 4 [24, 25]. The mean particle diameter determined by 248 

dynamic light scattering was larger than the particle size observed by AFM, which may 249 

be due to the swelling of protein/polysaccharide particles in aqueous medium [26].  250 

3.1.2. Loading efficiency 251 

The loading efficiency (LE) of curcumin in pH-driven prepared casein particles 252 

ranged from 70% to 100%, depending on the content of curcumin and carrier material 253 
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[1, 27].  As observed in Table 1, the LE of curcumin in binary particles was around 254 

96%, and was not affected by L-ascorbate. In contrast, only 52% of L-ascorbate was 255 

encapsulated. According to previous reports, L-ascorbate hardly binds with negatively 256 

charged milk proteins (such as β-lactoglobulin) [13, 28]. Nevertheless, L-ascorbate 257 

readily interacted with the amino groups on the polymeric backbone of chitosan and 258 

could be entrapped within the chitosan layers [12]. Accordingly, the loading of L-259 

ascorbate in binary particles was mainly ascribed to chitosan rather than caseinate. In 260 

the co-delivery system, curcumin decreased the LE of L-ascorbate to about 48% (Table 261 

1), which can be explained in terms of the competitive substitution. This was also 262 

evident in thymoquinone/L-ascorbate fortified chitosan particles, whereby 263 

thymoquinone decreased the LE of L-ascorbate [29]. Additionally, the increased 264 

particle size of the co-delivery particles (Table 1), accompanied by a decrease of the 265 

surface area-to-volume ratio, might also result in a lower encapsulation of L-ascorbate 266 

in the surface coating.  267 

3.1.3. Intermolecular interactions 268 

The intermolecular interactions in the binary particles were analyzed by infrared 269 

(IR) spectrometry. As shown in Fig. 3A, the spectrum of chitosan revealed a broad and 270 

strong peak at 3428 cm−1 (O-H stretching vibrations), two main characteristic peaks of 271 

chitosan at 1675 and 1423 cm−1 (amide bands), as well as a peak at 1604 cm−1 (N-H 272 

vibration of the amino group). As for caseinate, it mainly exhibited a peak of 273 

hydrophilic O-H stretching at 3300 cm−1 and a strong vibration of hydrophobic C-H 274 

stretching at 3064 cm−1, as well as the characteristic peaks for amide I (1670 cm−1, C=O 275 
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stretching) and amide II (1542 cm−1, C-N stretching) groups [30]. It was noted that the 276 

peak at 3428 cm−1 in the spectra of chitosan shifted to 3339 cm−1 in binary particles, 277 

verifying the occurrence of hydrogen bonding between caseinate and chitosan (Fig. 3A). 278 

Similar results were also reported for quaternized chitosan-zein complexes, which 279 

changed from 3477 to 3422 cm−1 [31]. Compared with chitosan and caseinate alone, 280 

the shift of the amide bands (amide I at 1658 cm−1, amide II at 1565 cm−1) in the binary 281 

particles represented the electrostatic interaction between the two [32].  282 

In the case of curcumin, there were no characteristic peaks of carbonyl in the range 283 

of 1800−1650 cm−1, indicating that curcumin was present in the ketoenol tautomeric 284 

form [33]. However, compared with native curcumin, numerous major peaks at 1634, 285 

1604, 1509, 1430, 1280, 1032, and 966 cm−1 appeared in binary particles, revealing the 286 

effective encapsulation of curcumin. Meanwhile, the characteristic peaks of curcumin 287 

at 3509 cm−1 disappeared when it was encapsulated in binary particles, indicating the 288 

presence of hydrogen bonding between the phenolic –OH of curcumin and biopolymers. 289 

Such observations were consistent with an earlier report on the occurrence of hydrogen 290 

bonds and hydrophobic interactions between curcumin and caseinate [34]. In addition, 291 

upon addition of L-ascorbate, the peak of the amide I group shifted from 1658 to 1650 292 

cm−1, which was attributed to electrostatic interactions [32]. Compared to binary 293 

particles without L-ascorbate, complexation with L-ascorbate increased the intensity of 294 

the amide I contribution at 1650 cm−1 and the amide II peak at 1568 cm−1. This may be 295 

attributed to the hydrophilic interactions between polyphenols and protein groups such 296 

as C=O, CN and NH, and a similar shift was also observed in tea polyphenol-casein 297 
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complex nanoparticles [35].                                                                                                                                                                                                   298 

3.2. Evaluation of carrier storage stability  299 

The storage stability of the delivery system was further verified by FTIR (Fig. 3B). 300 

Several variations were found in the spectra of chitosan, including the disappearance of 301 

the amide I at 1675 cm−1 and the enhanced intensity of the amino characteristic peak at 302 

1600 cm−1. This phenomenon may be explained by the degradation of chitosan during 303 

storage [36]. The new peaks in the caseinate spectrum at 2052 and 2144 cm−1 (Fig. 3B) 304 

were attributed to free -NH3
+ groups and ascribed to the dissociation of bonds between 305 

-NH3
+ and -COO- in oxidized proteins [37]. In contrast, this change did not occur in 306 

binary particles, indicating that these binary particles had an encouraging storage 307 

stability.  308 

The structural changes of caseinate in binary particles during storage were further 309 

analyzed by CD measurements. The secondary structure of caseinate mainly presented 310 

a random coil structure [30] and was not affected by the addition of L-ascorbate before 311 

and after storage (Table 2). However, the addition of curcumin rearranged the 312 

secondary structure of caseinate, with a decrease in the random coil content and an 313 

increase in α-helices and β-sheets. This phenomenon may be explained by the 314 

disruption of internal hydrogen bonds of the peptide groups and the formation of 315 

intermolecular hydrogen bonds through competition between curcumin OH groups and 316 

peptide NH groups [38, 39]. Additionally, when compared to freshly prepared 317 

curcumin-fortified binary particles, the structural destabilization of caseinate was 318 

accelerated after storage. Such observation was consistent with an earlier study that 319 
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degraded resveratrol caused rigorous oxidation of protein-based carriers during storage 320 

at 45 °C [2]. Additionally, it was observed that curcumin-induced structural changes of 321 

caseinate in binary particles were suppressed by co-delivery of L-ascorbate. This 322 

behavior was in agreement with the improved storage stability of curcumin in the 323 

presence of L-ascorbate (Fig. 4), indicating a correlation between the stability of the 324 

carriers and the complexed curcumin.  325 

3.3. Stability of co-loaded bioactive compounds  326 

3.3.1. Storage stability 327 

As shown in Figure 4, both free L-ascorbate and curcumin appreciably degraded 328 

during incubation. The storage stability of curcumin in binary particles was 329 

significantly improved. Compared to free curcumin, the retention of curcumin in binary 330 

particles was increased from 48% to 76% after storage for 30 days. Co-delivery of L-331 

ascorbate further improved the retention of curcumin, reaching about 83%. EGCG as a 332 

hydrophilic polyphenol was also verified with a similar effect on the hydrophobic 333 

quercetin in W/O/W emulsion gels [40]. Combined with the above-mentioned results 334 

that co-delivered L-ascorbate inhibited the structural change of caseinate induced by 335 

curcumin (Table 2), it can be speculated that the degradation of curcumin was partially 336 

induced by oxidized caseinate. In the case of free L-ascorbate, only 23% remained after 337 

storage for 1 day and it degraded completely within 5 days (Fig. 4B). Loading L-338 

ascorbate in binary particles also effectively inhibited the degradation. After 5 days of 339 

storage, still around 30% of L-ascorbate remained. However, co-delivered curcumin in 340 

binary particles slightly accelerated the degradation of L-ascorbate (Fig. 4B). This 341 
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phenomenon may be explained by the competitive substitution of curcumin for loaded 342 

L-ascorbic, resulting in an increased content of L-ascorbate in free form (Table 1). 343 

Meanwhile, it was also clear that the L-ascorbate was more readily oxidized than 344 

curcumin (Fig. 4). As reported, the electrochemical potentials of curcumin and L-345 

ascorbate are 0.66 and 0.282 V, respectively [41, 42]. Compared to L-ascorbate 346 

adsorbed on the chitosan layer, curcumin complexed within caseinate, with less contact 347 

with the solution. Thus, L-ascorbate was the first to scavenge free radicals in the system 348 

by donating electrons, providing a protective effect on curcumin in binary particles. 349 

3.3.2. Irradiation stability  350 

A gradual decrease in the retention of L-ascorbate and curcumin with the extension 351 

of irradiation time was observed, while the irradiation stability of curcumin was lower 352 

than that of L-ascorbate. The encapsulation in binary particles did not affect the 353 

irradiation stability of L-ascorbate, but accelerated the degradation of curcumin. The 354 

retention of curcumin in free form and in binary particles was about 80% and 59% after 355 

irradiation for 4 h (Fig. 4C), respectively. Previous studies reported that α- and β-casein, 356 

the major constituents of caseinate, exhibited a significant photo-oxidative sensitivity 357 

[43]. Therefore, it was assumed that oxidized caseinate may act as a pro-oxidant, and 358 

in turn accelerated the degradation of curcumin under irradiation. Additionally, co-359 

delivered L-ascorbate showed a significant inhibitory effect on the degradation of 360 

curcumin, increasing the retention of curcumin from 59% to 73% after 4 h of irradiation 361 

(Fig. 4C). On the other hand, co-encapsulated curcumin accelerated the degradation of 362 

L-ascorbate, and the retention of L-ascorbate decreased from 87% to 66% after 4 h of 363 
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irradiation (Fig. 4D). These data suggest that L-ascorbate was sacrificed to protect 364 

curcumin. A similar result was observed in nutritionally fortified whole and skimmed 365 

milk, of which ascorbic acid significantly alleviated the light-induced degradation of 366 

riboflavin [44].  367 

The antioxidant activity was further characterized to verify the effectiveness of the 368 

binary particles in delivering curcumin and/or L-ascorbate during irradiation. As shown 369 

in Fig. 5, L-ascorbate possessed a higher ABTS+ scavenging activity than curcumin. 370 

The antioxidant activity of L-ascorbate in binary particles was lower than in free form, 371 

which was possibly ascribable to the fact that complexation weakened the reactivity of 372 

the hydroxyl and amino groups [45]. More specifically, the antioxidant activity of L-373 

ascorbate decreased with the irradiation time and was reduced by about 17% after 4 h 374 

of irradiation, which was consistent with the decreased content ( ~15%, Fig. 4D). In 375 

fact, L-ascorbate can be oxidized to dehydroascorbic acid and then form inactive 376 

products under aerobic and acid conditions, such as 2-fluroic acid or 3-hydroxy-2-377 

pyrone [46]. For curcumin, encapsulation in binary particles obviously improved its 378 

antioxidant activity. This may result from the improved solubility of curcumin in binary 379 

particles, in line with an earlier report of encapsulated curcumin in zein/pectin particles 380 

[47]. However, after 4 h of irradiation, the scavenging activities of pure and 381 

encapsulated curcumin were decreased by 16% and 28%, respectively, which were both 382 

lower than their corresponding degradation contents of 20% and 40%. In general, the 383 

stability of dimethoxy curcumin, the auto-oxidation product of curcumin, is higher than 384 

that of curcumin. This progress refers to the free radical initiated transfer of phenol (-385 
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OH) to a methoxy group (-OCH3), which is more electron donating than hydrogen [48]. 386 

Meanwhile, it was worthy to note that the scavenging activity of co-delivered binary 387 

particles was higher than either of curcumin and L-ascorbate in binary particles, and 388 

kept unchanged during the irradiation process. These results indicated that the co-389 

delivery binary particles obtained an optimal stability and antioxidant activity. 390 

3.4. In vitro simulated release 391 

Figure 6 presents the cumulative release profiles of L-ascorbate and curcumin in 392 

binary particles during in vitro simulated digestion. There was a correlation between 393 

the initial release of L-ascorbate and curcumin from digestion (about 50% and 4%, 394 

respectively) and unloaded efficiency. The cumulative release of L-ascorbate during 395 

digestion mainly occurred in SIF, reaching to about 85% after 6 h of digestion. This 396 

phenomenon may be explained by the weakened electrostatic attraction of deprotonated 397 

chitosan with L-ascorbate in SIF (Fig. 1). The proportion of released curcumin in SGF 398 

was below 5%. After 6 h of digestion, the cumulative release of curcumin was above 399 

90% (Fig. 6). Chitosan swollen in SIF had a looser structure, leading to burst release of 400 

the encapsulated compound [49]. Consequently, binary particles of caseinate/chitosan 401 

were an excellent co-delivery carrier to delay the release of curcumin and L-ascorbate 402 

in SGF.  403 

4. Conclusions  404 

Caseinate-chitosan particles were fabricated by a combined facile pH conversion 405 

and ionic gelation method. The binary particles showed excellent co-encapsulation 406 

properties and storage stability of hydrophobic curcumin and hydrophilic L-ascobate. 407 
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Co-delivered L-ascorbate could inhibit the secondary structural changes of caseinate 408 

during storage caused by the degradation of curcumin and was beneficial for 409 

maintaining the photostability of curcumin. More specifically, this co-delivery system 410 

revealed an excellent antioxidant activity and showed regulated release properties for 411 

bioactive compounds in SIF. These results could guide the design of biopolymer-based 412 

carriers with hydrophilic and hydrophobic target bioactives for the application in multi-413 

functional foods. 414 
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