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Abstract: Nanoparticles have attracted more and more attention in the medicinal field. Zein is a 

biomacromolecule and can be used as a carrier for delivering active ingredients to prepare con-

trolled release drugs. In this article, we presented the preparation of zein nanoparticles by solution-

enhanced dispersion by supercritical CO
2
 (SEDS) approach. Scanning electron microscopy and 

transmission electron microscopy were applied to characterize the size and morphology of the 

obtained particles. The nozzle structure and the CO
2
 flow rate greatly affected the morphology 

and the size of the particles. The size of zein was able to be reduced to 50–350 nm according to 

the different conditions. The morphologies of the resultant zein were either sphere or the filament 

network consisted of nanoparticles. The influence of the nozzle structure and the CO
2
 flow rate 

on the velocity field was elucidated by using computational fluid dynamics. The nozzle structure 

and the CO
2
 flow rate greatly affected the distribution of the velocity field. However, a similar 

velocity field could also be obtained when the nozzle structure or the CO
2
 flow rate, or both 

were different. Therefore, the influence of the nozzle structure and the CO
2
 flow rate on the size 

and morphology of the particles, can boil down to the velocity field. The results demonstrated 

that the velocity field can be a potential criterion for producing nanoparticles with controllable 

morphology and size, which is useful to scale-up the SEDS process.

Keywords: nozzle structure, supercritical antisolvent, zein nanoparticles, computational fluid 

dynamics

Introduction
Nanoparticles have attracted more and more attention in the medicinal field because 

they are considered a significant strategy to deliver drugs including anticancer drugs, 

proteins, and vaccines. Several methods have been developed to prepare nanoparticles, 

such as lyophilization,1 spray drying,2 and supercritical fluid (SF) methods etc. Super-

critical antisolvent (SAS) technology has been one of the hot spots because it has many 

advantages such as lower residual solvent in the final product, mild operating tempera-

tures, and simple operational steps. For the SAS technique, the way of mixing fluids is 

a key step. Some modified SAS processes have been developed based on the mixing 

style of SF with solutions like aerosol solvent extraction systems, SAS with enhanced 

mass transfer, and solution-enhanced dispersion by supercritical fluids (SEDS).3–8 The 

key unit of the SEDS process is a special coaxial nozzle via which the SF and the 

liquid solution are injected into a high-pressure vessel simultaneously. In this way the 

SF acts both as an antisolvent and as a “spray enhancer” through hydro mechanical 
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effects.9,10 Then, nanoparticles can be obtained because 

of the enhanced mixing of SF and the solution. Recently, 

many kinds of nanoparticles have been prepared using 

SEDS, including the single component particles: lactic acid 

polymers (l-polylactic acid [PLA], d,l-PLA), puerarin, and 

β-carotene;9,11,12 and multi-component composite particles: 

lysozyme-loaded poly(lactic-co-glycolic acid) (PLGA),13 

β-carotene-loaded poly(3-hydroxybutyrate-co-3-hydroxyval-

erate) (PHBV),12 and lutein/zein nanoparticles.14 The size of 

most of these particles is between 100–500 nm. However, as 

Miguel et al15 pointed out, the SEDS process was so complex 

that the understanding of the process was far from complete. 

Many factors could affect the SEDS process. Basically, we 

can divide these factors into two categories: thermodynamic 

factors and kinetic ones. Thermodynamic factors including 

temperature, pressure, and organic solvents affect the forma-

tion of the particle, including its size and morphology through 

influencing the equilibrium state phase of the system. It is 

generally recognized that the operational conditions should 

be above the critical point of the mixed solution for making 

desired particles.16–18 Kinetic factors include the flow rate of 

solution and supercritical CO
2
 (SC-CO

2
), the way of mix-

ing the solution with SC-CO
2
, and the nozzle structure etc, 

which also affects the formation of the particle via influencing 

fluid flow and mass transfer. The nozzle structure plays an 

important role in the formation of the particles because it 

can determine the way of mixing the solution and SC-CO
2
, 

and exert a critical influence on the mass transfer between 

the two phases. However, little research on this aspect has 

been reported.19 Even though the effects of the flow rate on 

the particle formation were reported in a previous paper,20 

few articles examined the influence of the velocity field on 

the morphology and size of the particles.

With the development of computational fluid dynamics 

(CFD) technology, the velocity field of mixing fluid can 

now be calculated by a computer. Cardoso et al reported 

application of the CFD method in the SAS process.21 

However, to the best of our knowledge, research on the prepa-

ration of nanoparticles using SEDS combined with the CFD 

method is little. Zein is a kind of protein made from maize. 

It has been widely utilized in drug release systems because 

of its good biocompatibility, eg, 5-fluorouracil-loaded zein 

nanoparticles22 and lysozyme-loaded zein microcapsules,23 

etc. It was also used as a carrier in release systems in the field 

of food engineering.23,24

The purpose of this research is to explore the preparation 

of nanoparticles by using the SEDS approach combining the 

CFD simulation. Zein was chosen as a model compound. 

A coaxial nozzle with an adjustable position of the inner 

tubule was used. CFD was applied to simulate the flow field 

of the mixing SC-CO
2
 and the solution. 

Materials and methods
Materials
Zein was purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA). Dichloromethane and ethanol with analytical 

reagent were purchased from Shanghai Lingfeng Chemical 

Reagent Co. Ltd, Shanghai, China. CO
2
 of 99.99% purity 

was purchased from Rui Li, Ltd., Shanghai, China.

Zein was dissolved in the mixture of ethanol and dichlo-

romethane (volume ratio: 5:7) based on our preliminary 

experiments and Shukla and Cheryan’s paper,25 in which the 

concentration of the zein was fixed at 10 mg/mL.

seDs apparatus and procedure
The schematic diagram of the experiment apparatus is 

shown in Figure 1. CO
2
 from the cylinder (Figure 1A) is 

condensed by a refrigerator and pumped into the precipi-

tating vessel (Figure 1G) by the piston pump (Figure 1C) 

via the heat exchanger (Figure 1D). CO
2
 then goes into the 

dual decompression vessel (Figure 1H) from the precipitat-

ing vessel. The flow rate of CO
2
 is measured by a gas flow 

meter (Figure 1L). After the pressure and temperature 

reach the desired values, the liquid solution is injected  

though the inner tubule of the coaxial nozzle (Figure 1I, 

Φinner =100 μm, Φouter =1,000 μm, and the total orifice 

diameter is 1,000 μm) and mixed at the definite position of the 

nozzle with SC-CO
2
 which flows through the outer tubule of 

the coaxial nozzle simultaneously. The flow rate of the liquid 

Figure 1 schematic diagram of the seDs process.
Notes: A: cO2 cylinder; B: cooling system (refrigerator); C: piston pump; D: heat 
exchanger; E: hPlc pump; F: solution; G: high pressure vessel (precipitator); H: 
dual decompression vessel; I: coaxial nozzle; J: pressure meter; K: thermostat; L: 
gas flow meter.
Abbreviations: SEDS, supercritical fluids; HPLC, high performance liquid 
chromatography.
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solution is adjusted by an high performance liquid chromatog-

raphy (HPLC) pump (Figure 1E) and the flow rate of the CO
2
 

is adjusted by the piston pump (Figure 1C). After adding the 

solution is completed, SC-CO
2
 continues to be pumped into 

the vessel (Figure 1G) to remove the solvent residue of the 

samples for 30 minutes. The solvent is separated from CO
2
 in 

the decompression vessel at lower pressure (Figure 1H).

adjustable coaxial nozzle
The adjustable coaxial nozzle was designed and fabricated 

at our lab. As shown in Figure 2, the relative position of the 

inner tubule (Figure 2A) and the outer tubule (Figure 2C) 

can be adjusted by regulating the device (Figure 2B). The 

coaxial nozzle can easily be switched from the convex type 

with the inner tubule protruding a desired value (Figure 2E) 

to a horizontal type (Figure 2F). The adjustment range of the 

inner tube is ±1.5 mm while taking the outlet of the outer 

tube as a baseline.

characterization
The samples were characterized by scanning electron 

microscopy (SEM, JEM-7401F; JEOL, Tokyo, Japan), 

transmission electron microscopy (TEM, JEM2010F; JEOL) 

and X-ray diffraction respectively (XRD, D8 ADVANCE; 

Bruker Corporation, Billerica, MA, USA), respectively. 

Sample preparations were different for each characterization 

method. For SEM, a small amount of specimen was placed on 

one surface of a double-faced adhesive tape that stuck to the 

sample support and coated with gold under vacuum condi-

tion for about 20 s to enhance the electrical conductivity. For 

TEM, the sample was dispersed in anhydrous ethanol and 

then loaded in the copper web; for XRD, the samples were 

measured in 2θ angle range between 10° and 80°. The step 

scan mode was performed at a rate of 5°/min.

The particle size was obtained from the images of samples 

characterized by SEM and TEM. The 100 particles were 

selected from each relevant image randomly, and their size 

was measured. The standard deviation δ was calculated 

according to the following equation:

 

δ = ∑1
( )

1

2

N
x x

i

N

i m

=

−
 

where N is the number of particles, x
i
 is the feature size of 

each particle, and x
m
 is the mean size diameter.

cFD simulation
CFD calculations were performed using umoni 2.0 soft-

ware (Nanjing Tongliu Software Co., Ltd., Najing, China). 

We assumed all fluids were incompressible at the given 

conditions to simplify calculation. SC-CO
2
 and the solvent 

used were defined as the SCF phase and the liquid phase, 

respectively, in the mixing system. The geometric model 

was based on the apparatus which had axial symmetry 

three-dimensional space. We established a two-dimensional 

graphic of the axis section, as shown in Figure 3. The cal-

culation domain contained the nozzle end (Figure 3A) and 

the high-pressure vessel (Figure 3B). Details of the coaxial 

nozzle were expressed as the inner pipe (Figure 3C) and 

the outer pipe (Figure 3D). A freestyle mesh dissection was 

utilized for the generation of the grid. It can be expected 

that the flow rate of the fluids will change extensively at the 

nozzle’s exit as it comes out of the nozzle, due to the complex 

Figure 2 structure drawing of the nozzle.
Notes: A: Inner pipe; B: outer pipe; C: regulating device; D: convex; E: horizontal.

Figure 3 geometric model.
Notes: A: Nozzle; B: high pressure vessel; C: inner pipe; D: outer pipe.
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geometric boundary. So, we used adaptive grids in the region 

of the nozzle exit, as demonstrated in Figure 4. 

Results and discussion
In order to conveniently explore the impact of the nozzle 

structures and SC-CO
2
 flow rate on the formation of zein 

nanoparticles in the SEDS process, and to carry out the CFD 

investigation of its flow field, some operational parameters 

were fixed in the experiments according to the preliminary 

experiment results. The temperature and pressure were set at 

45°C and 10 MPa, respectively, which were beyond the criti-

cal point of the mixed solution of SC-CO
2
 and solvent. The 

volume ratio of ethanol and dichloromethane of the mixed 

solvent was 5:7.25 The concentration of the zein solution was 

fixed at 10 mg/mL. The flow rate of feeding solution was 

set at 1 mL/min. The adjustable variables were the nozzle 

structure and SC-CO
2
 flow rate. The experimental conditions 

and results are listed in Table 1. The morphology and the 

size of the particles were obtained by analyzing the SEM 

and TEM images as shown in Figure S1, corresponding to 

the relevant experiment numbers in Table 1.

effect of nozzle structure and velocity 
field analysis
Two types of nozzle structures (horizontal and convex) were 

studied in this paper. As shown in the first four experiments 

of Table 1, the size and size distribution of particles obtained 

in the horizontal structure of the nozzle are generally smaller 

and narrower than that obtained in the convex structure 

for the same CO
2
 flow rate. The morphology of particles 

formed in the horizontal structure is rod-like and filamentous, 

while globular and rod-like particles formed in the convex 

structure under the same parallel conditions. But the size of 

particles in the horizontal structure is smaller than that in 

the convex structure, despite their filamentous morphology, 

as shown in experiments 5 and 6 of Table 1. The SEM and 

TEM images of the sample of experiment 6 in Table 1, as 

shown in Figure 5, display the particles’ filamentary structure, 

consisting of nano-spheres. Figure 6 depicts the SEM and 

TEM images of experiment 2 in Table 1. We can see that 

the particles’ globularity.

We analyzed the XRD patterns of the raw and processed 

zein samples. As shown in Figure 7, the characteristic 

diffraction peak of zein appears at about 20°. After pro-

cessing, the peak position moved to a higher angle 22°, 

meanwhile the intensity decreased. This is consistent with 

other researchers’ conclusion14,23 that the degree of crystal-

linity is reduced through the SAS process. The XRD spectra 

shown in Figure 7 also clearly indicate that the zein protein 

has an amorphous nature.26 Also, when the flow rate of CO
2
 

is higher and the horizontal nozzle is used, the degree of 

crystallinity is reduced further.

We can explain the results mentioned above from the aspect 

of the flow field. A CFD model was established for analyzing 

the velocity fields of the experiments. The calculation method 

of the steady state provided by the software, was utilized to 

simulate the results of experiments 1–6 shown in Table 1, 

respectively. The simulated velocity fields of experiments 3 

and 4 are presented in Figures 8 and 9, respectively. We can 

Figure 4 an adaptive mesh.

Table 1 experimental conditions and results

Experiment 
number

CO2 flow rate
(kg/h)

Nozzle 
position

Morphology Particle size
(nm)

δa

1 3 horizontal rod-like 157±48 16.93
2 3 convex globular 210±107 37.13
3 4.5 horizontal Filamentous 116±51 18.93
4 4.5 convex rod-like 170±41 13.66
5 6 horizontal Filamentous 42±28 9.48
6 6 convex Filamentous 81±39 12.12

Note: astandard deviation.
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see that the instantaneous velocity changed rapidly near 

underneath the nozzle outlet for both the horizontal and 

convex nozzles. The maximum velocity occurred at the area 

close to the jet in which the two mixing phases were taking 

place. But, in the region just a small distance from the nozzle, 

the velocity decreased fast. The mean velocity was small in 

other regions of the vessel, especially the spaces above the 

nozzle and/or far from it. The particles are formed immedi-

ately when two fluids are mixed according to the principle of 

SEDS. This process depends on the formation of droplets27 

which are determined by the mixture of two phases.28,29 The 

velocity field can indicate the mixing situation of two fluids, 

thus explaining the formation of particles. If comparing 

Figure 8 with Figure 9, we find that the velocity (8–10 m/s) 

close to the inner tubule in Figure 8 is much faster than that 

(3–4 m/s) in Figure 9, which can be seen clearly from the 

scale. It means that different nozzle structures can cause 

significant changes in the velocity field of the region close 

to the nozzle. It affects the formation of droplets, thereby 

influencing the formation of particles. So, the difference in 

size and morphology of the zein particles made by the convex 

and horizontal types might be ascribed to the difference in 

their velocity fields. 

effect of sc-cO2 flow rate and velocity 
field analysis 
The influence of the flow rate of CO

2
 on the size and mor-

phology of zein particles is great, regardless of whether the 

Figure 5 seM and TeM images of zein nanoparticles. 
Note: horizontal nozzle and 6 kg/h cO2 flow rate.
Abbreviations: seM, scanning electron microscopy; TeM, transmission electron microscopy.

Figure 6 seM and TeM images of zein nanoparticles. 
Note: convex nozzle and 3 kg/h cO2 flow rate.
Abbreviations: seM, scanning electron microscopy; TeM, transmission electron microscopy.
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nozzle structure is horizontal or convex. We can see from 

experiments 1, 3, and 5 in Table 1, that the size of the par-

ticles was reduced to less than 50 nm from the maximum of 

200 nm when the flow rate of CO
2
 increased from 3 kg/h to 

6 kg/h for the horizontal nozzle. The morphology changed 

from rod-like to a filamentous shape. For the convex nozzle, 

the size of the particles was reduced to around 100 nm 

from the maximum of 350 nm when the flow rate of CO
2
 

increased from 3 kg/h to 6 kg/h as shown in experiments 2,  

4, and 6. The morphology changed from spherical to rod-

like, and finally to the filamentous shape as shown in the 

Supplementary materials.

We applied a CFD model to illustrate the phenomena 

occurring in the convex nozzle mentioned previously, via 

analyzing the velocity fields of the mixing fluids under dif-

ferent conditions. The simulation velocity distribution in the 

region close to the nozzle is shown in Figure 10. It can clearly 

be seen that the CO
2
 flow rate has a considerable influence 

on the velocity field of the mixing area where the two-phase 

flow is mixed. The speed gradient in the region approximately 

1–5 mm underneath the nozzle greatly increases with an 

increase of the flow rate of CO
2
. It suggests that a greater 

shear force could be generated, resulting in smaller droplets. 

In other words, increasing the flow rate of CO
2
 could gener-

ate smaller droplets, thus, resulting in smaller particles.27,28 

In a similar way, the morphological change of the particles 

can be explained by the alteration of the droplet shape, 

made by the shear force. The shear force greatly affects the 

droplet shape of the fluid.30,31 When the shear force is small, 

the droplet shape could be regular; but when the shear force 

is greater, the droplet shape becomes irregular. Therefore, 

the relative flow rate of the two-phase flow can influence the 

particle morphology via affecting the droplet shape. 

The CO
2
 flow rate greatly affects the morphology of the 

particles. When the CO
2
 flow rate is low, relatively large 

single droplets are inclined to be formed, while the small 

pearl necklace droplets (small droplets linked together) 

Figure 7 XrD patterns of raw and processed zein samples under different 
conditions.
Notes: 1) raw material; 2) convex nozzle and 3 kg/h cO2 flow rate; 3) horizontal 
nozzle and 6 kg/h cO2 flow rate.
Abbreviation: XrD, X-ray diffraction.
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Figure 8 Velocity field of horizontal nozzle at CO2 flow rate of 4.5 kg/h.

Figure 9 Velocity field of convex nozzle at CO2 flow rate of 4.5 kg/h.
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would be formed when the CO
2
 flow rate is high.32 Accord-

ing to the principle that droplet size determines particle 

size,33 the relatively large droplets generate globules, while 

the small linked droplets result in small particles which 

are closely linked together. Small zein particles are easily 

merged with each other to form a filamentous structure.34 

Therefore, the globules and filaments were generated at 

different CO
2
 flow rates.

Velocity field distribution as a criterion of 
forming nanoparticles
In the previous two sections we discussed the influence 

of the velocity field of the fluid, analyzed via CFD, on the 

zein nanoparticles. In a similar way, we can obtain similar 

results in terms of the size and morphology of the particles, 

provided the velocity field of the fluid is similar, regardless 

of a different nozzle structure or CO
2
 flow rate, or both. 

As shown in experiments 1 and 4 in Table 1, the obtained 

samples have the same morphology and size, even though 

the nozzle structure and CO
2
 flow rates were completely 

different. We can use the velocity field analysis to explain 

it. Figure 11 exhibits the velocity field distribution obtained 

at the conditions listed in experiments 1 and 4 of Table 1. 

It can be seen that the velocity field is the same although their 

operational conditions are different. This means the same 

velocity field can be obtained by the combination of different 

flow rates and nozzle structures. This leads us to conclude 

that the influence of the CO
2
 flow rate and the nozzle struc-

ture determine the velocity field. This suggests that it is not 

necessary to do more experiments to explore the influence of 

the operational conditions on the size and morphology of the 

particles. We can predict the expected results by simulating 

the velocity field at different conditions via CFD. Therefore, 

the velocity field distribution obtained via CFD can be a 

criterion of preparation of nanoparticles using SEDS. This 

is also useful in scaling-up the SEDS process. 

Furthermore, it can also be seen in Figure 11, that the 

maximum relative speed difference appeared just under the 

nozzle, whereas fluids were almost motionless in the rest of 

the vessel. It infers that nanoparticles could be formed only 

in a small region under the jet.27,29

Conclusion
Zein nanoparticles, with the smallest size of 50 nm and var-

ied morphology, were successfully prepared via the SEDS 

process. The nozzle structure and the SC-CO
2
 flow rate 

impacted the morphology and size of the particles. CFD can 

be applied to elucidate the influence of the nozzle structure 

and CO
2
 flow rate on the velocity field. CFD simulation 

suggests that a similar velocity field could be obtained when 

the nozzle structure or CO
2
 flow rate, or both are different. 

The velocity field distribution determines the size and Figure 11 Velocity field under the different experimental conditions.

Figure 10 Velocity field of convex nozzle at different CO2 flow rates. 
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morphology of zein particles, which can be a criterion of the 

SEDS process of forming nanoparticles. 
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Supplementary materials
Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) have been used as a way to 

determine the size of a particle and the size distribution.1 

Therefore, we used SEM and TEM images to calculate the 

size of particles because they can display the morphology 

of the particles, regardless of the shape of the particles. 

These data were obtained mainly from the SEM and TEM 

images. We measured the size of the 100 particles selected 

randomly from each image, and obtained the results of the 

statistical distribution of the particles prepared under different 

conditions. The morphology and particle size of each experi-

ment was obtained from either SEM or TEM images, as 

shown in Figure S1. 

Figure S1 Morphology and particle size of zein nanoparticles in each experiment.
Notes: (A) experiment 1 seM image of zein nanoparticles; (B) experiment 2 seM image of zein nanoparticles; (C) experiment 3 TeM image of zein nanoparticles; 
(D) experiment 4 TeM image of zein nanoparticles; (E) experiment 5 seM image of zein nanoparticles; (F) experiment 6 TeM image of zein nanoparticles.
Abbreviations: seM, scanning electron microscopy; TeM, transmission electron microscopy.
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