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Abstract 

 

The objective of this work is to fabricate zein/fucoidan composite nanoparticles for the 

delivery of pterostilbene, a hydrophobic nutraceutical with diverse beneficial biological 

activities. Pterostilbene-encapsulated zein/fucoidan composite nanoparticles were prepared 

using an anti-solvent precipitation method. The fucoidan levels affected the physicochemical 

properties of the composite nanoparticles. When the zein to fucoidan mass ratio was 10:1, 5:1, 

2:1, or 1:1, the prepared zein/fucoidan nanoparticles were stable, and these nanoparticles 

showed higher pterostilbene encapsulation efficiency than did zein nanoparticles. 

Fucoidan-stabilized zein nanoparticles exhibited globular structure with average diameters of 

120–150 nm. Fourier-transform infrared spectroscopy, X-ray diffraction, and fluorescence 

spectrum analysis confirmed that the formation of composite nanoparticles was mainly driven 

by electrostatic, hydrogen-bonding, and hydrophobic interactions between pterostilbene, zein, 

and fucoidan. Furthermore, the photochemical stability of pterostilbene encapsulated in 

zein/fucoidan nanoparticles was markedly better than that of pterostilbene loaded in zein 

nanoparticles or unencapsulated pterostilbene. Zein/fucoidan nanoparticles provided a better 

controlled release of pterostilbene than did zein nanoparticles under simulated gastrointestinal 

conditions. Moreover, the cytotoxicity assay demonstrated that zein/fucoidan nanoparticles 

were nontoxic to Caco-2, HK-2, and L-02 cells. Based on our results, the zein/fucoidan 

nanoparticles may be a promising delivery carrier for the encapsulation, protection, and 

release of pterostilbene. 

 

Keywords: Pterostilbene; Zein/fucoidan composite nanoparticles; Formation mechanism 
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1. Introduction 

Pterostilbene (PTS) (trans-3,5-dimethoxy-4-hydroxystilbene), a natural phenolic 

compound, is primarily present in many plants, especially in vaccinium berries and red 

sandalwood [1, 2]. Structurally, PTS is a dimethylether analog of resveratrol, a well-studied 

phenol, both of which are naturally bioactive compounds belonging to the stilbene family [1, 

3]. PTS and resveratrol exhibit many similarly beneficial bioactivities, such as antioxidant, 

anti-inflammatory, anti-diabetic, and neuroprotective activities [4]. However, PTS has several 

advantages over resveratrol, such as a higher bioavailability and a greater metabolic stability, 

which is attributed to the fact that PTS possesses two methoxyl groups and one hydroxyl 

group while resveratrol contains three hydroxyl groups. The dimethylether structure of PTS 

can enhance its lipophilicity, causing a higher membrane permeability and cell absorption rate. 

Moreover, the methylation of the phenolic hydroxyl restricts the glucuronidation and sulfation 

of PTS due to less conjugating sites of hydroxyl groups, resulting in an improved metabolic 

stability [4]. Based on these chemical structural properties, PTS can be a promising 

compound as a nutraceutical, functional ingredient, or drug candidate in disease prevention 

and treatment.   

However, native PTS exhibits a low aqueous solubility and a sensitivity to external 

agents such as air and light, which greatly limits its practical applications. For instance, PTS 

under ultraviolet irradiation can be converted into the cis-isomers, which are biologically less 

active than trans-isomers [5]. Recently, nanoencapsulation has been widely developed to 

overcome the aqueous solubility and stability issues of hydrophobic bioactive compounds, 

with numerous examples such as nanoemulsions [6], biopolymer nanoparticles [7], solid lipid 

nanoparticles [8], and liposomes [9]. Food-grade nanoparticle-based delivery vehicles applied 

to the encapsulation and delivery of hydrophobic bioactive compounds has attracted 

increasing attention. Food-grade carriers are usually fabricated using food-grade polymer 

materials, such as proteins and polysaccharides, which are generally biocompatible, 

biodegradable, and non-toxic [10]. Recently, zein-based nanoparticles have been widely used 

as carriers for the encapsulation of lipophilic bioactive compounds, such as β-carotene [11], 

curcumin [12], resveratrol [13], and quercetagetin [14]. Zein, a storage prolamin protein 

derived from maize, is rich in non-polar amino acids (e.g., leucine, alanine, and proline) and 
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also contains some polar amino-acid residues (e.g., glutamine), resulting in its high solubility 

in aqueous ethanol solution but low solubility in water alone [15, 16]. Due to its unique 

amphiphilic character, zein can easily self-assemble to form nanoparticles for the delivery of 

hydrophobic bioactive substances. However, zein colloidal nanoparticles are unstable under 

certain environmental conditions, such as pH values around the isoelectric point, elevated 

temperature, and high levels of salt. Previous research has shown that incorporation of anionic 

polysaccharides, such as hyaluronan [17], pectin [18], and carboxymethyl chitosan [19] can 

effectively improve the stability of zein nanoparticles through the formation of complexes, 

mainly based on interactions such as hydrogen bonds and electrostatic forces between zein 

and polysaccharides.  

Fucoidan (FU), a sulfated anionic polysaccharide commonly extracted from marine 

brown algae and some echinoderms, mainly contains L-fucopyranose units and sulfated ester 

groups [20, 21]. The dissociation constant (pKa) value of sulfate groups on FU is around pH 2 

[22]. At a pH value higher than the pKa of the polysaccharide but lower than the isoelectric 

point of zein (e.g., a pH between 2 to 6), FU is ionized with a negative charge, which has the 

potential to stabilize zein nanoparticles by interacting with cationic amino acid residues on the 

surface of zein nanoparticles, forming a negatively charged outer layer. Many previous 

researches have focused on the utilization of anionic polysaccharides containing carboxylate 

groups to stabilize zein nanoparticles. However, there are a few studies on the application of 

the polysaccharides possessing sulfated groups as stabilizers of zein nanoparticles. Cheng et 

al. [23] found that zein nanoparticles could be stabilized by ι-carrageenan, a kind of sulphated 

polysaccharide. In this case, ι-carrageenan-stabilized zein nanoparticles showed an excellent 

stability over a wide pH range. Yuan et al. [24] studied the use of dextran sulfate-coated zein 

nanoparticles as a vehicle for the delivery of curcumin. Nevertheless, to the best of our 

knowledge, there are no previous studies applying FU as a stabilizer of zein nanoparticles. To 

date, the study of biopolymer materials-stabilized zein nanoparticles as delivery systems for 

PTS has not been reported. Therefore, in the present work, we focus on the use of FU to form 

zein-biopolymer composite nanoparticles as a potential new carrier for PTS delivery.  

In the current study, PTS was encapsulated into zein/FU composite nanoparticles using 

an anti-solvent precipitation method. The influence of the mass ratios of zein to FU on the 
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formation of zein/FU composite nanoparticles was explored. Factors including particle size, 

zeta-potential, PTS encapsulation efficiency, morphology, and physical stability of the 

PTS-loaded composite nanoparticles with different FU levels were characterized. In addition, 

the interaction mechanisms between PTS, zein, and FU were explored. The photochemical 

stability and in vitro release profiles of PTS in zein/FU composite nanoparticles were also 

investigated. Furthermore, the cytotoxicity of zein/FU composite nanoparticles was evaluated 

using Caco-2, HK-2, and L-02 cells. The composite nanoparticles developed in this work 

have a promising potential as delivery vehicles for PTS or hydrophobic nutraceuticals in the 

functional food and pharmaceutical industries. Moreover, the findings of present work may 

provide useful theoretical knowledge about the interaction between sulfated anionic 

polysaccharides and plant-derived proteins.  

2. Materials and methods 

2.1. Materials 

Pterostilbene (purity 99%) was obtained from Great Forest Biomedical (Hangzhou, 

Zhejiang, China). Zein, fucoidan (extracted from Fucus vesiculosus), pepsin, and pancreatin 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Bile salts were purchased from 

Sangon Biotech (Shanghai, China). Other reagents, such as hydrochloric acid, sodium 

hydroxide, ethanol, acetonitrile, and ethyl acetate were of analytical grade and purchased 

from Sinopharm Chemical Reagent (Shanghai, China).  

2.2. Preparation of zein/FU-PTS composite nanoparticles 

PTS-zein/FU composite nanoparticles were fabricated using the anti-solvent precipitation 

method described in a previous report [25]. Briefly, zein (1%, w/v) and PTS (0.1%, w/v) were 

dissolved together in 75% (v/v) aqueous ethanol solution with stirring for 20 min. Different 

weighed amounts of FU (2.5, 5, 10, 20, 50, 100, and 200 mg) were added to 40 mL of water 

(adjusted to pH 3.5 by 1 M HCl) and stirred for 2 h to completely dissolve FU. Then, 10 mL 

zein-PTS aqueous ethanol solution was slowly added into 40 mL of FU solution with 

continuous stirring (1000 rpm) for 1 h to form PTS-zein/FU particle dispersions. Zein-PTS 

nanoparticle dispersions were prepared by adding the zein-PTS aqueous-ethanol solution into 

acid water (pH 3.5) as controls. Subsequently, ethanol in the dispersion was removed by a 

rotary evaporator, and the remaining nanoparticle dispersions were diluted with pH 3.5 water 
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to approximately 50 mL. Finally, the sample was centrifuged at 2000 g for 10 min to remove 

any possible large aggregates and undissolved substances. The final dispersions were stored at 

4°C for the determination of various characteristics. A fraction of the dispersions was 

freeze-dried for further solid-state analysis.  

The samples with different mass ratios of zein to FU at 100:2.5, 100:5, 100:10, 100:20, 

100:50, 100:100, and 100:200 were denoted as PTS-zein/FU (40:1), PTS-zein/FU (20:1), 

PTS-zein/FU (10:1), PTS-zein/FU (5:1), PTS-zein/FU (2:1), PTS-zein/FU (1:1), and 

PTS-zein/FU (1: 2), respectively.    

2.3. Particle size and zeta-potential 

The effective mean particle size of the colloidal particles was determined by the dynamic 

light scattering technique (NanoBrook Omni Instrument, USA). The zeta-potential of 

colloidal particles was measured using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., 

UK). Before measurements, the samples were diluted appropriately with pH 3.5 water to 

avoid multiple scattering effects. 

2.4. Field emission scanning electron microscopy (FE-SEM) 

The morphological structures of PTS-zein, PTS-zein/FU (10:1) PTS-zein/FU (2:1), and 

PTS-zein/FU (1:2) composite nanoparticles were observed by FE-SEM (Regulus 8100, 

Hitachi, Japan). A droplet of the freshly prepared colloidal particle dispersions was air-dried 

on the silicon chip, which was then adhered onto double-sided carbon tapes mounted to a 

specimen stub. Subsequently, the chips were coated with a thin gold layer and observed under 

3.0 kV acceleration voltage. 

2.5. Encapsulation efficiency (EE) and loading capacity (LC) of PTS 

The EE and LC of the PTS loaded zein/FU nanoparticles were determined according to 

the report by Li et al. [26] with some modifications. Briefly, the freshly prepared nanoparticle 

dispersions were centrifuged at 2000 g for 10 min to remove any insoluble aggregates or free 

PTS. Then, 1 mL of particle dispersions were mixed with 1 mL of ethyl acetate and then the 

mixture was vortexed for 40 s. After phase separation, the upper organic phase was sucked 

out. The same extraction method was repeated for three times in order for the encapsulated 

PTS to fully dissolve into the upper organic phase (ethyl acetate). The upper organic phases 

were collected together, and then were properly diluted. The content of PTS dissolved in ethyl 
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acetate was measured using a HPLC system equipped with a C18 column at a detection 

wavelength of 305 nm. For the mobile phase, 55% (v/v) aqueous acetonitrile solution was 

used at a flow rate of 1 mL/min. The encapsulation efficiency (EE) and loading efficiency 

(LC) of PTS were calculated using the following equations:   

EE (%) =
weight of encapsulated PTS

total weight of added PTS
× 100 

LC (%) =
weight of encapsulated PTS

total weight of zein and FU input
× 100 

2.6. Fluorescence spectroscopy 

The fluorescence spectra of pure PTS, zein nanoparticles, PTS-zein nanoparticles, and 

PTS-zein/FU nanoparticles were measured using a fluorescence spectrophotometer (F-7000, 

Hitachi, Japan). The excitation wavelength was set at 280 nm and the emission signals were 

recorded from 290 to 440 nm. The scanning speed was 1200 nm/min. The slit widths of both 

the excitation and emission were fixed at 5 nm. The nanoparticle samples were diluted with 

pH 3.5 water at the same dilution ratios. Pure zein was dissolved in pure ethanol solution with 

an equivalent concentration as in the nanoparticle samples. 

2.7. Fourier-transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) 

The individual components (zein, FU, and PTS) and freeze-dried composite nanoparticle 

powders were measured by FTIR spectrophotometry (Nicolet iS10, Thermo Scientific 

Corporation, USA) and XRD (D2 PHASER, Brucker, Germany) according to a previous 

study [27]. The FTIR spectra were collected at wavenumbers ranging from 4000 to 400 cm
-1

 

in 32 scans at a resolution of 4 cm
-1

. The XRD data were acquired at a scanning angle (2θ) 

from 5° to 40° with a step size of 0.03° and a step time of 0.5 s. A copper (Cu) anode was 

used at a voltage of 30 kV and a current of 10 mA. 

2.8. Stability evaluation 

2.8.1. Physical stability 

The physical stability of the PTS-zein/FU colloidal dispersions was determined using the 

LUMiSizer (LUM Corporation, Germany) by centrifugal force and light transmission. The 

samples were placed in LUM sample cells and centrifuged at a speed of 4000 rpm. The 

measurement wavelength was 870 nm. The first 100 profiles were obtained at an interval of 

10 s, and the last 900 profiles were obtained at an interval of 60 s. The measurement 
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temperature was 25°C.  

2.8.2. Photochemical stability  

The photochemical stability against light-induced degradation of PTS was evaluated 

using a UV light lamp according to a report by Fan et al. [28]. Briefly, 2 mL of nanoparticle 

dispersions were added to a 6-well plate (25 cm
2
 area), which was subjected to UV radiation 

at a wavelength of 254 nm for 15, 30, 45, 60, 90, and 120 min. Free PTS dissolved in 

acetonitrile was used as the control. The remaining PTS in the samples was analyzed using 

the HPLC procedure as described above.  

2.9. In vitro release of PTS under simulated gastrointestinal conditions  

The in vitro release profiles of PTS from the zein nanoparticles and zein/FU (2:1) 

nanoparticles were monitored under simulated gastric and intestinal conditions by using the 

dialysis method based on previous studies [29, 30] with some modifications. Briefly, 

simulated gastric fluid in a human eating state (SGF, pH 4.0 with 2.0 mg/mL NaCl and 3.2 

mg/mL pepsin) and simulated intestinal fluid (SIF, pH 7.4 with 8.8 mg/mL NaCl, 6.8 mg/mL 

KH2PO4, 2 mg/mL pancreatin and 5 mg/mL bile salts) were prepared. Then, 3 mL of 

nanoparticle dispersions mixed with 3 mL of SGF were enclosed in a membrane dialysis bag 

(at 8-14 kDa molecular weight cut-off) and immersed in 60 mL of the SGF release medium 

for 2 h. Then, 6 mL of SIF was added to the dialysis bag, which was transferred to 120 mL of 

the SIF release medium for 4 h. The whole release process was carried out in an incubator at 

37°C under continuous vibration at 120 rpm. At predetermined time points, aliquots (1 mL) of 

release medium were collected and replaced with 1 mL of fresh medium. The collected 

release medium was centrifuged at 10000 g for 10 min and the supernatant was passed 

through a 0.45 μm filter. Then, the amount of PTS released into the medium was measured 

using the HPLC method as described above.    

2.10. Cytotoxicity assay 

The cytotoxicity of the zein nanoparticles and zein/FU (2:1) nanoparticles was evaluated 

on Caco-2, HK-2, and L-02 cells using the CCK-8 assay (Beyotime Biotechnology, China) 

method according to a previous report with some modifications [31]. Briefly, the cells were 

seeded into 96-well culture plates at a cell density of 1 × 10
4
 cells per well and placed in an 

incubator with 5% CO2 at 37°C. After incubation for 24 h, the medium was removed and the 
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cells were treated with fresh medium containing various concentrations of composite 

nanoparticles (50, 100, 200, and 400 μg/mL, which corresponded to the concentrations of zein 

in the water phase). After 24 h of treatment, the sample media were removed and then culture 

medium containing 10% CCK-8 was added. After incubation for 2 h, the absorbance at 450 

nm was measured using a microplate reader (Bio-Rad iMark, USA). The cell viability was 

calculated using the following equation:  

Cell viability (%) =
absorbances of treated cells

absorbances of untreated cells
× 100 

2.11. Statistical analysis 

The results were reported as the mean ± standard deviation of triplicate experimental 

results. The data were analyzed using SPSS software (IBM SPSS Statistics 21). The 

differences were evaluated using one-way analysis of variance (ANOVA) and Duncan's 

multiple comparisons. A result with a p-value below 0.05 (p < 0.05) was considered a 

statistically significant. 

3. Results and discussion 

3.1. Particle size and zeta-potential  

The impact of the mass ratios of zein to FU on the mean particle diameter, particle size 

distribution, zeta-potential, and appearance of PTS-encapsulated zein/FU composite 

nanoparticles is shown in Fig. 1. In the absence of FU, PTS-loaded zein nanoparticles 

possessed a mean particle size of 73.77 nm, which is in agreement with a previous study that 

reported curcumin-enriched zein nanoparticles with a particle diameter of 77.29 nm [32]. The 

addition of FU to the anti-solvent aqueous phase was found to have a major impact on the 

mean particle diameter of composite nanoparticles, which varied with different mass ratios of 

zein to FU. As seen in Fig. 1D, when zein/FU mass ratio was 40:1 or 20:1, composite particle 

dispersions during the preparation were found to have markedly visual aggregation, gradually 

forming sediments at the bottom of the containers. This observation was representative of the 

generation of insoluble associative electrostatic complexes. These results might have been due 

to the formation of electrostatic attractions between zein and FU, leading the composite 

particles to carry a relatively low surface charge magnitude at the zein/FU mass ratios studied. 

Composite nanoparticles with a relatively low net surface charge showed a reduction in the 
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electrostatic repulsion between nanoparticles. This is one reason for the formation of 

insoluble electrostatic deposition around this FU level. This phenomenon can be further 

interpreted by the zeta-potential value of PTS-loaded zein/FU nanoparticles with different 

mass ratios of zein to FU (Fig. 1B). The zeta-potential of zein-PTS nanoparticles without the 

addition of FU was 49.63 mV at pH 3.5. The isoelectric point of zein is 6.2 [33], therefore 

zein has a positive charge at pH 3.5. FU contains sulfate ester groups which have been 

reported to have a pKa around pH 2.0 [22]. In an aqueous solution of pH 3.5, FU molecules 

carry a negative net charge. At a zein/FU mass ratio of 40:1, zein had a greater surface charge 

than FU, where the positive charge on the surface of the zein nanoparticles was only partially 

neutralized by the negative charge of FU molecule. Thus, due to the electrostatic attraction 

between zein and FU, the PTS-zein/FU (40:1) nanoparticles had a positive charge lower than 

zein-PTS nanoparticles. When the FU concentration increased, the FU molecule surface had a 

more negative charge, whereby the total net charge of the composite nanoparticles was 

negative. At a zein/FU mass ratio of 20:1, the levels of FU were insufficient to completely 

coat the surface of zein particles, which resulted in a single FU molecule coated on multiple 

zein nanoparticle surfaces, thus causing bridging flocculation. This could also be responsible 

for the aggregation of particles. A similar finding was reported by Li et al., who found that 

when zein nanoparticles were mixed with soluble soybean polysaccharide at a mass ratio of 

20:1 or 10:1, extensive particle aggregation occurred due to low electrostatic repulsion and 

bridging flocculation [34].  

As the level of FU gradually increased (zein/FU mass ratio changing from 10:1 to 2:1), 

the particle size of PTS-loaded zein/FU nanoparticles was significantly (p < 0.05) decreased 

to 132.53 nm (zein/FU 10:1), 120.82 nm (zein/FU 5:1), and 117.59 nm (zein/FU 2:1). This 

result was ascribed to the fact that, as the FU content increased, the negative surface charge of 

the nanoparticles increased, leading to an increased electrostatic repulsion between the 

nanoparticles. Therefore, PTS-zein/FU nanoparticles formed a relatively compact structure, 

resulting in the reduction of particle size. As expected, the zeta-potential of the nanoparticles 

was decreased to -36.57 mV (zein/FU 10:1), -38.17 mV (zein/FU 5:1), and -38.03 mV 

(zein/FU 2:1) due to the increase in the electrostatic repulsion between the nanoparticles. Hu 

et al. reported that as alginate concentrations gradually increased to exceed the minimum 
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levels that could stabilize zein nanoparticles, the zeta-potential of the zein/alginate composite 

nanoparticles reached a relatively constant value [35]. Our results indicated that the FU was 

absorbed on the surface of zein nanoparticles by the attractive electrostatic interactions, and 

that negatively charged FU could stabilize the nanoparticles through electrostatic and steric 

repulsion.  

Interestingly, as the amount of FU increased further (zein/FU ratio of 1:1 and 1:2), the 

mean size of the composite nanoparticles was significantly (p < 0.05) increased to 121.07 nm 

(zein/FU 1:1) and 139.32 nm (zein/FU 1:2). A similar phenomenon was observed by Chen et 

al. who pointed out that high levels of hyaluronic acid could increase the size of 

zein/hyaluronic acid nanoparticles due to cross-linking [36]. Our results suggested that the 

superfluous FU could produce cross-linking between nanoparticles. The zeta-potential of 

these nanoparticles showed no significant differences compared to the zein/FU (2:1) 

composite nanoparticles. These results further indicated the presence of anionic FU molecules 

coated on the surfaces of cationic zein particles, forming a core-shell nanoparticle with a zein 

core and a FU shell. Moreover, the FU shell layer dominated the overall charge of the 

composite nanoparticles.  

3.2. FE-SEM analysis 

The FE-SEM images of PTS-zein, PTS-zein/FU (10:1), PTS-zein/FU (2:1), and 

PTS-zein/FU (1:2) nanoparticles are presented in Fig. 2. PTS-zein nanoparticles (Fig. 2A) 

showed a spherical shape but with a coarse surface, probably owing to the presence of some 

PTS crystals at the surfaces of the zein nanoparticles [37]. Simultaneously, most particles 

were clumped and interconnected, and only a handful of individual particles could be clearly 

observed. This phenomenon is similar to that reported by Luo et al. [19], who used a similar 

method for the zein nanoparticles preparation. After the addition of FU, the composite 

nanoparticles exhibited smoother surfaces and a more regular spherical shape, which varied 

depending on the levels of FU. When the FU level was relatively low (zein/FU 10:1, Fig. 2B), 

the particles had a distinctly spherical shape but without a uniform size, which was ascribed 

to the fact that insufficient FU provided relatively weak interactions. In Fig. 2C, a relatively 

homogeneous size distribution and individual nanoparticles were observed in the 

PTS-zein/FU (2:1) nanoparticles, which was due to the strong interactions between zein, FU, 
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and PTS. At a zein/FU mass ratio of 1:2 (Fig. 2D), the nanoparticles connected with each 

other, which was attributed to excessive FU binding on the surface of the composite 

nanoparticles. The FE-SEM analysis was in accordance with the particle size results. 

3.3. EE and LC of PTS 

The EE and LC of PTS encapsulated in zein and zein/FU nanoparticles with different 

mass ratios of zein and FU are listed in Table 1. In the absence of FU, the EE of PTS enriched 

in zein nanoparticles was around 86.11%. At the zein to FU mass ratios of 40:1 and 20:1, the 

EE of the PTS in composite nanoparticles was significantly decreased to 47.27% and 27.63%, 

respectively. Since zein/FU (40:1) and zein/FU (20:1) samples tended to aggregate and 

precipitate during PTS encapsulation, which was due to a low electrostatic repulsion between 

the nanoparticles and bridging flocculation. Therefore, the LC of PTS in the zein/FU (40:1) 

and zein/FU (20:1) nanoparticles was markedly (p < 0.05) decreased compared to that of PTS 

in the zein nanoparticles. When the FU levels were increased from zein/FU (10:1) to zein/FU 

(1:2), the EE of the PTS in composite nanoparticles was significantly (p < 0.05) enhanced 

compared to that of the PTS in zein nanoparticles. In particular, the zein/FU (2:1) composite 

nanoparticles exhibited the highest EE of PTS, up to 95.63%. This finding indicated that the 

coating of zein nanoparticles with negatively charged FU could produce a nanoparticle with a 

compact structure, which could greatly improve the capacity of encapsulating PTS. The LC of 

PTS in the zein/FU (10:1) nanoparticles showed no significant difference compared to that of 

PTS in the zein nanoparticles. Furthermore, when the zein/FU mass ratio was increased from 

5:1 to 1:1, the LC of the PTS in composite nanoparticles was found to be gradually reduced. 

These results were attributed to the fact that, as the FU concentration increased, the amount of 

encapsulated PTS in nanoparticles also increased slightly, however, the weight of the carriers 

was drastically improved. However, the EE and LC of PTS in zein/FU (1:2) nanoparticles 

were significantly decreased compared to that of PTS in the zein nanoparticles, which was 

due to the excessive levels of FU resulting in the formation of bridges with neighboring 

particles, promoting particle aggregation. These results suggested that incorporation of FU 

could effectively enhance the EE of PTS, resulting in that zein/FU composite nanoparticles 

could potentially be used as vehicles for the delivery of PTS. 

3.4. Fluorescence spectroscopy 
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The fluorescence of the fluorophore is very sensitive to its surrounding 

micro-environment. The intermolecular interactions between proteins and other compounds 

may alter the local environment of proteins, which can be revealed through fluorescence 

spectroscopy [38]. Therefore, fluorescence spectrum measurements were performed to 

investigate the potential intermolecular interactions within nanoparticles. 

The fluorescence emission spectra of pure zein, pure PTS, PTS-zein nanoparticle 

dispersions, and PTS-zein/FU nanoparticle dispersions are shown in Fig. 3. At an excitation 

wavelength of 280 nm, pure zein exhibited a fluorescence emission spectrum with a peak at 

310 nm, which was attributed to the fact that zein contains a high level of tyrosine residues 

with a characteristic emission maximum around 304 nm. Interestingly, for pure PTS, a 

fluorescence emission peak at 388 nm was observed after being excited at 280 nm. When the 

PTS was encapsulated in composite nanoparticles, the typical fluorescence emission spectra 

of zein disappeared and was replaced by that of PTS. This phenomenon suggested that the 

presence of PTS could quench the intrinsic tyrosine fluorescence of zein, which can be 

explained by the growth of the PTS emission band excited by the transfer of energy and the 

molecular interactions. This result is similar to that reported by previous studies [39, 40]. Joye 

et al. reported that when resveratrol was mixed with gliadin, gliadin fluorescence spectra 

deviated from the tryptophan emission spectra and a new resveratrol emission band was 

observed, resulting from energy transfer and molecular interactions between gliadin and 

resveratrol [29]. Meanwhile, when PTS was loaded in zein and zein/FU nanoparticles, the 

PTS emission spectra showed a red shift to 395 nm and the fluorescence intensity 

considerably increased compared to pure PTS, which further indicated the existence of 

binding behavior and molecular interactions between PTS, zein and FU. After the addition of 

FU, the emission maximum peak of PTS did not undergo any changes, however, the 

fluorescence intensity was markedly decreased, compared to those of PTS-loaded zein 

nanoparticles. When the zein/FU mass ratios of 40:1, there was a relatively lower 

fluorescence intensity. The result was ascribed to the fact that there was a slight aggregation 

between nanoparticles when the low levels of FU were coated on the zein nanoparticles. As a 

result, the total quantity of PTS-zein/FU nanoparticles was reduced, resulting in a reduction in 

fluorescence intensity. At a zein/FU mass ratio of 20:1, there were many insoluble associative 
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electrostatic complexes at the bottom of the containers. The transparent upper dispersions 

contained very few composite particles formed by zein, FU, and PTS. Thus, the fluorescence 

spectrum of the PTS-zein/FU (20:1) nanoparticles was not determined. When the levels of FU 

were increased, the fluorescence emission intensity of PTS also increased; however, it 

remained lower than that of PTS in zein nanoparticles. This result was due to the fact that 

FU-coated zein nanoparticles were stable, and the addition of FU resulted in a more 

hydrophilic microenvironment for PTS, mainly driven by hydrophobic effects and hydrogen 

bonds. Wei et al. reported that the incorporation of rhamnolipid enhanced the polarity of the 

local environment of resveratrol, causing a decrease in the emission intensity of resveratrol 

[39].  

3.5. Fourier-transform infrared (FTIR) spectroscopy 

The FTIR spectra of the individual ingredients (pure zein, FU, and PTS) and composite 

nanoparticle samples are presented in Fig. 4. As shown in Fig. 4A, the spectrum of FU 

showed two characteristic absorption peaks at 1259.02
 
and 840.83 cm

-1
, assigned to S=O 

stretching and C-O-S bending vibration, respectively, which were attributed to the existence 

of abundant sulfate ester groups in fucoidan [41, 42]. Two featured absorption peaks at 

1654.49 and 1535.75 cm
-1

 were observed in the zein spectrum, which corresponded to amide I 

bands (C–O stretching) and amide II bands (C–N stretching and bending vibration of N–H 

groups), respectively [43].
 
The

 
FTIR spectrum of PTS exhibited characteristic absorption 

bands at 1600.15, 1585.55, 1514.71, 1458.43, 1353.35, and 963.31 cm
-1

, assigned to aromatic 

-C=C- stretching, olefinic -C-C- stretching, aromatic ring -C=C- stretching, aromatic ring 

-C=C- stretching, -C-O- stretching vibration, and trans olefinic -C=C- stretching, respectively 

[39]. Furthermore, the pure FU, zein, and PTS also exhibited prominent absorption peaks at 

3440, 3390, and 3310 cm
-1

, respectively, which were associated with O-H stretching 

vibrations. 

The FTIR spectra of the PTS-zein/FU nanoparticles at different mass ratios of zein to FU 

were also evaluated (Fig. 4B). As the FU levels were gradually increased, the absorption band 

of O-H vibration at 3500–3100 cm
-1

 was shifted to 3304.23 cm
-1

 (PTS-zein), 3304.84 cm
-1

 

(PTS-zein/FU 40:1), 3312.51 cm
-1

 (PTS-zein/FU 20:1), 3304.73 cm
-1

 (PTS-zein/FU 10:1), 

3308.71 cm
-1

 (PTS-zein/FU 5:1), 3323.58 cm
-1

 (PTS-zein/FU 2:1), 3432.53 cm
-1
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(PTS-zein/FU 1:1), and 3440.52 cm
-1 

(PTS-zein/FU 1:2). These findings demonstrated that 

hydrogen bonding may be generated between zein, FU, and PTS [44]. Additionally, in 

comparison with the spectrum of pure zein, the amide II peaks in the PTS-zein/FU composite 

nanoparticles shifted from 1535.75 cm
-1

 to 1540.66, 1540.20, 1540.98, 1539.01, 1540.45, 

1539.86, 1541.08, and 1540.47 cm
-1

, at the zein to FU mass ratios of 40:1, 20:1, 10:1, 5:1, 2:1, 

1:1, and 1:2, respectively. These results suggested that electrostatic interactions may be 

formed between zein, FU, and PTS during the production of composite nanoparticles [39]. 

Interestingly, when PTS was incorporated into the nanoparticles, the featured absorption 

bands observed in the spectrum of pure PTS disappeared, which indicated that the 

characteristic peaks of PTS merged or overlapped with the absorption bands of the polymer 

matrix, suggesting that PTS was embedded in the composite nanoparticles. These findings 

suggested that hydrogen-bonding, hydrophobic effects, and electrostatic attraction were the 

main mechanisms involved in the production of PTS-zein/FU composite nanoparticles. 

3.6. X-ray diffraction (XRD) 

The XRD spectra of pure PTS, pure zein, pure FU, and composite nanoparticles are 

shown in Fig. 5. The XRD pattern of zein showed two wide humps at diffraction angles 2θ of 

9.0° and 19.6°, while FU exhibited one broad peak, which indicated the amorphous nature of 

zein and FU. Conversely, pure PTS powder exhibited sharp diffraction peaks (2θ) mainly at 

8.4°, 12.5°, 17.9°, 18.5°, 23.1°, 25.3°, and 28.1°, which demonstrated the highly crystallized 

form of pure PTS. After PTS was encapsulated into the composite nanoparticles, the sharp 

characteristic crystalline peaks of pure PTS were not observed in any of the composite 

nanoparticles, indicating that the state of PTS changed from crystallinity to amorphous form, 

thus providing a convincing evidence of encapsulation. Additionally, the peak intensities of 

the zein/FU composite nanoparticles at 9.0° and 19.6° diffraction angles were both markedly 

decreased in comparison with native zein molecules. Interestingly, two characteristic new 

peaks around 28° and 31° were found in the spectra of the PTS-loaded zein/FU nanoparticles, 

which may be due to the intermolecular interactions between zein, FU, and PTS.  

3.7. Physical stability 

LUMiSizer can be used to obtain a transmission fingerprint of the dispersion system to 

define the characteristics of the system, such as stability, phase separation behavior (such as 
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creaming and sedimentation), and particle interaction (such as flocculation and coalescence). 

The transmission fingerprints of the zein/FU composite nanoparticles at different mass ratios 

of zein to FU were monitored during centrifugation (Fig. S1). The transmission profile 

showed space-related and time-related transmission changes over the entire sample length, 

which can trace the demixing behavior and characterize the stability of the samples. After the 

nanoparticle dispersions were centrifuged, the particles became unstable. Then, the light 

transmission intensity was found to gradually increase at the top of the sample cell, indicating 

the occurrence of destabilization phenomena, including sedimentation, flocculation, or 

creaming. As shown in Fig. S1, the different nanoparticles showed similar phase separation 

progress, although to different degrees. The change rate of transmission can reflect the 

instability of the samples (Fig. S2). The instability index of the different nanoparticles is 

summarized in Fig. 6.   

At a zein/FU mass ratio of 20:1, the particles were obviously sedimented at the bottom, 

leading to transparent upper dispersions. Thus, it was unnecessary to test the transmission 

change. In the Fig. 6, PTS-zein/FU (40:1) nanoparticles showed the highest instability index, 

indicating a lower stability than other nanoparticle samples. This result may be due to low 

electrostatic repulsion between the nanoparticles and bridging flocculation when the amount 

of FU added was insufficient. As the concentration of FU was increased (zein/FU mass 

rations of 10:1, 5:1, and 2:1), the instability index of was decreased, namely, physical stability 

of nanoparticle dispersions was increased. In particular, PTS-zein/FU (2:1) nanoparticles 

showed the highest physical stability. The increase in FU levels resulted in the increase of the 

negative charge of composite nanoparticles, which could provide enough electrostatic 

repulsion to form a relatively compact nanoparticle structure. When zein to FU mass ratio was 

1:1 or 2:1, the instability index of composite nanoparticles was increased, which suggested 

that excessive FU might weaken the physical stability of nanoparticles. Cross-linking by 

excessive FU may have led to a decrease in steric stability. This result is consistent with a 

previous study pointing out that excessive rhamnolipids decreased the physical stability of 

zein-PGA-rhamnolipid nanoparticles due to the bridging effect [45]. Our stability results were 

in perfect agreement with the particle size and zeta-potential analyses presented in this study.  

3.8. Photochemical stability 
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The photochemical stability of PTS loaded in zein and zein/FU nanoparticles compared 

with free PTS is shown in Fig. 7. The retention of PTS was decreased as the UV irradiation 

time increased. This result was attributed to the stilbene structure of PTS, which absorbs UV 

light, resulting in its degradation and isomerization when subjected to UV irradiation [29, 46]. 

During UV light treatment, the PTS-loaded composite nanoparticles were relatively more 

stable than free PTS. The retention rates of PTS in zein nanoparticles and zein/FU 

nanoparticles were higher than those of free PTS after UV irradiation. In addition, the PTS 

retention rates in the zein/FU nanoparticles were higher than in the zein nanoparticles. For 

example, after exposure to UV light for 90 min and 120 min, PTS was almost completely 

degraded, and the retention of PTS was not detected by HPLC after UV irradiation for 120 

min. Meanwhile, the retention rates of PTS increased to 11.0% and 13.9% when loaded in the 

zein and zein/FU nanoparticles, respectively. The nanoparticles were able to protect PTS from 

degradation, which could be explained by the fact that zein molecules contain aromatic amino 

acid residues and double bonds capable of absorbing some of the UV light [47]. Regarding 

the zein/FU nanoparticles, FU might coat the surface of the composite nanoparticles to form 

an outer layer, which could provide a physical barrier to protect PTS from UV light, 

increasing the photochemical stability of PTS. In a previous study, Sun et al. reported that a 

polymer matrix comprised of zein/shellac nanoparticles provided curcumin with protection 

from UV irradiation [48].  

3.9. In vitro release of PTS 

The in vitro release profiles of PTS from zein nanoparticles and zein/FU nanoparticles in 

simulated gastric fluid for the eating state and under simulated intestinal fluid conditions were 

investigated. The stomach digestive juice in a human eating state was chosen for simulation 

since most oral medications are taken after meals [29]. As shown in Fig. 8, PTS-zein 

nanoparticles and PTS-zein/FU (2:1) nanoparticles exhibited a similar PTS release profile in 

SGF medium. After 120 min of gastric digestion, the accumulated amount of PTS released 

from PTS-zein nanoparticles and PTS-zein/FU (2:1) nanoparticles was 19% and 21%, 

respectively. When samples from the SGF digestion were transferred to the SIF stage, we 

observed a fast release in the initial 60 min of the SIF digestion stage (120-180 min), followed 

by a sustained release for up to 360 min. This rapid release result may be due to the existence 
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of bile salts, proteins, and peptides in the simulated intestinal juices, which could form mixed 

micelles or complexes to solubilize the released PTS [49]. At the end of the small intestinal 

digestion, the cumulative release of PTS from zein/FU nanoparticles was 46%, which was 

significantly lower than that from zein nanoparticles (58%). A slightly slower PTS release in 

the SGF medium was attributed to the fact that the FU was absorbed on the surface of zein, 

which may have provided a barrier against PTS release [50]. In addition, the PTS-zein/FU 

(2:1) nanoparticles had a more compact structure due to the strong interactions between zein, 

FU, and PTS, which could inhibit PTS release from nanoparticles [39]. These results 

demonstrated that FU-stabilized zein nanoparticles could effectively reduce the release of 

PTS and achieved a controlled release under simulated gastrointestinal conditions. The release 

results are similar to those presented in the study by Wang et al., who reported that that 

carboxymethyl chitosan and tea polyphenols coated on zein nanoparticles reduced the release 

rate of encapsulated β-carotene, since the coatings could form a dense coating layers to 

greatly protect zein from digestive degradation and provide a good barrier against β-carotene 

release [11]. Overall, the zein/FU composite nanoparticles have great potential to be applied 

as an oral delivery vehicle for PTS or other hydrophobic nutrients.  

3.10. Cytotoxicity assay 

The cell viability of Caco-2, HK-2, and L-02 cells treated with zein and zein/FU (2:1) 

composite nanoparticles for 24 h was tested as shown in Fig. 9. After 24 h of treatment with 

composite nanoparticles at a concentration of 400 μg/mL, the cell viability was 94.2%, 94.8%, 

and 96.3% for Caco-2, HK-2, and L-02 cells, respectively. Compared with the control group, 

the zein and zein/FU (2:1) nanoparticles did not have a significant (p > 0.05) toxic effect on 

the cell viability of Caco-2, HK-2, and L-02 cells at any concentrations (50, 100, 200, and 400 

μg/mL). These results indicated that these nanoparticles were nontoxic and biocompatible at 

such used concentrations, which may be due to the fact that the natural biopolymers were 

used as carrier materials. Therefore, the zein/FU composite nanoparticles fabricated in this 

study can be used as a safe carrier for the delivery of pterostilbene or other lipophilic 

nutrients. 

3.11. Formation mechanism of composite nanoparticles 

The formation mechanism of zein/FU composite nanoparticles is proposed in a 
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schematic illustration (Fig. 10). In brief, zein and PTS co-dissolved in 75% aqueous ethanol 

solution were dropwise added into anti-solvents (pH 3.5 water containing FU) with magnetic 

stirring. Subsequently, the ethanol in the dispersions was completely removed by vacuum 

evaporation. Due to the decrease in the ethanol concentration, the solubility of zein was 

reduced, thus resulting in zein precipitate and self-assemble into composite nanoparticles with 

FU and PTS. The formation of PTS-zein/FU composite nanoparticles was primarily driven by 

hydrogen bonds, electrostatic interactions, and hydrophobic effects between zein, FU, and 

PTS, which was demonstrated via fluorescence spectrum, FTIR, and XRD analysis. Moreover, 

based on the results of particle size and zeta-potential, the formation process of PTS-loaded 

zein/FU composite nanoparticles was influence by variations in the levels of FU. At zein/FU 

mass ratio of 40:1 or 20:1, the FU molecule was insufficient to fully coat the zein 

nanoparticles surfaces, leading to a bridging flocculation and a low electrostatic repulsion, 

resulting in the aggregation of particles and a relatively low net magnitude. At higher FU 

levels (zein/FU mass ratio of 10:1, 5:1, or 2:1), the particle surfaces were completely coated 

with the negatively charged FU molecules. Here, as the FU levels increased, the interactions 

between zein, FU, and PTS were enhanced, resulting in the formation of compact and stable 

composite nanoparticles with smaller particle size. As FU levels further increased (zein/FU 

mass ratio of 1:1 or 2:1), an excess of FU resulted in cross-linking, causing an increase in 

particle size. These formation mechanisms were strongly confirmed by the physical stability 

and the FE-SEM observation of composite nanoparticles at different zein/FU mass ratios. 

Furthermore, the PTS in the zein/FU (1:2) nanoparticles showed a higher encapsulation 

efficiency and a better photochemical stability than PTS in zein nanoparticles alone.  

In conclusion, our results indicate that zein/FU composite nanoparticles have the 

potential to be used as all-natural delivery systems for PTS or other lipophilic bioactive 

compounds. Moreover, our findings may provide some information about interaction between 

zein and FU.  
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Figure captions 

Fig. 1. Mean particle size (A), zeta-potential (B), and particle size distribution (C) of 

PTS-zein nanoparticles and PTS-zein/FU composite nanoparticles with different mass ratios 

of zein to FU. The photograph (D) showed the appearance of prepared dispersions. The 

different letters represent significant differences (p < 0.05). 

Fig. 2. FE-SEM images of PTS-zein nanoparticles (A), PTS-zein/FU (10:1) nanoparticles (B), 

PTS-zein/FU (2:1) nanoparticles (C), and PTS-zein/FU (1:2) nanoparticles (D). 

Fig. 3. Fluorescence emission spectra of pure PTS in ethanol, zein nanoparticles, PTS-zein 

nanoparticles, and PTS-zein/FU nanoparticles with different mass ratios of zein to FU. 

Fig. 4. FTIR spectra of individual ingredients (PTS, zein, and FU) (A), PTS-zein 

nanoparticles, and PTS-zein/FU nanoparticles with different mass ratios of zein to FU (B). 

Fig. 5. XRD spectra of individual ingredients (PTS, zein, and FU), PTS-zein nanoparticles 

and PTS-zein/FU nanoparticles with different mass ratios of zein to FU. 

Fig. 6. Physical stability of PTS-zein/FU nanoparticles with different mass ratios of zein to 

FU. The different letters represent significant differences (p < 0.05). 

Fig. 7. Photochemical stability of PTS in zein nanoparticles, zein/FU (2:1) nanoparticles, and 

acetonitrile (as control) against UV light. The different letters represent significant differences 

(p < 0.05). 
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Fig. 8. In vitro release profiles of PTS from zein nanoparticles and zein/FU (2:1) 

nanoparticles in simulated gastrointestinal fluid. 

Fig. 9. Cell viability of Caco-2, L-02, and HK-2 cells against zein/FU (2:1) nanoparticles with 

different concentrations. The different letters represent significant differences (p < 0.05). 

Fig. 10. Schematic illustration of the formation mechanism of PTS-loaded zein/FU composite 

nanoparticles. 

 

 

 

 

 

 

 

 

Table 1. Encapsulation efficiency (EE) and loading capacity (LC) of PTS in zein and zein/FU 

composite nanoparticles 
a 

 

Sample EE (%) LC (%) 

PTS-zein 86.11 ± 2.95 d  7.93 ± 0.25 E 

PTS-zein/FU (40:1) 47.27 ± 2.78 b 4.41 ± 0.25 B 

PTS-zein/FU (20:1) 27.63 ± 2.27 a 2.56 ± 0.20 A 

PTS-zein/FU (10:1) 92.34 ± 4.90 e 7.74 ± 0.38 DE 

PTS-zein/FU (5:1) 95.31 ± 2.53 e 7.36 ± 0.18 D 

PTS-zein/FU (2:1) 95.63 ± 3.86 e 5.99 ± 0.23 C 

PTS-zein/FU (1:1) 89.98 ± 1.57 de 4.30 ± 0.07 B 

PTS-zein/FU (1:2) 80.08 ± 2.74 c 2.59 ± 0.09 A 

 

a 
Values were expressed as means ± standard deviation (n = 3). Different lower-case letters 

(a-e) values represent significant differences (p < 0.05) between different EE values of PTS. 

Different capital letters (A-E) represent significant differences (p < 0.05) between different 

LC values of PTS. 
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Fig. 1  
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Highlights 

 Fucoidan was first used to stabilize zein nanoparticles mainly by electrostatic, 

hydrogen-bonding, and hydrophobic interactions. 

 Zein/fucoidan composite nanoparticles were prepared as a carrier for the delivery 

of pterostilbene. 

 Zein to fucoidan mass ratios influenced the physicochemical properties of 

composite nanoparticles.  

 The addition of fucoidan into composite nanoparticles improved the 

encapsulation efficiency and photochemical stability of pterostilbene. 

 Zein/fucoidan nanoparticles exhibited a controlled release of pterostilbene and no 

cytotoxicity. 
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