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Abstract: Rutin is a flavonoid polyphenol with excellent biological activity, but due to 12 

its instability and poor water solubility, the utilization rate is reduced in vivo. 13 

Preparation of rutin microcapsules from soybean protein isolate (SPI) and chitosan 14 

hydrochloride (CHC) by composite coacervation can improve this restriction. The 15 

optimal preparation conditions were as follows: the volume ratio of CHC/SPI 1:8, pH 16 

6, and total concentration of CHC and SPI 2%. The rutin encapsulation rate and loading 17 

capacity of the microcapsules were 90.34% and 0.51% under optimal conditions. The 18 

SPI-CHC-rutin (SCR) microcapsules had a gel mesh structure and good thermal 19 

stability, and the system was stable and homogeneous after 12 d storage. During in vitro 20 

digestion, the release rates of SCR microcapsules in simulated gastric and intestinal 21 

fluids were 16.97% and 76.53%, respectively, achieving a targeted release of rutin in 22 

intestinal fluids; and the digested products were found to exhibit superior antioxidant 23 

activity to that of free rutin digests, indicating a good protection of microencapsulation 24 

on the bioactivity of rutin. Overall, SCR microcapsules developed in this study 25 

effectively enhanced the bioavailability of rutin. The present work provides a promising 26 

delivery system for natural compounds with low bioavailability and stability. 27 

Keywords: rutin; soybean protein isolate; chitosan  28 
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1. Introduction  29 

Rutin is a flavonoid, also known as rutoside or quercetin 3-rutinoside. It has 30 

significant pharmacological effects, such as antioxidant, anti-inflammatory, and 31 

hypolipidemic activities [1]. However, its bioavailability and stability are relatively low, 32 

due to its sensitive to temperature, pH, light and oxygen. It has poor water solubility 33 

and short biological half-life [2]. These greatly limit its application in the fields of food 34 

and medicine. Therefore, there is an increasingly interest to develop the methods to 35 

improve its stability and water solubility in order to achieve its bioactive effect.  36 

The drug delivery system can improve the biological efficacy, water solubility and 37 

sensory properties of bioactive ingredients, protect them from gastric digestion, and 38 

release them in the intestine [3]. The delivery systems based on proteins and 39 

polysaccharides can be realized by complex coacervation, which refers to the self-40 

aggregation between two or more biopolymers via electrostatic interaction [4]. 41 

However, selection of protein and polysaccharide is crucial in order to achieve ideal 42 

encapsulation efficiency and targeted release in intestinal tract. Soybean protein is the 43 

primary supply of plant-based protein and is widely consumed by diverse populations 44 

worldwide, due to its highest protein quality among plant proteins and positive health 45 

effects [5]. Soybean protein isolate (SPI) is amphoteric and can interact with small 46 

bioactive molecules through hydrophobic interactions, hydrogen bonding, and disulfide 47 

bonds [6], and has been used for loading β-carotenoid [7], vanillin, resveratrol [8], and 48 

other active substances. Encapsulation of small hydrophobic molecules by the complex 49 

coacervation with SPI and polysaccharide has also been reported [9]. Chitosan 50 
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hydrochloride (CHC) is a water-soluble product of chitosan by protonation 51 

modification with hydrochloric acid. Chitosan (CS) has been widely used in the 52 

delivery and controlled release of functional compounds. The delivery systems formed 53 

by different kinds of proteins and polysaccharides have great differences in structure 54 

and properties. The conditions for the construction of delivery systems, such as 55 

temperature, pH, and polysaccharide/protein ratio, have great effects on the properties 56 

of delivery systems [8]. There have been some reports on the complexation of SPI and 57 

CS, and the use of SPI/CS complexes in delivery systems. The SPI/CS complexes have 58 

been demonstrated to effectively stabilize emulsions [10,11], and improve the stability 59 

of bioactive molecules by microencapsulation [12]. Therefore, SPI/CS complexes 60 

could have potential application in delivery systems. However, there are few studies on 61 

release profiles of bioactive ingredients microcapsules based on the complex 62 

coacervation of SPI and CS. In addition, use of CHC for complexation with SPI is more 63 

convenient for practical manipulation due to its good water solubility compared with 64 

CS. In order to develop a delivery system for improving the bioavailability and targeted 65 

release of rutin, in this work, the formation conditions of SPI/CHC complex coacervates 66 

were optimized, and rutin-loaded microcapsules were prepared using SPI/CHC 67 

complex as wall material. The physical properties, storage stability and rutin release 68 

behavior in a simulated gastrointestinal tract of the rutin-loaded microcapsules were 69 

also investigated. 70 

2. Materials and methods 71 

2.1. Materials 72 
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The SPI was purchased from Zhengzhou Qihuadun Chemical Products Co., LTD., 73 

the CHC (degree of deacetylation 80-95%) was purchased from Shanghai Maclin 74 

Biochemical Technology Co., LTD. Pepsin (1:1500) from porcine gastric mucosa, and 75 

pancreatin (USP) from porcine pancreas were purchased from Shanghai Aladdin 76 

Reagent Co., LTD. All chemicals and solvents were of analytical grade. 77 

2.2. Preparation of SPI-CHC composite 78 

SPI solution (4%) was prepared by mixing with deionized water and continuously 79 

stirring for 30 min [13]. CHC solution (1%) was prepared by dissolving in deionized 80 

water and magnetic stirring at room temperature for 1 h. The above-mentioned solutions 81 

were stored at 4°C before use. The SPI and CHC solutions were mixed at a ratio of 1:1, 82 

1:2, 1:4, 1:8 and 1:16 (v/v), and the mixed solution was homogenized using a vortex 83 

oscillator for 10 min, followed by ultrasonic treatment (30 min). The resulting solution 84 

was equilibrated in a refrigerator for 24 h, and then was adjusted to different pH (2-9). 85 

The turbidity, zeta-potential and particle size of these solutions were monitored. 86 

Turbidity of the SPI-CHC (SC) composite solutions with different pH values was 87 

determined by measuring the absorbance values of the solutions at a wavelength of 600 88 

nm using a UV-Vis spectrophotometer. Turbidity was calculated using equation (1), 89 

where It is the transmitted light intensity and I0 is the incident light intensity. 90 

Turbidity = - ln
It

I0
         (1) 91 

Zeta-potential measurement: The zeta- potential of the solutions was measured at 92 

298K using the electrophoretic light scattering mode on a laser particle size analyzer 93 

(Zetasizer Nano-ZS, Marvern, UK).  94 
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Particle size measurement: The particle size distribution and poly-dispersity index 95 

(PDI) of particles in the SPI, CHC and SC composite solutions at different pH values 96 

were measured by the dynamic light scattering mode in an ALV/CGS-3 integrated laser 97 

scattering instrument (ALV, Germany). 98 

2.3. Preparation of SPI-CHC-rutin (SCR) microcapsules  99 

SCR microcapsules were prepared by complex coacervation method according to 100 

the literature with modifications [14]. An ethanolic solution of rutin was dispersed into 101 

SPI solution, and mixed evenly by ultrasonic treatment for 20 min. Ethanol was then 102 

removed by rotary evaporator, and the CHC solution was added. After stirring at 60℃ 103 

for 30 min, the solution was adjusted to pH 6. The solution was vibrated for 10 min 104 

using the vortex oscillator, then freeze-dried to yield SCR microcapsule powder. 105 

2.4. Determination of the encapsulation efficacy of rutin 106 

SCR microcapsule powder (0.5g) was added into 10 mL ethanol, and the 107 

suspension was centrifuged at 10000 rpm for 20 min, the supernatant was collected and 108 

analyzed for free rutin content using spectrophotometry at 362 nm. SCR microcapsule 109 

powder (0.5g) was suspended in 10 mL of ethanol and sonicated (60 ℃, 40kHz) for 30 110 

min to extract encapsulated rutin from SCR microcapsule powder. After centrifugation 111 

for 10 min, and the yielding supernatant was analyzed for the total rutin content. The 112 

encapsulation efficiency (EE) and loading rate (LR) of rutin in the SCR microcapsules 113 

were calculated using equations (2) and (3), respectively [15]  114 

EE (%) = (Total rutin − free rutin) × 100/Total rutin                   (2) 115 

LR % = (Total rutin − free rutin) × 100/Total weight of SCR powder      (3) 116 
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2.5. Characterization of SCR microcapsules 117 

2.5.1 Fourier transform infrared spectroscopy (FT-IR) analysis 118 

FT-IR spectra of SPI, CHC, SC, RUT and SCR nanoparticle powders were 119 

recorded with KBr pellets on a NICOLET-380 infrared spectrometer (Thermo Fisher, 120 

USA) in the wavenumber range of 400–4000 cm-1 [16]. 121 

2.5.2 Differential scanning colorimetry (DSC) 122 

The thermal behaviors of samples (SPI, CHC, SC, rutin, SPI-rutin (SR) and SCR 123 

microcapsules) were analyzed using a DSC [17]. Samples (2–3 mg) were hermetically 124 

sealed in aluminum pans and were scanned at a rate of 10 ℃/min from 20 to 300 °C. 125 

Data were analyzed using the TA Instruments Universal Analysis 2000 software. 126 

2.5.3 Scanning electron microscopy (SEM) 127 

The microstructural characteristics of SPI, CHC, SC and SCR lyophilized powder 128 

were studied using a Zeiss Sigma 300 ultra-high resolution scanning electron 129 

microscope. Before scanning with the electron microscope, the samples were sprayed 130 

with gold and then fixed on a short aluminum rod with the help of double-sided 131 

adhesive for recording the micrographs of samples. 132 

2.6. Storage stability of SCR microcapsules 133 

Based on the result of particle size and PDI determination at different pH values, SC 134 

complex and SCR microcapsule lyophilized powders (0.1 g) were dispersed in 30 mL 135 

of PBS buffer (pH 3) at a concentration of 0.5% (w/v), sonicated for 25 min until no 136 

obvious flocculent was observed. The samples were stored in a refrigerator at 4 oC for 137 

12 days, and their turbidity changes were measured by UV spectrophotometer at 600 138 
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nm at 3 day-intervals. Particle size and zeta potential were measured by dynamic light 139 

scatterer. 140 

2.7. In vitro simulated digestion of SCR microcapsules 141 

Referring to a reported method [18], simulated gastric juice (prepared by 142 

dissolving 1 g pepsin in 100 mL NaCl (0.03 M), followed by adjusting pH to 2.0 with 143 

1.0 mol/L HCl) and simulated intestinal juice (1 g trypsin was dissolved in PBS solution 144 

(0.2mol/L), followed by adjusting pH to 8.0 with 0.1M NaOH). Digestion models were 145 

used to assess in vitro release of rutin from SCR particles. In brief, SCR powder (200 146 

mg) was added to the simulated gastric juice (20 mL), after adjusting its pH to 2.0, it 147 

was incubated in a shaking table (100 rpm) at 37 °C to simulate gastric digestion (0-148 

2h). During digestion, 2 mL of digestive fluid was collected every 0.5 h, and the same 149 

amount of simulated gastric juice was supplemented. After 2 h incubation, 20 mL of 150 

simulated intestinal fluid was added, the yielding mixture was adjusted to pH 8.0, and 151 

incubated for 4 h under the same conditions. The digestion solution (2 mL) was 152 

collected at 0.5h-intervals and re-supplemented with an equal volume of simulated 153 

intestinal fluid. The supernatant of the collected samples obtained by centrifugation was 154 

used for measuring the release of rutin at 360 nm. The release of rutin in SR samples 155 

was evaluated under the same conditions as SCR powder. 156 

2.8. Retention of antioxidant activity during in vitro simulated digestion 157 

In order to examine the protective effect of microencapsulation on the biological 158 

activities of lutin during digestion, the antioxidant activity of free rutin, SCR and SR 159 

after digestion was investigated. In short, free rutin, the SCR and SR samples containing 160 
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same amount of rutin (0.2 mg/mL) were digested as described above. The antioxidant 161 

activities of free rutin, SCR and SR digestion solutions by simulated gastrointestinal 162 

fluids were studied by determining their DPPH (1, 1- diphenyl-2-picrylhydrazil) and 163 

ABTS ((2, 2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)) scavenging abilities. 164 

The determination of DPPH and ABTS scavenging abilities were performed as 165 

described by Wang et al. [19].  166 

2.9. Statistical analysis 167 

   All the experiments were conducted at least three parallels. The experimental results 168 

were statistically analyzed using variance test analysis (SPSS Statistics 19 software). 169 

Significances of the differences between the groups with different treatments were 170 

examined using t-test. The difference was considered to be significant if p < 0.05. 171 

3. Results and discussion 172 

3.1 Influence of CHC/SPI ratio and pH on the interaction between SPI and CHC  173 

Fig.1a shows the turbidity changes of the CHC/SPI composite solutions with 174 

different CHC/SPI ratios at different pH values. It has been demonstrated that the mass 175 

ratio of polysaccharide to protein has a great influence on the formation of 176 

polysaccharide/protein complexes [20]. As shown in Fig. 1a, when the CHC/SPI ratio 177 

was changed from 1:1 to 1:8, the turbidity curve moved towards a lower pH value, the 178 

optimal turbidity value gradually increased and reached the maximum when the ratio 179 

was 1:8. In this case, the sugar chain of CHC was saturated and absorbed by SPI, and 180 

the formation of complex aggregates reached the maximum. When the CHC/SPI ratio 181 

was 1:16, the SPI molecules were relatively excessive to the CHC molecules, leading 182 
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to a decrease in the optimal turbidity. This finding is similar to that of Niu et al. [21], 183 

who found that the turbidity curve of ovalbumin/acacia composite solutions shifted to 184 

a higher pH value with the increase of ovalbumin/acacia ratio. 185 

According to the changing trend of turbidity, the system can be divided into four 186 

phase zones: A (co-soluble zone), B (soluble zone), C (insoluble zone), and D (co-187 

insoluble zone). In zone A, the turbidity of the composite solution was almost 188 

unchanged, indicating that there was no interaction between SPI and CHC [22]. In zone 189 

B, turbidity of the solution increased with the increase of pH, indicating that negatively 190 

charged carboxyl group on SPI protein combined with the positively charged amino 191 

group of chitosan, forming the soluble SPI-CHC complex in the pH range of pHc-pHφ1. 192 

In zone C, the turbidity increased rapidly when the pH value of the solution was greater 193 

than pHφ1, indicating the formation of insoluble complexes. In the case of CHC/SPI 194 

ratio 1:8, the maximum turbidity was observed at pHopt (6.1), after which the turbidity 195 

decreased. This is because the repulsion between SPI and CHC was weakened and the 196 

complex coacervation led to phase separation. The change in turbidity of the composite 197 

solution in zone D was small, but the overall turbidity value was greater than that in 198 

zone A. This is because the pH value of the composite system is close to the pKa of 199 

CHC, and its protonation degree decreases, leading to an increase of the turbidity [23]. 200 

The interactions between SPI and CHC were further analyzed by the investigation 201 

of zeta-potential change of SPI-CHC complexes at different pH values and different 202 

ratios of CHI/SPI. As presented in Fig.1b, with the increase of pH value from 2 to 9, 203 

the zeta-potential of SPI was decreased from +25 mV to -23.56 mV. At pH 4.5, the zeta-204 
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potential was zero, indicating the isoelectric point of SPI. The zeta-potential of CHC 205 

solution did not change significantly from pH 2 to 4, but decreased continuously from 206 

pH 4 to 9. When the pH value of CHC-SPI composite solution (ratio 1:8) increased 207 

from 2 to 9, the zeta-potential was decreased from +30.45 mV to -11.61 mV, and the 208 

zeta-potential was zero at 6.2, which corresponded to the pHopt point (6.1, see Fig. 1a). 209 

With the increase of pH value, SPI was negatively charged, while CHC was always 210 

positively charged at pH 2-9, thus the complex coacervation of SPI and CHC was driven 211 

by the electrostatic interaction between them. The soluble complexes were formed 212 

because the complexes were still positively charged and electrostatic repulsion 213 

prevented further aggregation between the particles. With the increase of pH value, the 214 

negative charge of the SPI was increased, which reduced the charge of the complexes, 215 

and enhanced electrostatic attraction, leading to the aggregation and precipitation of the 216 

complexes. When pH=pHopt, the complex coacervation was the strongest. 217 

The particle concentration of CHC and SPI also affects their interaction between 218 

them. As an example, in the case of CHC/SPI ratio 1:8, the change in turbidity of 219 

composite solutions at total concentration of 0.05%~3% was investigated. As presented 220 

in Fig. 1c, the optimal turbidity increased with the increase of particle concentration. 221 

The optimum turbidity value increases with the increase of particle concentration. 222 

When the particle concentration increased from 0.05% to 3%, the optimum turbidity 223 

value was increased from 0.666 to 3.793. When the particle concentration increased 224 

from 0.05% to 2%, the optimal turbidity value was increased faster, and when the 225 

particle concentration increased from 2% to 3%, the increasing rate of turbidity was 226 
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become slower. This is because the increase of concentration lead to the release of more 227 

anti-equilibrium ions in the system. These ions shielded the charged sites on the surface 228 

of protein and polysaccharide molecules, which hindered the complex coacervation 229 

between these molecules. 230 

The particle size and PDI also reflect the stability of complexes formed by SPI-231 

CHC composite solutions. PDI is an index characterizing the homogeneity of particle 232 

size distribution. As shown in the Fig. 2, in the case of CHC/SPI ratio1:8, at pH value 233 

of <5, the particle size of the composite solution was relatively small, and decreased 234 

with the reduction of pH value. At a lower pH value, although polysaccharides and 235 

proteins bind together, they have electrostatic repulsion due to the same charge, and the 236 

repulsion increases with the decrease of pH value until they dissociate [24]. Low PDI 237 

value generally indicates a good particle dispersion. When the pH value was 5-8, the 238 

electrostatic attraction between SPI and CHC resulted in the decrease of particle charge 239 

while increase of particle size, which led to phase separation and instability of the 240 

system. With the further increase of pH value, particle size decreased sharply but PDI 241 

was large. This is because the decrease of CHC protonation degree led to the particle 242 

aggregation or precipitation [25].  243 

3.2 Efficiency of encapsulation 244 

Encapsulation and loading rate are important indices for quality control of 245 

nanoparticles and reflect the percentage of drug entrapped by the carrier, thus 246 

determining whether the vehicle is suitable for application as a carrier [26]. Therefore, 247 

the encapsulation efficiency (EE) and loading rate (LR) of different concentrations of 248 
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rutin encapsulated in SCR microcapsules were studied (Table 1). When the 249 

concentration of rutin reached 200 mg/L, the EE and LR of SCR microcapsules reached 250 

the maximum, being 90.34 ± 2.70% and 0.51 ± 0.03%, respectively. The reduced EE 251 

and LR in the high rutin concentration (>200 mg/L) could be attributed to the limited 252 

space and particle size within the nanocomposites, excessive rutin did not increase the 253 

loading rate but rather destabilized the entire system. Li et al. [27] embedded curcumin 254 

in SPI by pH driving method, and the embedding rate was 80.84%. In a recent report, 255 

in which SPI and sodium alginate nanoparticles were used for targeted delivery of 256 

curcumin, the EE and LR were found as 99.86% and 0.60% [28]. 257 

3.3 Infrared spectrum analysis 258 

FT-IR spectra were used to analyze the interaction between rutin and SPI and CHC 259 

in the microcapsules. The infrared spectrum of CHC (Fig. 3a) showed the typical 260 

characteristic absorption peaks at 3403 cm-1 and 2918 cm-1, which corresponded to the 261 

stretching vibration of O-H and C-H in turn. The vibration caused by -NH3
+ at 1516 262 

cm-1 was the key proof of the hydrochloride of chitosan. The absorption peaks at 1379 263 

cm-1 and 1085 cm-1 are caused by the symmetric deformation vibration of CH3 and the 264 

stretching vibration of C-OH in the amide III band [29]. In the infrared spectrum of SPI 265 

(Fig. 3b), the absorption peaks appearing at 1655.76 cm-1, 1536.11 cm-1 and 1397.24 266 

cm-1 were caused by C=O stretching vibration of free carboxyl groups, N-H 267 

deformation vibration (amide II band) and C-N stretching vibration (amide III band). 268 

In the infrared spectrum of SC (Fig. 3c), the amide I, II and III bands shifted to 1656.07 269 

cm-1, 1530.97 cm-1 and 1387.63 cm-1, respectively, when compared to SPI; compared 270 
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to CHC, the disappearance of the characteristic absorption peak of -NH3
+ proved the 271 

existence of electrostatic interaction between SPI and CHC, which led to the 272 

aggregation of SPI and CHC [15]. In addition, the band between 3100-3500 cm-1 273 

reflects the formation and change of hydrogen bonding, thus the increase in intensity 274 

of absorption peak at 3296.94 cm-1 in the IR spectra of SC indicated that the interaction 275 

between CHC and SPI was also related to hydrogen bonding [30]. 276 

The IR spectrum of rutin (Fig. 3d) had a weak absorption at 3422.56 cm-1 277 

belonging to the stretching vibration of O-H, a C=O absorption peak at 1654.97 cm-1, 278 

an aromatic C=C absorption at 1503.75 cm-1, a phenolic group absorption at 1361.52 279 

and 1294.07 cm-1, 1202.87 cm-1 and 1062.71 cm-1 were C-O-C absorption peaks [15]. 280 

There were two C-O-C absorption peaks change in the IR spectrogram of SCR (Fig. 281 

3e), the stretching vibration of O-H moved to 3420.74 cm-1, the intensity of the 282 

absorption peaks of phenolic groups decreased, indicating the formation of hydrogen 283 

bonds in SCR and the chemical stability of rutin inside the cavity [30]. Compared with 284 

SC, the position of the O-H band in the IR spectrum of SCR moved from 3296.94 cm-285 

1 to 3420.74 cm-1, which was attributed to the hydrogen bonding between the rutin and 286 

SC complex. It was noted that in the IR spectrum of SCR, most of the characteristic 287 

absorption peaks of rutin disappeared, which could be because the stretching vibration 288 

of rutin molecule was limited after complexing with SC, which indicated that rutin was 289 

encapsulated in SC complex [31]. For instance, the peak at 1656 cm-1 in the IR spectra 290 

of SC (Fig. 3c) and the peaks at 1654 and 1592 cm-1 in the IR spectra of lutin (Fig. 3d) 291 

disappeared in the IR spectra of SCR (Fig. 3e), while a new peak appeared at 1649 cm-292 
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1. This result is similar to that of a previous report [15], where the FTIR spectra of the 293 

physical mixture of quinoa starch and rutin was reported to have peaks at 1652 and 294 

1594 cm−1, but the rutin loaded starch NPs only had an absorption peak at 1654 cm−1. 295 

In addition, the peaks at 1503 cm-1 in the IR spectra of lutin and 1530 cm-1 in the IR 296 

spectra of SC disappeared in the IR spectra of SCR, and a new peak appeared at 1517 297 

cm-1, which could be attributed to interactions of rutin and SC complex through the 298 

phenolic OH groups in the process of encapsulation. 299 

 300 

3.4 Thermal analysis using differential scanning calorimeter  301 

Differential scanning calormetry (DSC) has great advantages in measuring the 302 

thermodynamic properties of macromolecular polymers. The DSC patterns of CHC, 303 

SPI and SC complex are presented in Fig. 4a. The influence of the complexation of 304 

polysaccharides and proteins on the thermal stability of proteins can be reflected by the 305 

change of the absorption temperature of the peak heat flow. This is because the peak 306 

heat flow can reflect the strength of the force to maintain the three-dimensional 307 

structure of proteins. The higher the peak temperature value, the higher the stability of 308 

proteins [32]. SPI was relatively easy to be affected by heating, its thermal denaturation 309 

temperature was found to be 100 ℃, while that of CHC was 116 ℃. The absorption 310 

peak of SC was found to appear at 118 ℃, indicating that the addition of CHC increased 311 

the thermal stability of SPI. This is probably attributed to the structural rearrangement 312 

of SPI and CHC after forming a complex, and electrostatic attraction and hydrogen 313 

bonding between SPI and CHC, which facilitate the formation of a more stable network 314 
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structure. This is consistent with the previously reported result that the complex 315 

coacervation with polysaccharides enhanced the thermal stability of the protein [33]. 316 

As presented in Fig. 4b, the maximum absorption peak of rutin, SR, SCR appeared 317 

at 186 oC, 116 oC, 123 oC, respectively. The change of peak position (thermal 318 

denaturation temperature) indicated that rutin was successfully loaded on SPI and SC. 319 

Compared with SR, the increase of thermal denaturation temperature of SCR indicated 320 

that the microcapsules prepared by protein/polysaccharide composite had better 321 

thermal stability than those prepared by using protein alone. This could be caused by 322 

the close interaction between SC complex and rutin, which improved the thermal 323 

stability. This finding agrees with a previous study [34].  324 

3.5 Microstructural analysis 325 

The surface morphology of CHC, SPI, SC and SCR was observed by SEM (Fig. 326 

5). CHC was found to have a flat and blocky form, with a very rough surface, indicating 327 

the existence of high-level structural interaction, thus possessing a good stability [25]. 328 

SPI was uneven and spherical, with an inwardly concave and aggregated surface. The 329 

SC showed a block shape with a rough surface; in the magnified image, a porous 330 

network structure spaced with different size of vacuoles were clearly observed on the 331 

blocky surface. Compared with the porous network structure of the SC complex, the 332 

surface of SCR was multidimensional. Rutin could be encapsulated in the hydrophobic 333 

cavities provided by SC to form the microcapsules. This finding is consistent with that 334 

of Huang et al. [35]. 335 

3.6 Storage stability of SCR microcapsules 336 
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Fig. 6a shows the changes of particle size and PDI of the samples during the 12 d- 337 

storage at 4°C. The particle size of SCR was found to increase slightly from 0 to 3 d 338 

and then remained almost unchanged in the following 9 d, with an increase of only 72 339 

nm over the whole storage period. The particle size of SC was fluctuated during the 340 

storage period, with an overall increase of 115 nm, but no significant flocculation 341 

occurred during the whole storage period. These results indicated that both SCR and 342 

SR had good stability, and the stability of SCR was better than that of SR microcapsules. 343 

The slight fluctuation in the size of the microcapsules could be caused by the collisions 344 

between a small amount of nanoparticles. The PDI of the both samples remained below 345 

0.7 during the period of a 12 d-storage, indicating that the size distribution of the SC 346 

and SCR microcapsule solutions was relatively uniform. 347 

As presented in Fig. 6b, the turbidity of both the re-dissolved solutions of SC and 348 

SCR microcapsule powder changed very little during the 12d-storage period at 4℃, 349 

which was consistent with the phenomena that no obvious flocculation was observed. 350 

The zeta-potential of both solutions did not fluctuate significantly during storage, 351 

changing from 21.07 ± 0.40 mV to 20.9 ± 1.13 mV for SC and from 26.57 ± 1.37 mV 352 

to 22.73 ± 1.28 mV for SCR, respectively. The uniform dispersion of the re-dissolved 353 

solutions of SC and SCR microcapsules could be maintained by the electrostatic mutual 354 

repulsion between the particles due to positively charged SC and SCR particles [36]. 355 

The above results indicated that both SC and SCR microcapsules exhibited a good 356 

storage stability, and the storage stability of SCR microcapsules was better than that of 357 

SR microcapsules. 358 
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3.7 Release behavior of rutin from microcapsules 359 

The release profile of rutin from rutin-loaded microcapsules in the gastrointestinal 360 

tract is critical for their application. The physical structure of the rutin-loaded 361 

microcapsules can affect their physicochemical properties such as the dissolution rate, 362 

apparent solubility and released profile. In this study, the rutin release behavior of SCR 363 

under simulated gastrointestinal conditions was investigated in comparison with that of 364 

SR. As illustrated in Fig.7, the amount of rutin released from both SR and SCR 365 

microcapsules was relatively low during the first hour of digestion in the simulated 366 

gastric fluid. This is because the interaction between rutin and protein can protect 367 

protein from pepsin digestion to a certain extent, resulting in a delay in digestion [28]. 368 

In the second hour, rutin was released rapidly from SR microcapsules, while the release 369 

of rutin from SCR microcapsules still remained at low speed. The cumulative release 370 

rate of rutin from SR microcapsules was 58.29%, being significantly higher than that 371 

of SCR (18.21%) during the 2h digestion in the simulated gastric juice. This is because 372 

the peptide bond between hydrophobic amino acid in the protein shell of SR 373 

microcapsules was hydrolyzed by pepsin, leading to a damage of protein structure, and 374 

consequently speeding up the release of rutin. In contrast, owing to the electrostatic 375 

attraction between protein and polysaccharide, the structure of SPI in SCR was 376 

protected from the enzymatic hydrolysis of peptide bonds formed by hydrophobic 377 

amino acids [14]. 378 

In the simulated intestinal fluid, rutin in SR and SCR were rapidly released, with 379 

release rates of 45.24% and 76.53% respectively, indicating that SR and SCR both 380 
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effectively released rutin in the intestine, allowing the absorption of rutin by the body. 381 

After 4h digestion in the simulated intestinal fluid, the rutin release rate of SR and SCR 382 

reached more than 90%, indicating that SCR had a good targeted release effect in the 383 

intestine, thus improving the bioavailability of rutin.  384 

3.8 Antioxidant activity of SCR microencapsulated digestion products 385 

The protective effect of microcapsules on the biological activities of rutin during 386 

digestion was investigated by examining the antioxidant activity of gastric and 387 

intestinal simulated digests of free rutin, SCR and SR (Fig. 8a and 8b). It was found 388 

that under both gastric and intestinal simulated conditions, the antioxidant activities of 389 

the digests from SCR and SR were significantly (p < 0.05) higher than those of 390 

uncapsulated rutin. This finding agrees with that of a previous report [15]. The superior 391 

antioxidant activity of the digests from SCR and SR to that of free rutin digest could be 392 

because more rutin in the digest of free rutin was conversed to quercetin during the 393 

digestion [15]. Rutin was reported to possess better DPPH• and ABTS•+ scavenging 394 

abilities than quercetin [37,38]. Thus, the result in this study indicates the good 395 

protection of encapsulation on the bioactivity of rutin. Both DPPH• and ABTS•+ 396 

scavenging abilities of SR digest in gastric juice were higher than those of SCR digest, 397 

while the opposite results were observed for their intestinal digests, which was in 398 

agreement with the cumulative release of rutin from SCR and SR in gastric and 399 

intestinal simulated juices.  400 

 401 

4. Conclusion 402 
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   Rutin-loaded microcapsules were prepared by complex coacervation using SPI and 403 

CHC as encapsulating materials. FT-IR, DSC and SEM analyses demonstrated the 404 

successful encapsulation of rutin in the SC complex to form SCR microcapsules, which 405 

had small particle size, negative zeta potential and high encapsulation rate. The rutin 406 

embedded in SCR microcapsules were able to prevent the digestion by gastric pepsin 407 

in stomach but allow rutin to be released from SCR microcapsules in the intestine and 408 

to achieve a targeted release effect, thereby improving the bioavailability of rutin. 409 

Therefore, the SCR microcapsules developed in this study provide a new application of 410 

rutin in medicine and other fields, this paved a foundation for the hydrophobic 411 

compounds, like rutin, with high bioactive effect but with lower bioavailability and 412 

sensitive to the gastric condition. Further studies are required in the due course, such as 413 

the activity in vivo and safety evaluation.  414 
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Tables 547 

Table 1. Encapsulation efficacy (EE) and loading rate (LR) of SCR microcapsules at 548 

different concentration of rutin  549 

Rutin (mg/L) EE (%) LR (%) 

20 86.89±4.39a 0.32±0.04a 

40 89.00±3.47b 0.35±0.06a 

200 90.34±2.70b 0.51±0.03b 

400 61.18±2.36b 0.49±0.06b 

Different alphabets denote significant difference (p < 0.05) between the different 550 

groups (mean ± standard deviation, n = 3). 551 

 552 
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Figure captions 554 

Figure 1. Effects of pH and SPI/CHC ratio on the turbidity of SPI-CHC complex 555 

solution (a); zeta potential of SPI, CHC and SPI-CHC complex (b); effect of CHC/SPI 556 

concentration on turbidity of composite system (c). 557 

Figure 2. Effect of pH on size of SPI-CHC complex solution (a)，and PDI of SPI, CHC 558 

and SPI-CHC complex (b). 559 

Figure 3. FT-IR spectra of CHC (a), SPI (b), SC (c), rutin (RUT) (d), and SCR (e).  560 

Figure 4. The DSC patterns of SPI, CHC, SC (a); and RUT, SR, SCR (b). 561 

Figure 5. SEM of CHC (a), SPI (b), SC (c) and SCR (d). 562 

Figure 6. Storage stability of SC and SCR. (a) Particle size and PDI; (b) zeta-potential 563 

and turbidity. Different letters indicate the significant difference within the same group 564 

(p < 0.05). 565 

Figure 7. Simulated release of SR and SCR in vitro. 566 

Figure 8. Antioxidant activity of digestion products of microcapsules. (a) 567 

DPPH· scavenging ability; (b) ABTS•+ scavenging ability. Bars with different letters 568 

above within the same group differ significantly (p < 0.05). 569 
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Fig.1 572 

                                                                                    573 

 574 

Fig.1. Effects of pH and SPI/CHC ratio on the turbidity of SPI-CHC complex solution 575 

(a); and zeta potential of SPI, CHC and SPI-CHC complex (b); effect of CHC/SPI 576 

concentration on turbidity of composite system (c). 577 
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Fig.2  579 

 580 

 581 

Fig. 2. Effect of pH on size of SPI-CHC complex solution (a), and PDI of SPI, CHC 582 

and SPI-CHC complex (b). 583 

 584 
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Fig.3 586 

 587 

Fig.3. FT-IR spectra of CHC (a), SPI (b), SC (SPI-CHC) (c), rutin (RUT) (d), and SCR 588 

(SPI-CHC-RUT) (e).  589 
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Fig.4 591 

 592 

Fig. 4. The DSC of SPI, CHC, SC (a); and rutin (RUT), SR (SPI-RUT), SCR (SPI-593 

CHC-RUT) (b). 594 

 595 
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Fig.5 597 

 598 

Fig.5. SEM of CHC (a), SPI (b), SC (c) and SCR (d). 599 
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Fig.6 601 

 602 

Fig. 6. Storage stability of SC and SCR. (a) Particle size and PDI; (b) zeta potential and 603 

turbidity. Different letters indicate the significant difference within the same group (p < 604 

0.05). 605 
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Fig.7 607 
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Fig.7. Simulated release of SR and SCR in vitro 610 
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Fig.8 613 

 614 

Fig.8. Antioxidant activity of digestion products of microcapsules. (a) 615 

DPPH· scavenging ability; (b) ABTS•+ scavenging ability. Bars with different letters 616 

above within the same group differ significantly (p < 0.05). 617 


