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1  | INTRODUC TION

Recently, nanotechnology is one of the fastest growing areas of sci-
ence, which involves the development, characterization, and appli-
cation of nanoparticles (NPs). More and more NPs exhibiting specific 
and novel physicochemical properties have been produced and ap-
plied in food and pharmaceutical industry in production, packaging, 
sensors, nutrient delivery systems, and food additives to improve 

products properties including visual presentation, products qual-
ity, shelf life, safety, and nutritional absorption (Chen et al., 2015; 
McClements & Xiao, 2017). For example, titanium dioxide NPs are 
used as a popular food additive in various food products such as 
gum, candies, puddings, cheeses, sauces, skimmed milk, ice creams, 
pastries, dressings, and certain powdered food in order to enhance 
the white color, brightness and improve the flavors of food (Dudefoi 
et al., 2017; Li, Yang, et al., 2018). Silica NPs are added into certain 
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Abstract
Food matrices could affect the physicochemical properties of nanoparticles (NPs) 
and define the biological effects of NPs via oral exposure compared with the pristine 
NPs. We established a standardized dietary model based on Chinese dietary refer-
ence intakes and Chinese dietary guidelines to mimic the exposure of NPs in real life 
and to evaluate further the biological effect and toxicity of NPs via oral exposure 
compared with current models. The standardized dietary model prepared from the 
primary emulsion was dried into powder using spray drying compared with commer-
cial food powder and then was reconstituted compared with the fresh sample. The 
average particle size (295.59 nm), potential (−23.78 mV), viscosity (0.04 pa s), and 
colors (L*, a*, b* = 84.13, −0.116, 8.908) were measured and characterized of the fresh 
sample. The flowability (repose angle = 37.28° and slide angle = 36.75°), moisture 
(2.68%), colors (L*, a*, b* = 94.16, −0.27, 3.01), and bulk density (0.45 g/ml) were com-
pared with commercial food powder. The size (310.75 nm), potential (−23.98 mV), and 
viscosity (0.04 pa s) of reconstituted model were similar to the fresh sample. Results 
demonstrated that the model was satisfy the characterizations of easy to fabrication, 
good stability, small particle size, narrow particle size distribution, strong practicabil-
ity, and good reproducibility similar to most physiological food state and will be used 
to evaluate NPs’ safety.
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powdered food products such as salts, icing sugar, spices, dried milk, 
and dry mixes as anti-caking agents in order to prevent poor flow or 
“caking.” Silver NPs are extensively used in food packaging materials 
owing to broad-spectrum antimicrobial activity against microorgan-
isms (Winkler et al., 2016).

The fast-growing applications of NPs in food and pharmaceu-
tical industry enhance the oral exposure possibility. NPs added in 
food and pharmaceutical products pass through the human gastro-
intestinal tract (GIT) upon ingestion, which may induce the physi-
cochemical transformations and redefine NPs’ toxic and health 
effects, consequently (Mittag et al., 2019; Orr et al., 2019; Tang 
et al., 2018). Some recently studied also evidenced the acute tox-
icity and biodistribution of different sized copper NPs in rats after 
oral administration (Cao et al., 2016; PRC, 2017a). Extensive studies 
compared the NPs incorporated food components with pristine NPs 
via oral exposure both in vivo and in vitro, and found that the inter-
action between NPs and food components could be the main reason 
of the NPs’ physicochemical properties transformations (Ahamed 
et al., 2019; Jiang et al., 2019; Jo et al., 2016). Many recently inves-
tigations assessing the toxicological impacts of ingested NPs have 
considered the interactions between NPs and food components. 
The above-mentioned various food components considered mainly 
included typical food ingredients, such as proteins, carbohydrates 
and minerals, and lipids, contain a variety of molecular and colloi-
dal species that can induce different NPs physicochemical trans-
formations such as their solubility, surface composition, electrical 
charge, and aggregation state (Bae et al., 2018; Chen et al., 2015; 
Di Silvio et al., 2016; Go et al., 2017, 2018; Jiang et al., 2016; Laloux 
et al., 2020; Lee et al., 2017; Li, Zhang, et al., 2018; Lichtenstein 
et al., 2015; Ramos et al., 2017). These studies lack methodological 
standardization, and results not can be reliably compared between 
different laboratories, so that the standardized food model is really 
needed for different researchers; especially, some food models to 
represent the typical different dietary habits should be developed. 
Additionally, food models for other more specialized diets including 
high-fat, high-sugar, or high-protein diets also need to be developed.

At present, a few researchers have made good work in this field. 
Ensure® Plus and whole milk (3.5%) both are simple food models that 
have been used to evaluate analyte dissolution and bioavailability 
or bioequivalence studies, and are similar to the HHS-FDA recom-
mended standard meal for the effects of drug or food. DeLoid et al. 
chose a simple food matrix composed of oil-in-water (O/W) emul-
sion stabilized by a protein to develop an integrated methodology 
for assessing food matrix and GIT effects on NPs’ biokinetics and 
toxicology (DeLoid et al., 2017; Jantratid et al., 2008). Based on the 
typical US diet, Zhang et al. developed a standardized food model 
used to assess TiO2 NPs, the results showing the presence of food 
matrix mitigated the potential cytotoxicity of TiO2 NPs > 5-fold, 
which demonstrating the importance of food matrix effects (Zhang 
et al., 2019).

In this study, a standardized dietary model based on Chinese 
Dietary Reference Intakes and Chinese Dietary Guidelines from the 
average for men and women of 18 years or older was developed 

(PRC, 2017a). We used different methods of ultrasonic homogeniza-
tion and high-pressure homogenization in processing, and examined 
the various indexes of average particle size, polydispersity index 
(PDI), surface charge, viscosity, microstructure, and stability. The 
physical properties of powdered standard dietary model using spray 
drying were also discussed compared with whole milk powder in 
order to facilitate the practical application of the model. Moreover, 
the reconstituted standard dietary model properties (particle size, 
surface charge) were also measured compared with the fresh sam-
ples. Overall, this developed standardized dietary model could be 
used to better imitate intake of NPs in real life, to better evaluate 
NPs’ biological effects and toxicity, and to better perform an accu-
rate risk assessment via oral exposure in vitro and vivo. In addition to 
this, many other studies, such as the bioavailability of pharmaceuti-
cals, nutraceuticals, or pesticides, also should take the standardized 
dietary model into account.

2  | MATERIAL S AND METHODS

2.1 | Materials

Sodium caseinate, pectin, sucrose, and sodium chloride were pur-
chased from Macklin Biochemical Co. and a local food supplier, 
respectively. Na2HPO4, NaH2PO4, Nile red, and fluorescein thiocy-
anate isomer I (FITC) were purchased from Sigma-Aldrich. Modified 
starch and corn oil were obtained from a local food supplier. All 
chemicals were analytical grade. Double-distilled water was used in 
all solutions.

2.2 | Emulsion preparation and characterization

2.2.1 | Emulsion preparation

The preparation and characterization of emulsions were carried out 
using procedures described previously (Corzo-Martinez et al., 2011; 
Hu et al., 2017; Loi et al., 2019; Perugini et al., 2018; Troncoso 
et al., 2012; Zhang et al., 2015a, 2015b). Sodium caseinate (1%, 
w/w) was dissolved in phosphate buffer solution (10 mM, pH 7) that 
was continually stirred using a magnetic stirrer until complete dis-
solution at room temperature. Sodium caseinate solution was then 
filtered to remove undissolved particles (the final protein concentra-
tion would not be significantly changed). Corn oil (3.21%, w/w) was 
then added to sodium caseinate solution with magnetic stirring for 
10 min and then homogenized using high-speed mixer at 16,000 r/
min for 2 min (IKA Instruments) to prepare a coarse emulsion. The 
coarse emulsion was then, respectively, passed through an ultra-
sonic cell disruptor (Sonics Instruments) and a high-pressure ho-
mogenizer (APV Instruments) to create an initial fine emulsion. The 
operational pressure of high-pressure homogenizer was carried out 
at 6,000, 9,000, and 12,000 psi, respectively, for three passes. The 
operational power of ultrasonic cell disruptor comprised a tapered 
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microtip (6 mm diameter) was carried out at 400, 500, and 600 W, 
respectively, for 2-s interval and 6-min total time.

2.2.2 | Size and PDI of emulsions

The average particle size and PDI of the fine emulsions were deter-
mined by Dynamic Light Scattering (DLS) using a NanoBrook 173Plus 
(Brookhaven Instruments). The refractive indices were 1.47 for oil 
and 1.33 for water. All measurements were performed at 25°C.

2.2.3 | Zeta potential of emulsions

Zeta potential of the fine emulsions was determined through the 
electrophoretic mobility measurements of dispersed phase by 
laser Doppler velocimetry using a Zetasizer Nano S90 (Malvern 
Instruments). All measurements were performed at 25°C.

2.2.4 | Viscosity of emulsions

Viscosity of the fine emulsions was measured using a Discovery 
HR-3 rheometer (TA instruments, US) equipped with a conical plate 
with 60 mm diameter. The fine emulsions were carefully placed on 
the surface of conical plate, and the upper plate was then down-
regulated to reach 1-mm gap distance. The fixed shear rate range 
was 10 to 100 s−1 at 25°C.

2.2.5 | Microstructure of emulsions

Two milliliter of samples was mixed with 0.1 ml Nile Red solution (1 mg/
ml ethanol) and 0.1 ml FITC solution (10 mg/ml dimethyl sulfoxide) to 
dye oil and protein for 30 min, respectively. The microstructure was 
observed using fluorescence microscope (Thermo Scientific).

2.2.6 | Stability of emulsions

The stability of all fine emulsions was stored at 4 and 25°C for 24 
or 48 hr in dark, respectively, and was then subjected to analysis on 
size, PDI, and zeta potential. Meanwhile, the cream layer of emul-
sions at each time and temperature was also observed.

2.3 | Standardized dietary model preparation and 
characterization

2.3.1 | Standardized dietary model preparation

The formula of standardized dietary model was based on Chinese di-
etary reference intakes and Chinese dietary guidelines (PRC, 2017a). 

The nutrient formula of the standardized dietary model established 
in this study is summarized in Table 1.

Additional sodium caseinate was slowly added into the opti-
mized initial emulsion at ambient temperature with continual stirring 
to ensure full dissolution (final protein concentration = 2.89% w/w; 
final fat concentration = 3.21% w/w). The other dietary components 
were sequentially added to reach the final concentration: pectin 
(1.32% w/w), starch (13.8% w/w), sucrose (1.44% w/w), and sodium 
chloride (0.37% w/w).

2.3.2 | Characterization of standardized 
dietary model

The samples of after sequentially adding each of the components 
were collected and used to characterize the size, PDI, zeta poten-
tial, viscosity, microstructure, optical property, and stability. The 
methods are similar to the characterization methods of emulsions. 
Samples were properly diluted with phosphate buffer solution to 
avoid multiple scattering effects when size, PDI, and zeta potential 
were measured. Different from the emulsion, samples were directly 
observed in bright-field microscope to research microstructure (Hu 
et al., 2017; Zhang et al., 2015a, 2015b).

The tristimulus color coordinates of the samples of after se-
quentially adding each of the components were measured using a 
ColorFlez EZ colorimeter (HunterLab Instruments) to research op-
tical properties. The procedure was described previously (Zhang 
et al., 2019). L* (lightness), a* (red to green), and b* (yellow to blue) 
are tristimulus color coordinates.

2.4 | Powdered standardized dietary model 
preparation and characterization

2.4.1 | Standardized dietary model powder 
preparation

The freshly standardized dietary model samples were dried into 
powder using a JYP-1500 spray dryer (Shanghai Juyuan Machinery 
Co., Ltd) at an inlet temperature of 180°C, a feed flow rate of 0.35 L/

TA B L E  1   The nutrient formula of the standard dietary model 
based on Chinese dietary reference intakes and Chinese dietary 
guidelines (PRC, 2017a)

Dietary components
Level 
(g/100 g)

Protein (sodium caseinate) 2.89 g/100 g

Fat (refined corn oil) 3.21 g/100 g

Dietary fiber (pectin) 1.32 g/100 g

Starch (modified corn starch) 13.8 g/100 g

Sugar (sucrose) 1.44 g/100 g

Minerals (sodium chloride) 0.37 g/100 g
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hr, and a nozzle atomizer diameter of 0.75 mm, which was adopted 
from some previous studies with slight modifications. In this drying 
process, the freshly samples were continually stirred using a mag-
netic stirrer. The powdered samples were then collected and stored 
at 4°C.

2.4.2 | Repose angle of powder

The repose angle of standardized meal model powder and whole 
milk powder (Inner Mongolia Yili Industrial Group Co., Ltd) was car-
ried out using procedures described previously (Zhang et al., 2019). 
A funnel was fixed vertically above a horizontally drawing with a 
distance (H) from the funnel outlet to the drawing. The powdered 
samples freely falling along the outlet direction of funnel until the 
top of the powder contacted the funnel outlet. The base diameter 
of the formed cone was 2R. The repose angle was calculated as the 
following formula:

2.4.3 | Slide angle of powder

The angle of slide of standardized meal model powder and whole 
milk powder were performed using procedures described previously 
(Zhang et al., 2019). The powdered samples were evenly distributed 
on a rectangular horizontal glass plate with a length of L. The glass 
plate surface was then slowly raised until the surface powdered 
samples began to slide. The vertical distance from the top of the 
inclined glass plate to the horizontal plane was H. The slide angle was 
calculated as the following formula:

2.4.4 | Bulk density of powder

The bulk density of standardized meal model powder and whole 
milk powder was determined using procedures described previously 
(Goula & Adamopoulos, 2005). The powdered samples were placed 
in a graduated cylinder with continual vortexing until the volume of 
powdered samples was constant. The bulk density was calculated as 
the following formula:

2.4.5 | Moisture content of powder

The moisture content of standardized meal model powder and whole 
milk powder was determined using “Direct drying method” from GB 
5009.3-2016 of National Food Safety Standard (PRC, 2017b). Briefly, 
the weighing bottle was placed in drying oven at 101°C for 60 min 
and cool for 30 min before weighing. Repeat the drying until the 
quality difference between the before and after does not exceed 

±2.0 mg (mass = m3). Then, the powder samples were placed in dry 
weighing bottle and weighed it until the quality difference between 
the two weighings does not exceed ±0.001 g (mass = m1). Finally, the 
weighing bottle containing the powder sample was dried at 101°C 
for 120 min and cool for 30 min before weighing. Repeat the drying 
until the quality difference between the before and after does not 
exceed ±2.0 mg (mass = m2). The moisture content was calculated as 
the following formula:

2.5 | Reconstituted standardized dietary model 
preparation and characterization

Powdered standardized dietary model (23.03 g) was dissolved in 
double-distilled water (76.97 g) at ambient temperature with con-
tinual stirring to ensure full dissolution. The reconstituted standard-
ized dietary model properties (particle size and surface charge) were 
also measured and compared with the fresh samples. The methods 
are similar to the characterization methods of emulsions. Samples 
were properly diluted with phosphate buffer solution to avoid mul-
tiple scattering effects.

2.6 | Data analysis

All the results were presented as mean ± standard deviation (SD) of 
the triplicates for each prepared samples, and analyzed using the 
SPSS software (IBM SPSS Statistics 25). One-way analysis of vari-
ance (ANOVA) followed by Dunnett's multiple comparison tests was 
used for the statistical analysis of results. Different letters in the 
table also indicate significant difference (p < .05).

3  | RESULTS AND DISCUSSIONS

3.1 | Characterization of emulsion

Emulsions are usually complex systems formed by mechanical shear-
ing of oil, water, and emulsifiers. Proteins are commonly used as 
emulsifier due to that they can promote the formation of O/W emul-
sions, maintain the dynamic stability of O/W emulsions, and con-
trol the rheological property of O/W emulsions (Dridi et al., 2018). 
Protein-stabilized O/W emulsions are the foundation of many foods, 
such as milk, yogurt, beverages, gravy, mayonnaise, and many other 
foods (Loi et al., 2019; Zhang et al., 2015). Sodium caseinate, sodium 
salt form of casein, has great emulsification and thickening proper-
ties and has been widely used in food industry as emulsifier (Perugini 
et al., 2018). High-pressure homogenization technique is the most 
commonly used method for emulsification of O/W emulsions, but 
it has the disadvantages of lower efficiency and easy energy dis-
sipation. Compared with the traditional mechanical emulsification 
method, ultrasonic homogenization technique has gained extensive 

Repose angle = arctan H/R,

Slide angle = arcsin H/L,

Bulk density = powdered sample mass∕volume in graduated cylinder,

Moisture content =
(

m1 − m2∕m1 − m3

)

× 100,
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attention due to it can form fine and stable emulsions with relatively 
low energy loss (Corzo-Martinez et al., 2011; Hu et al., 2017). In 

this study, high-pressure and ultrasonic homogenization were used 
to prepare the primary emulsion and the emulsification stability of 
different emulsions were then compared and analyzed in order to 
provide the premise for preparing a stable and uniform standardized 
dietary model. Figure 1 showed that the mean particle size of the pri-
mary emulsions obtained by different emulsification methods were 
significant difference (p < .05). A significantly decreased the average 
particle size of samples by high-pressure homogenization in compar-
ison with using ultrasonic (p < .05). The emulsion by 12,000 psi using 
high-pressure homogenization has the smallest average particle size, 
that is, the great stability. Moreover, except for 600 W emulsified 
emulsion, there was no significant difference (p > .05) between the 
emulsions by both techniques in zeta potential (absolute value). The 
absolute value of the potential of all emulsions was above 50, cor-
responding to the results of PDI (all <0.2), which indicated a narrow 
size and great stability of all emulsions. These results suggested that 
the emulsions by high-pressure homogenization were more uniform 
and stable compared to the emulsions by ultrasonic.

Generally, emulsion with higher of the viscosity has greater re-
sistance and better stability. Figure 2a showed a linear relationship 

F I G U R E  1   Average particle size and Zeta potential of the 
primary emulsions with different emulsification methods

F I G U R E  2   Shear stress versus shear rate (10–100s−1) profiles (a) and viscosity (b) of the primary emulsions with different emulsification 
pressures (high-pressure homogenization)

F I G U R E  3   Optical microscope images 
of the primary emulsion (12,000 psi, high-
pressure homogenization): (a) bright-field 
image; (b) fluorescent image
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between shear stress and shear rate, which suggested that the flow 
behavior of a Newtonian fluid was presented. Figure 2b showed that 
the viscosity of the emulsions by high-pressure homogenization in 
6,000, 9,000, and 12,000 psi (0.00027, 0.00027, and 0.00028 Pa s) 
was no significant difference (p > .05). The emulsion by 12,000 psi 
had slightly higher viscosity and better stability, corresponding to 
the results in Figure 2. Moreover, Figure 3 showed the microstruc-
ture of emulsions using high-pressure homogenization in 12,000 psi. 
The distribution of emulsion droplets was uniform and not observed 
aggregation by microscope images, which was in agreement with the 
value of PDI.

Figure 4 showed that the average particle size and potential 
absolute value of emulsions by high-pressure homogenization in 
12,000 psi were unchanged (p > .05) and slightly decreased observing 
under 50 (p < .05) after storage of 24 hr or 48 hr at 4 and 25°C, indi-
cated the great stability of the emulsion. Compared with the storage 

at 25°C, the absolute value of potential was no significantly different 
at 4°C for 24 hr or 48 hr (p > .05), indicated the good storage tem-
perature at 4°C. These results suggested that the properties of the 
primary emulsions by high-pressure homogenization in 12,000 psi 
are better and following used. The stability of emulsions is import-
ant parameters of the food products. High-pressure and ultrasonic 
homogenization are most used to prepare food grade nano-emul-
sions (Anwar et al., 2020; Calligaris et al., 2018; Li et al., 2017; Li & 
Xiang, 2019). In contrary, a better performance of ultrasound was 
observed in food and beverage industries (Li & Xiang, 2019), which 
depend to the composition of emulsion.

3.2 | Characterization of standardized dietary model

Various dietary ingredients were added to the above optimized 
emulsion obtained the standardized dietary model as the following 
order: sodium caseinate (2.89%, w/w), pectin (1.32%, w/w), starch 
(13.8%, w/w), sucrose (1.44%, w/w), and sodium chloride (0.37%, 
w/w).

The average particle size, zeta potential, viscosity, color, and mi-
crostructure of the systems after sequentially adding each of the 
dietary components were characterized. Figure 5 showed that the 
particle size and zeta potential (absolute value) of the each system 
after adding a dietary component were little change and tend to be 
stable, respectively, suggesting a relatively stable aggregation state 
of the standardized dietary model. Sodium caseinate and pectin mol-
ecules are negatively charged (pH 7) in the model, which leads to the 
strong electrostatic repulsion among molecules (Surh et al., 2006). 
Starch could more effective decreased the stability of the system 
through increasing the average particle size and decreasing the ab-
solute zeta potential value than other ingredients. Starch and su-
crose are neutral molecules, which would not affect the electrostatic 
interaction of the system. However, starch could more effective af-
fect the stability of the model due to the large addition amounts 

F I G U R E  4   Analysis of stability of the primary emulsions 
(12,000 psi, high-pressure homogenization)

F I G U R E  5   Average particle size (a) and Zeta potential (b) of the models after sequentially adding each of the dietary components
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of large hydrophilic molecule. As slightly increased and decreased 
the average particle size and the absolute zeta potential value of 
the samples after adding sodium chloride in comparison with other 

samples, respectively, which might be attributed to the electrostatic 
shielding effect (Babenko et al., 2015). It is worth noting that the 
sample must be diluted to avoid multiple scattering effects before 

F I G U R E  6   Shear stress versus shear rate (10–100s−1) profiles (a) and viscosity (b) of the models after sequentially adding each of the 
dietary components

F I G U R E  7   Optical microscope images 
of the models after sequentially adding 
each of the dietary components: (a) 
Casein; (b) Pectin; (c) Starch; (d) Sucrose; 
(e) Sodium chloride

(a) (b)

(c) (d) (e)

F I G U R E  8   Optical properties (L*, a*, b*) of the models after sequentially adding each of the dietary components
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size and potential analysis. Therefore, these results can only be used 
as a rough estimate of the actual particle size and potential of the 
model.

The rheological property of the models after sequentially add-
ing each dietary component is shown in Figure 6. The viscosity of 
the model was lower after adding casein, and then, the viscosity of 
the models sequentially increased after adding other components 
sequentially, indicating the retarded droplet movement in the sys-
tems. Pectin and starch, large hydrophilic molecules, could lead to 
an increased viscosity of the system by reducing the fluidity (Seo 

et al., 2018). Moreover, the presence of sugar and salt might change 
the interaction of molecules and colloids in the system. Moreover, 
Figure 7 shows that the microstructure of the models after sequen-
tially adding each dietary component. The aggregation state of the 
systems was significantly increased and tend to be stable by mi-
croscope images, however, which were not in agreement with the 
results of size by DLS due to the fact that the nonadsorbing pec-
tin promoted O/W emulsion flocculation and hydrophilic starch 
increased the viscosity of the systems, while the diluted models pro-
moted flocculation dissociation due to the reduced concentration of 
pectin and starch (Guzey & McClements, 2006; Zhang et al., 2019).

The optical properties of the system can indirectly reflect its 
stability due to the influence of droplet concentration and aggre-
gation state (Chung et al., 2014). The L* and absolute a* value were 
decreased, and the b* value was increased after adding pectin, indi-
cating that the brightness of the system decreased and turned yel-
low. L*, a*, and b* were not statistically significantly different after 
adding starch, sucrose, and sodium chloride (p > .05), indicating a 
high stability of the systems as shown in Figure 8. The standardized 
dietary model was stored at 4 and 25°C for 24 hr or 48 hr, which was 
not significantly different in average particle size (p > .05), suggest-
ing the model was relatively stable as shown in Figure 9a. Meanwhile, 
Figure 9b shows that the absolute potential value of the model did 
not change significantly (p > .05) after 24 hr or 48 hr at 4°C, which 
indicated the good storage temperature of the model at 4°C. The 
standardized dietary models were stable to creaming throughout 

F I G U R E  9   Analysis of stability of the standardized dietary model. (a) average particle size; (b) absolute potential value

TA B L E  2   The physical characteristics of powdered standardized 
dietary model and commercial food powder (whole milk powder)

Parameters Powdered model
Commercial 
powder

L* 94.16 ± 0.04a 87.12 ± 0.02b

a* −0.27 ± 0.02a 0.75 ± 0.02b

b* 3.01 ± 0.05a 17.28 ± 0.04b

Moisture (%) 2.68 ± 0.02a 2.93 ± 0.04b

Repose angle (°) 37.28 ± 0.39a 36.46 ± 0.16a

Slide angle (°) 36.75 ± 0.83a 52.05 ± 1.46b

Bulk density (g/ml) 0.45 ± 0.02a 0.55 ± 0.01b

Note: Different letters in the table indicate significant difference 
(p < .05).

Sample Size/nm Zeta potential/mV
Viscosity/
Pa s

Fresh sample 295.59 ± 6.31a −23.78 ± 0.15a 0.04 ± 0.00a

Reconstituted sample 310.75 ± 11.03a −23.98 ± 0.22a 0.04 ± 0.01a

Note: Different letters in the table indicate significant difference (p < .05).

TA B L E  3   The physical characteristics 
of fresh sample and reconstituted sample
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48 hr at 4 and 25°C; however, the creaming of the fresh samples 
was not observed due to the increase of viscosity and the formation 
of three-dimensional network structure of flocculated oil droplets 
(Chung et al., 2014). Taken together, the standardized dietary models 
have the characteristics of easy to formation, small particle size and 
narrow particle size distribution, high uniformity, and good stability.

3.3 | Characterization of powdered standardized 
dietary model

Spray drying, an efficient, economic, and flexible drying technique, 
is increasingly used in dairy, food, chemical, and biopharmaceutical 
processing (Nishad et al., 2017; Ziaee et al., 2019). Compared with 
the fluid, the powder has a longer shelf life, a less storage space, and 
is more convenient to use. Therefore, powdered model can facilitate 
practical application of model. The physical properties of standard-
ized dietary model powder were discussed compared with commer-
cial food powder (whole milk powder) as shown in Table 2.

The flowability plays a critical role in food powder preparation 
and is inaccurate by determining using a single indicator. The repose 
and slide angle are common parameters of powder flowability. The 
smaller of repose angle and slide angle, the smaller of the friction, 
and the better the powder flowability. Table 2 shows that the repose 
angles of powdered standard meal and whole milk powder were not 
significantly different from whole milk powder (p > .05), however, 
as significantly decreased the moisture, slide angle and bulk density 
of powdered standard meal in comparison with whole milk powder 
(p < .05). Interestingly, in the powdered standardized diet model, L* 
value was significantly higher than the whole milk powder (p < .05), 
however, as significantly decreased a* and b* value of powdered stan-
dard meal in comparison to whole milk powder (p < .05), which may 
be attributed to the different particle size or chemical composition 
of the different powder. These results indicated that the powdered 
standardized diet model has a moisture content, good flowability, and 
strong white appearance, which is helpful for practical production and 
application, which is similar to previous study (Zhang et al., 2019).

3.4 | Characterization of reconstituted standardized 
dietary model

The reconstituted standardized dietary model properties (particle 
size, surface charge, and viscosity) were also measured and com-
pared with the fresh samples as shown in Table 3. The particle size, 
Zeta potential, and viscosity of the reconstituted standardized di-
etary model were not significantly different from the fresh samples 
(p > .05), indicating the spray drying followed by reconstitution leads 
to a product similar to the fresh sample. In summary, the results from 
this study indicated that the model was satisfy: (a) easy to fabrica-
tion; (b) good stability; (c) small particle size and narrow particle size 
distribution; (d) strong practicability; (e) good reproducibility, which 
were similar to most physiological food state.

4  | CONCLUSIONS

We prepared the O/W primary emulsions by different emulsification 
methods in order to provide the premise for preparing a stable and 
uniform standardized dietary model. Results demonstrated that the 
primary emulsions by high-pressure homogenization in 12,000 psi 
had small particle size, narrow size distribution, great uniformity, 
and stability and should be stored at 4°C. We established then a 
standardized dietary model containing typical nutrients of protein, 
fat, carbohydrate, and mineral based on Chinese dietary reference 
intakes and Chinese dietary guidelines from the average for men and 
women of 18 years or older, which was dried into powder using spray 
drying compared with commercial food powder (whole milk pow-
der) to facilitate the practical application of the standardized dietary 
model and then was reconstituted compared with the fresh sample. 
Results demonstrated that the model was satisfy :(a) easy to fabri-
cation; (b) good stability; (c) small particle size and narrow particle 
size distribution; (d) strong practicability; (e) good reproducibility, 
which were similar to most physiological food state. This study war-
rants future work to explore the interactions between NPs and the 
model to better mimic the exposure of NPs in real life and to evalu-
ate better the biological effect and toxicity of NPs via oral exposure. 
Moreover, the model may be used to study the biokinetics and bio-
availability of food matrices after co-exposure between NPs and the 
model, to evaluate the fate and transport of nano-nutraceuticals, or 
to study enteric nutrient dynamics, bioavailability, and dissolution of 
ingested nutrients intake or drugs.

ACKNOWLEDG MENTS
This study did not receive any specific grant from funding agencies 
in the public, commercial, or not-for-profit sectors.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

E THIC AL APPROVAL
This study does not involve any human or animal testing.

INFORMED CONSENT
Written informed consent was obtained from all study participants.

ORCID
Yan Li  https://orcid.org/0000-0002-2657-5561 

R E FE R E N C E S
Ahamed, M., Akhtar, M. J., & Alhadlaq, H. A. (2019). Co-exposure to SiO2 

nanoparticles and arsenic induced augmentation of oxidative stress 
and mitochondria-dependent apoptosis in human cells. International 
Journal of Environmental Research and Public Health, 16(17). 1–14. 
https://doi.org/10.3390/ijerp h1617 3199.

Anwar, S. H., Hasni, D., Rohaya, S., Antasari, M., & Winarti, C. (2020). The 
role of breadfruit OSA starch and surfactant in stabilizing high-oil-load 
emulsions using high-pressure homogenization and low-frequency 
ultrasonication. Heliyon, 6(7), e04341. https://doi.org/10.1016/j.heliy 
on.2020.e04341

https://orcid.org/0000-0002-2657-5561
https://orcid.org/0000-0002-2657-5561
https://doi.org/10.3390/ijerph16173199
https://doi.org/10.1016/j.heliyon.2020.e04341
https://doi.org/10.1016/j.heliyon.2020.e04341


1450  |     LI et aL.

Babenko, V., Surmacz-Chwedoruk, W., & Dzwolak, W. (2015). On the 
function and fate of chloride ions in amyloidogenic self-assembly of 
insulin in an acidic environment: Salt-induced condensation of fibrils. 
Langmuir, 31(7), 2180–2186. https://doi.org/10.1021/la504 8694

Bae, S. H., Yu, J., Lee, T. G., & Choi, S. J. (2018). Protein food matrix(−)ZnO 
nanoparticle interactions affect protein conformation, but may not 
be biological responses. International Journal of Molecular Sciences, 
19(12), 3926. https://doi.org/10.3390/ijms1 9123926

Calligaris, S., Plazzotta, S., Valoppi, F., & Anese, M. (2018). Combined 
high-power ultrasound and high-pressure homogenization na-
noemulsification: The effect of energy density, oil content and emul-
sifier type and content. Food Research International, 107, 700–707. 
https://doi.org/10.1016/j.foodr es.2018.03.017

Cao, Y., Li, J., Liu, F., Li, X., Jiang, Q., Cheng, S., & Gu, Y. (2016). 
Consideration of interaction between nanoparticles and food com-
ponents for the safety assessment of nanoparticles following oral 
exposure: A review. Environmental Toxicology and Pharmacology, 46, 
206–210. https://doi.org/10.1016/j.etap.2016.07.023

Chen, Z., Wang, Y., Zhuo, L., Chen, S., Zhao, L., Chen, T., Li, Y., Zhang, 
W., Gao, X., Li, P., Wang, H., & Jia, G. (2015). Interaction of titanium 
dioxide nanoparticles with glucose on young rats after oral adminis-
tration. Nanomedicine, 11(7), 1633–1642. https://doi.org/10.1016/j.
nano.2015.06.002

Chen, Z., Wang, Y., Zhuo, L., Chen, S., Zhao, L., Luan, X., Wang, H., & 
Jia, G. (2015). Effect of titanium dioxide nanoparticles on the cardio-
vascular system after oral administration. Toxicology Letters, 239(2), 
123–130. https://doi.org/10.1016/j.toxlet.2015.09.013

Chung, C., Degner, B., & McClements, D. J. (2014). Development of 
reduced-calorie foods: Microparticulated whey proteins as fat mi-
metics in semi-solid food emulsions. Food Research International, 56, 
136–145. https://doi.org/10.1016/j.foodr es.2013.11.034

Corzo-Martinez, M., Soria, A. C., Villamiel, M., Olano, A., Harte, F. M., 
& Moreno, F. J. (2011). Effect of glycation on sodium caseinate-sta-
bilized emulsions obtained by ultrasound. Journal of Dairy Science, 
94(1), 51–58. https://doi.org/10.3168/jds.2010-3551

DeLoid, G. M., Wang, Y., Kapronezai, K., Lorente, L. R., Zhang, R., 
Pyrgiotakis, G., Konduru, N. V., Ericsson, M., White, J. C., De La Torre-
Roche, R., Xiao, H., McClements, D. J., & Demokritou, P. (2017). An 
integrated methodology for assessing the impact of food matrix and 
gastrointestinal effects on the biokinetics and cellular toxicity of in-
gested engineered nanomaterials. Particle and Fibre Toxicology, 14(1), 
40. https://doi.org/10.1186/s1298 9-017-0221-5

Di Silvio, D., Rigby, N., Bajka, B., Mackie, A., & Baldelli Bombelli, F. 
(2016). Effect of protein corona magnetite nanoparticles derived 
from bread in vitro digestion on Caco-2 cells morphology and up-
take. International Journal of Biochemistry & Cell Biology, 75, 212–222. 
https://doi.org/10.1016/j.biocel.2015.10.019

Dridi, W., Harscoat-Schiavo, C., Monteil, J., Faure, C., & Leal-Calderon, F. 
(2018). Monodisperse oil-in-water emulsions stabilized by proteins: 
How to master the average droplet size and stability, while minimiz-
ing the amount of proteins. Langmuir, 34(31), 9228–9237. https://doi.
org/10.1021/acs.langm uir.8b02029

Dudefoi, W., Moniz, K., Allen-Vercoe, E., Ropers, M. H., & Walker, V. K. 
(2017). Impact of food grade and nano-TiO2 particles on a human 
intestinal community. Food and Chemical Toxicology, 106(Pt A), 242–
249. https://doi.org/10.1016/j.fct.2017.05.050

Go, M. R., Bae, S. H., Kim, H. J., Yu, J., & Choi, S. J. (2017). Interactions 
between food additive silica nanoparticles and food matrices. Frontiers 
in Microbiology, 8, 1013. https://doi.org/10.3389/fmicb.2017.01013

Go, M. R., Yu, J., Bae, S. H., Kim, H. J., & Choi, S. J. (2018). Effects of 
interactions between ZnO nanoparticles and saccharides on biologi-
cal responses. International Journal of Molecular Sciences, 19(2). 1–16. 
https://doi.org/10.3390/ijms1 9020486.

Goula, A. M., & Adamopoulos, K. G. (2005). Spray drying of tomato pulp 
in dehumidified air: II. The effect on powder properties. Journal of 

Food Engineering, 66(1), 35–42. https://doi.org/10.1016/j.jfood 
eng.2004.02.031

Guzey, D., & McClements, D. J. (2006). Formation, stability and prop-
erties of multilayer emulsions for application in the food industry. 
Advances in Colloid and Interface Science, 128–130, 227–248. https://
doi.org/10.1016/j.cis.2006.11.021

Hu, Y. T., Ting, Y., Hu, J. Y., & Hsieh, S. C. (2017). Techniques and meth-
ods to study functional characteristics of emulsion systems. Journal 
of Food and Drug Analysis, 25(1), 16–26. https://doi.org/10.1016/j.
jfda.2016.10.021

Jantratid, E., Janssen, N., Reppas, C., & Dressman, J. B. (2008). Dissolution 
media simulating conditions in the proximal human gastrointestinal 
tract: An update. Pharmaceutical Research, 25(7), 1663–1676. https://
doi.org/10.1007/s1109 5-008-9569-4

Jiang, M., Wu, B., Sun, Y., Ding, Y., Xie, Y., Liu, L., & Cao, Y. (2019). Toxicity 
of ZnO nanoparticles (NPs) to THP-1 macrophages: Interactions with 
saturated or unsaturated free fatty acids. Toxicology Mechanisms 
and Methods, 29(4), 291–299. https://doi.org/10.1080/15376 
516.2018.1550130

Jiang, Q., Li, X., Cheng, S., Gu, Y., Chen, G., Shen, Y., Xie, Y., & Cao, Y. 
I. (2016). Combined effects of low levels of palmitate on toxic-
ity of ZnO nanoparticles to THP-1 macrophages. Environmental 
Toxicology and Pharmacology, 48, 103–109. https://doi.org/10.1016/j.
etap.2016.10.014

Jo, M. R., Yu, J., Kim, H. J., Song, J. H., Kim, K. M., Oh, J. M., & Choi, 
S. J. (2016). Titanium dioxide nanoparticle-biomolecule interactions 
influence oral absorption. Nanomaterials, 6(12). 1–14. https://doi.
org/10.3390/nano6 120225.

Laloux, L., Kastrati, D., Cambier, S., Gutleb, A. C., & Schneider, Y. J. 
(2020). The food matrix and the gastrointestinal fluids alter the 
features of silver nanoparticles. Small (Weinheim an Der Bergstrasse, 
Germany), 16(21), e1907687. https://doi.org/10.1002/smll.20190 
7687

Lee, J.-A., Kim, M.-K., Song, J. H., Jo, M.-R., Yu, J., Kim, K.-M., Kim, Y.-
R., Oh, J.-M., & Choi, S.-J. (2017). Biokinetics of food additive sil-
ica nanoparticles and their interactions with food components. 
Colloids and Surfaces B: Biointerfaces, 150, 384–392. https://doi.
org/10.1016/j.colsu rfb.2016.11.001

Li, J., Yang, S., Lei, R., Gu, W., Qin, Y., Ma, S., & Xing, G. (2018). Oral ad-
ministration of rutile and anatase TiO2 nanoparticles shifts mouse 
gut microbiota structure. Nanoscale, 10(16), 7736–7745. https://doi.
org/10.1039/c8nr0 0386f

Li, W., Leong, T. S. H., Ashokkumar, M., & Martin, G. J. O. (2017). A study 
of the effectiveness and energy efficiency of ultrasonic emulsifica-
tion. Physical Chemistry Chemical Physics, 20(1), 86–96. https://doi.
org/10.1039/c7cp0 7133g

Li, Y., & Xiang, D. (2019). Stability of oil-in-water emulsions performed by 
ultrasound power or high-pressure homogenization. PLoS One, 14(3), 
e0213189. https://doi.org/10.1371/journ al.pone.0213189

Li, Y., Zhang, C., Liu, L., Gong, Y., Xie, Y., & Cao, Y. (2018). The effects 
of baicalein or baicalin on the colloidal stability of ZnO nanoparti-
cles (NPs) and toxicity of NPs to Caco-2 cells. Toxicology Mechanisms 
and Methods, 28(3), 167–176. https://doi.org/10.1080/15376 
516.2017.1376023

Lichtenstein, D., Ebmeyer, J., Knappe, P., Juling, S., Böhmert, L., Selve, 
S., Niemann, B., Braeuning, A., Thünemann, A. F., & Lampen, A. 
(2015). Impact of food components during in vitro digestion of silver 
nanoparticles on cellular uptake and cytotoxicity in intestinal cells. 
Biological Chemistry, 396(11), 1255–1264. https://doi.org/10.1515/
hsz-2015-0145

Loi, C. C., Eyres, G. T., & Birch, E. J. (2019). Effect of milk protein com-
position on physicochemical properties, creaming stability and 
volatile profile of a protein-stabilised oil-in-water emulsion. Food 
Research International, 120, 83–91. https://doi.org/10.1016/j.foodr 
es.2019.02.026

https://doi.org/10.1021/la5048694
https://doi.org/10.3390/ijms19123926
https://doi.org/10.1016/j.foodres.2018.03.017
https://doi.org/10.1016/j.etap.2016.07.023
https://doi.org/10.1016/j.nano.2015.06.002
https://doi.org/10.1016/j.nano.2015.06.002
https://doi.org/10.1016/j.toxlet.2015.09.013
https://doi.org/10.1016/j.foodres.2013.11.034
https://doi.org/10.3168/jds.2010-3551
https://doi.org/10.1186/s12989-017-0221-5
https://doi.org/10.1016/j.biocel.2015.10.019
https://doi.org/10.1021/acs.langmuir.8b02029
https://doi.org/10.1021/acs.langmuir.8b02029
https://doi.org/10.1016/j.fct.2017.05.050
https://doi.org/10.3389/fmicb.2017.01013
https://doi.org/10.3390/ijms19020486
https://doi.org/10.1016/j.jfoodeng.2004.02.031
https://doi.org/10.1016/j.jfoodeng.2004.02.031
https://doi.org/10.1016/j.cis.2006.11.021
https://doi.org/10.1016/j.cis.2006.11.021
https://doi.org/10.1016/j.jfda.2016.10.021
https://doi.org/10.1016/j.jfda.2016.10.021
https://doi.org/10.1007/s11095-008-9569-4
https://doi.org/10.1007/s11095-008-9569-4
https://doi.org/10.1080/15376516.2018.1550130
https://doi.org/10.1080/15376516.2018.1550130
https://doi.org/10.1016/j.etap.2016.10.014
https://doi.org/10.1016/j.etap.2016.10.014
https://doi.org/10.3390/nano6120225
https://doi.org/10.3390/nano6120225
https://doi.org/10.1002/smll.201907687
https://doi.org/10.1002/smll.201907687
https://doi.org/10.1016/j.colsurfb.2016.11.001
https://doi.org/10.1016/j.colsurfb.2016.11.001
https://doi.org/10.1039/c8nr00386f
https://doi.org/10.1039/c8nr00386f
https://doi.org/10.1039/c7cp07133g
https://doi.org/10.1039/c7cp07133g
https://doi.org/10.1371/journal.pone.0213189
https://doi.org/10.1080/15376516.2017.1376023
https://doi.org/10.1080/15376516.2017.1376023
https://doi.org/10.1515/hsz-2015-0145
https://doi.org/10.1515/hsz-2015-0145
https://doi.org/10.1016/j.foodres.2019.02.026
https://doi.org/10.1016/j.foodres.2019.02.026


     |  1451LI et aL.

McClements, D. J., & Xiao, H. (2017). Is nano safe in foods? Establishing 
the factors impacting the gastrointestinal fate and toxicity of organic 
and inorganic food-grade nanoparticles. NPJ Science of Food, 1, 6. 
https://doi.org/10.1038/s4153 8-017-0005-1

Mittag, A., Schneider, T., Westermann, M., & Glei, M. (2019). 
Toxicological assessment of magnesium oxide nanoparticles in HT29 
intestinal cells. Archives of Toxicology, 93(6), 1491–1500. https://doi.
org/10.1007/s0020 4-019-02451 -4

Nishad, J., Selvan, C. J., Mir, S. A., & Bosco, S. J. D. (2017). Effect of spray 
drying on physical properties of sugarcane juice powder (Saccharum 
officinarum L.). Journal of Food Science and Technology, 54(3), 687–
697. https://doi.org/10.1007/s1319 7-017-2507-x

Orr, S. E., Gokulan, K., Boudreau, M., Cerniglia, C. E., & Khare, S. (2019). 
Alteration in the mRNA expression of genes associated with gas-
trointestinal permeability and ileal TNF-alpha secretion due to the 
exposure of silver nanoparticles in Sprague-Dawley rats. Journal 
of Nanobiotechnology, 17(1), 63. https://doi.org/10.1186/s1295 
1-019-0499-6

Perugini, L., Cinelli, G., Cofelice, M., Ceglie, A., Lopez, F., & Cuomo, F. 
(2018). Effect of the coexistence of sodium caseinate and Tween 20 
as stabilizers of food emulsions at acidic pH. Colloids and Surfaces 
B: Biointerfaces, 168, 163–168. https://doi.org/10.1016/j.colsu 
rfb.2018.02.003

PRC, N. H. a. F. P. C. o. (2017a). Chinese dietary reference intakes and 
Chinese dietary guidelines. Available online http://www.nhc.gov.cn/ 
(accessed on 5 July 2020).

PRC, N. H. a. F. P. C. o. (2017b). GB 5009. 3 — 2016 National Food Safety 
Standard. Available online http://www.nhc.gov.cn/wjw/psp/20121 
2/33903.shtml (accessed on 5 July 2020).

Ramos, K., Ramos, L., & Gomez-Gomez, M. M. (2017). Simultaneous char-
acterisation of silver nanoparticles and determination of dissolved 
silver in chicken meat subjected to in vitro human gastrointestinal 
digestion using single particle inductively coupled plasma mass spec-
trometry. Food Chemistry, 221, 822–828. https://doi.org/10.1016/j.
foodc hem.2016.11.091

Seo, S. Y., Kang, Y. R., Lee, Y. K., Lee, J. H., & Chang, Y. H. (2018). 
Physicochemical, molecular, emulsifying and rheological char-
acterizations of sage (Salvia splendens) seed gum. International 
Journal of Biological Macromolecules, 115, 1174–1182. https://doi.
org/10.1016/j.ijbio mac.2018.04.173

Surh, J., Decker, E., & McClements, D. (2006). Influence of pH and pec-
tin type on properties and stability of sodium-caseinate stabilized 

oil-in-water emulsions. Food Hydrocolloids, 20(5), 607–618. https://
doi.org/10.1016/j.foodh yd.2005.07.004

Tang, H., Xu, M., Zhou, X. R., Zhang, Y., Zhao, L., Ye, G., Shi, F., Lv, C., 
& Li, Y. (2018). Acute toxicity and biodistribution of different sized 
copper nano-particles in rats after oral administration. Materials 
Science and Engineering: C, 93, 649–663. https://doi.org/10.1016/j.
msec.2018.08.032

Troncoso, E., Aguilera, J. M., & McClements, D. J. (2012). Fabrication, 
characterization and lipase digestibility of food-grade nanoemul-
sions. Food Hydrocolloids, 27(2), 355–363. https://doi.org/10.1016/j.
foodh yd.2011.10.014

Winkler, H. C., Suter, M., & Naegeli, H. (2016). Critical review of the 
safety assessment of nano-structured silica additives in food. Journal 
of Nanobiotechnology, 14(1), 44. https://doi.org/10.1186/s1295 
1-016-0189-6

Zhang, R., Zhang, Z., Zhang, H., Decker, E. A., & McClements, D. J. (2015). 
Influence of emulsifier type on gastrointestinal fate of oil-in-water 
emulsions containing anionic dietary fiber (pectin). Food Hydrocolloids, 
45, 175–185. https://doi.org/10.1016/j.foodh yd.2014.11.020

Zhang, R., Zhang, Z., Zhang, H., Decker, E. A., & McClements, D. J. (2015). 
Influence of lipid type on gastrointestinal fate of oil-in-water emul-
sions: In vitro digestion study. Food Research International, 75, 71–78. 
https://doi.org/10.1016/j.foodr es.2015.05.014

Zhang, Z., Zhang, R., Xiao, H., Bhattacharya, K., Bitounis, D., Demokritou, 
P., & McClements, D. J. (2019). Development of a standardized food 
model for studying the impact of food matrix effects on the gastroin-
testinal fate and toxicity of ingested nanomaterials. NanoImpact, 13, 
13–25. https://doi.org/10.1016/j.impact.2018.11.002

Ziaee, A., Albadarin, A. B., Padrela, L., Femmer, T., O'Reilly, E., & Walker, 
G. (2019). Spray drying of pharmaceuticals and biopharmaceuti-
cals: Critical parameters and experimental process optimization ap-
proaches. European Journal of Pharmaceutical Sciences, 127, 300–318. 
https://doi.org/10.1016/j.ejps.2018.10.026

How to cite this article: Li Y, Jiang K, Cao H, Yuan M, Ye T, Xu 
F. Establishment of a standardized dietary model for 
nanoparticles oral exposure studies. Food Sci Nutr. 
2021;9:1441–1451. https://doi.org/10.1002/fsn3.2112

https://doi.org/10.1038/s41538-017-0005-1
https://doi.org/10.1007/s00204-019-02451-4
https://doi.org/10.1007/s00204-019-02451-4
https://doi.org/10.1007/s13197-017-2507-x
https://doi.org/10.1186/s12951-019-0499-6
https://doi.org/10.1186/s12951-019-0499-6
https://doi.org/10.1016/j.colsurfb.2018.02.003
https://doi.org/10.1016/j.colsurfb.2018.02.003
http://www.nhc.gov.cn/
http://www.nhc.gov.cn/wjw/psp/201212/33903.shtml
http://www.nhc.gov.cn/wjw/psp/201212/33903.shtml
https://doi.org/10.1016/j.foodchem.2016.11.091
https://doi.org/10.1016/j.foodchem.2016.11.091
https://doi.org/10.1016/j.ijbiomac.2018.04.173
https://doi.org/10.1016/j.ijbiomac.2018.04.173
https://doi.org/10.1016/j.foodhyd.2005.07.004
https://doi.org/10.1016/j.foodhyd.2005.07.004
https://doi.org/10.1016/j.msec.2018.08.032
https://doi.org/10.1016/j.msec.2018.08.032
https://doi.org/10.1016/j.foodhyd.2011.10.014
https://doi.org/10.1016/j.foodhyd.2011.10.014
https://doi.org/10.1186/s12951-016-0189-6
https://doi.org/10.1186/s12951-016-0189-6
https://doi.org/10.1016/j.foodhyd.2014.11.020
https://doi.org/10.1016/j.foodres.2015.05.014
https://doi.org/10.1016/j.impact.2018.11.002
https://doi.org/10.1016/j.ejps.2018.10.026
https://doi.org/10.1002/fsn3.2112

