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1  | INTRODUC TION

Nattokinase, an alkaline serine protease of the subtilisin family, 
possesses various crucial beneficial effects on cardiovascular 
system for improving thrombolysis because of its preventive and 
therapeutic effects, safety, small side effects, and low price (Amin 
et al., 2020; Ni et al., 2016). Importantly, nattokinase is easy to be 

absorbed efficiently by the gastrointestinal tract with the strong 
thrombolytic activity and fibrinolytic activity induced after its oral 
administration (Liu et al., 2019; Weng et al., 2017). A single dose 
of nattokinase administration showed the enhanced fibrinolysis 
and anticoagulation profiles (Kurosawa et al., 2015). Nattokinase 
is mainly produced by the Bacillus subtilin (natto) during the fer-
mentation of soybeans or soybeans-based ingredients to produce 
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Abstract
Nattokinase from fermentation has recently gained more attention due to its ben-
eficial effects on cardiovascular system. However, the instability of free nattokinase 
limits its application. The aim of the study was to develop a spray-drying microen-
capsulation process to obtain the nattokinase powder with high activity, high quality, 
and strong storage stability. Hence, the microencapsulation process of nattokinase 
from fermentation by spray drying was optimized. Experiments of single-factor and 
response surface methodology were used to assess the comprehensive scores and 
nattokinase activities. According to single-factor and response surface methodol-
ogy results, optimum parameters of microencapsulation process of the nattokinase 
power by spray drying were 30% of mass ratio of wall materials, 139°C of air inlet 
temperature, 8 L/h of feed rate, and 80°C of outlet temperature. The final optimized 
result encompassed a comprehensive score of 96, nattokinase activity of 1,340 IU/
ml, and moisture content of 4.1 ± 0.1%. In addition, the microencapsulated nattoki-
nase power showed strong storage stability in the conditions of different tempera-
tures and pH. After 30 days of storage, the nattokinase powder was still white or light 
yellow, with a special smell, no peculiar smell and paste taste, and no impurity. These 
results build the basis of further industrialization of the nattokinase powder from 
fermentation broth by spray drying.
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Natto-containing foods (Cai et al., 2017; Man et al., 2019). Now, 
Nattokinase is typically used as a functional factor in health func-
tional food to prevent cardiovascular diseases and thrombosis. 
However, free nattokinase is sensitive to high-temperature and 
alkaline and acidic environment that reduce its storage stability 
and the medical effect after oral administration (Devi et al., 2016). 
Due to the easy inactivation denaturation of free nattokinase, folic 
acid-modified chitosan modified nattokinase showed the enhanced 
stability and fibrinolysis activity (Chen et al., 2014). However, its 
operation process was complex and expensive. Therefore, improv-
ing the stability of nattokinase in a simple and economic way can 
significantly enhance its application value.

Spray drying has become a crucial technique that is widely used 
to ameliorate the stability of food ingredients, like proteins, en-
zymes, colorants, oil, antioxidants, and cells, by transforming the 
liquid state into a solid powder (Alcântara et al., 2019; Bustamante 
et  al.,  2020; Obón et  al.,  2020; Rezvankhah et  al.,  2020; Wang & 
Selomulya, 2020; Yingngam et al., 2019). Spray drying was used to 
produce the blueberry-polyphenol food ingredients, which found 
that the complexed polyphenols structural integrity and biolog-
ical activities are retained (Hoskin et  al.,  2019). The spray drying 
of curcumin encapsulated in soy protein isolate microencapsula-
tion showed the enhanced bioaccessibility and bioactivities (Chen 
et al., 2020). Because of high drying temperatures and atomization 
process causing protein instability, process parameters, like as feed 
rate, outlet temperature, and solid concentration of feed, are sig-
nificant factors affecting the enzymatic activity. Understanding the 
critical process and formulation parameters are required for the 
successful spray drying of biomolecules (Ziaee et al., 2020). In pro-
cess operability of fabrication of the uniform enzyme-immobilized 
carbohydrate microparticles, spray drying offered a rather simple 
and economical means to produce enzymatic microparticles of high 
activity with the appropriate dosage of carbohydrate. The enzyme-
immobilized carbohydrate microparticles formed the hydrogen 
bonding between enzyme and carbohydrate and were highly amor-
phous glass matrices, which decrease enzyme unfolding and aggre-
gation (Zhang et  al.,  2018). Encapsulation of ascorbyl palmitate in 
maize starch by spray drying improved its storage stability under ul-
traviolet light conditions (Bamidele & Emmambux, 2019). Compared 
to freeze-drying, spray drying is a convenient, cost-effective, higher 
applicable, and scalable encapsulation procedure in the food and 
pharmaceutical industries (Rezvankhah et  al.,  2020). Spray dry-
ing is an interesting alternative means of increasing the stability of 
powdered foods and food ingredients (Bilušić et al., 2020; González 
et  al.,  2019). Freeze drying has been used to dry the nattokinase 
(Garg & Thorat, 2014). However, spray drying used for microencap-
sulating nattokinase is rarely reported.

In this work, the nattokinase produced by liquid fermentation of 
B. subtilin was used as raw material to study the effects of different 
processing parameters on the nattokinase activity and product qual-
ity of nattokinase power in spray drying for microencapsulating nat-
tokinase. The spray drying process was optimized by a single-factor 
and response surface analysis. It was found that the storage stability 

of nattokinase power is improved in high temperature and alkaline 
and acidic environment. This work provides reference for the appli-
cation of heat-sensitive enzyme powder in food.

2  | MATERIAL S AND METHODS

2.1 | Materials

Nattokinase fermentation broth was made by our laboratory. Food-
grade modified starch was purchased from Juntao. Food-grade 
β-dextrin was got from Tianzhao. Urokinase (1,280  IU), thrombin 
(190 bp), and fibrinogen were purchased from Yuanye.

2.2 | Preparation of nattokinase powder by 
microencapsulation

Wall materials were made in the food-grade modified starch and 
food-grade β-dextrin mixed evenly according to the mass ratio of 
2:1 (weight: weight) in reserve. Then, the wall materials were added 
slowly into the nattokinase fermentation broth. After that, it kept 
stirring for 30 min at 35–40°C. Finally, fermentation broth contain-
ing the wall materials was screened with 80 mesh sieves. Finally, a 
spray dryer (G15 model, 15  kg/h, cocurrent, Yuanyu) was used to 
prepare the nattokinase powder.

2.3 | Determination of moisture content in 
nattokinase powder

A certain amount of nattokinase powder was weighed (m1), and dried 
to constant weight (m2) in the drying oven (GZX-9140MBE, Boxun) 
at 100–105°C. The moisture content of nattokinase powder was cal-
culated with Equation (1).

2.4 | Determination of nattokinase activity

The activity of nattokinase was determined by the fibrin plate 
method. 7.5 ml of 2% wt agarose solution (pH 7.5) was taken and 
heated in 50°C at water bath (SHJ-1, Deke) for 5 min, 225 ml throm-
bin solution (1 bp/ml, pH 7.5) was added, and mixed well and heated 
in 50°C at water bath for 5 min, then, 7.5 ml 3% wt fibrinogen solu-
tion (pH 7.5) was poured into heat preservation thrombin-agarose 
solution and quickly mixed, poured into clean culture dish at room 
temperature for 1 hr, and then punched holes after solidification.

Standard curve preparation: urokinase was prepared into 
2,000 IU/ml solutions with normal saline, and then diluted with nor-
mal saline to prepare 1,600, 1,400, 1,200, 1,000, 800, 600, 400, and 
200 IU/ml solution. 10 μl samples were taken and put on the fibrin 
plate. After holding at 37°C for 18  hr, the diameter of dissolution 

(1)Moisture content % =
(

m1 − m2

)

∕m2 × 100
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circle on the fibrin plate was determined, and the standard curve was 
obtained (Y = 2.6506X-74.001, R2 = 0.9901).

Spray-dried nattokinase powder samples (10  g) or equal mass 
free nattokinase were taken for dissolving into 200 ml normal saline 
and stirred 30 min, then centrifuged for 5 min at 12,000 rpm, then 
10 μl samples were added to the fibrin plate, and incubated 18 hr 
at 37°C, the diameters of dissolution circle on the fibrin plate were 
measured, and the nattokinase activities were calculated according 
to the standard curve.

2.5 | Comprehensive score

Comprehensive scores of the nattokinase powder samples were 
evaluated according to the method of Ma`s (2020). Briefly, twenty 
semitrained peoples were chosen to set up an evaluation group, 
and the color, smell, impurities, nattokinase activity, and moisture 
content were determined as the five sensory evaluation indexes of 
the spray-dried nattokinase powder. The comprehensive scores of 
nattokinase powder were obtained by adding up the scores of 5 in-
dexes of each experimental result. The specific evaluation criteria 
and scores are shown in Table 1.

2.6 | Single-factor experiments

In this work, a series of single-factor experiments were performed to 
study the influence of four factors, namely the mass ratio of wall ma-
terial, inlet air temperature, feed rate, and outlet temperature, on the 
spray drying of nattokinase powder. To optimize every single factor, 
a single variable was determined in the following given scope. The 
mass ratios of wall material were tested at 20, 25, 30, 35, and 40% 

wt; the inlet air temperatures at 120, 130, 140, 150, and 160°C; the 
feed flow rates at 4, 6, 8, 10, and 12 L/h; the outlet temperatures at 
60, 70, 80, 90, and 100°C, respectively. Then, the optimization vari-
ables were applied for the following evaluation of the nattokinase 
activities and comprehensive scores of the nattokinase powder.

2.7 | Response surface methodology

By integrating the results of the single-factor experiments, a re-
sponse surface methodology (RSM) experiment was conducted 
based on a Box-Behnken center combination design (CCD) with the 
mass ratio of wall material (A), inlet air temperature (B), feed rate 
(C), and outlet temperature (D) as experimental factors. With the 
comprehensive scores (Y1) and nattokinase activities (Y2) of the nat-
tokinase powder as the response values, a 4-factor and 3-level CCD 
analysis were conducted to optimize the spray drying process pa-
rameters of the nattokinase powder. The experimental factors and 
levels are listed in Table 2.

2.8 | Storage stability

The nattokinase powder samples by microencapsulation were stored 
in the uncapped glass dish and placed in a dry thermostat (GD-2010, 
Haixiang, Shanghai, China) at 25, 30, 40, and 50°C for storage stabil-
ity test. The relative humidity was controlled at 20.0 ± 0.5%. The 
nattokinase activities of nattokinase powder samples were analyzed 
every 5 days.

The pH of nattokinase fermentation broths was adjusted to 5, 6, 
7, 8, 9, and 10. After adding the wall material, nattokinase powders 
with different pH according to the optimum spray drying conditions 
were sprayed. Then, the nattokinase powder samples by microen-
capsulation with different pH were stored in the uncapped glass dish 
and placed in a dry thermostat at 25°C for storage stability test. The 
relative humidity was controlled at 20.0 ± 0.5%, and nattokinase ac-
tivities of nattokinase powder samples were analyzed every 5 days.

2.9 | Statistical analysis

All results were presented as mean ± standard deviation (SD). The 
data analysis was carried out by the student's t test with SPSS 20.0 
and values with asterisks were statistically significant (p < .05).

3  | RESULTS AND DISCUSSION

3.1 | Effect of mass ratio of wall material on spray 
drying of nattokinase powder

The sizes of the fog droplet and the diameters of powder are mainly 
adjusted by atomization process. Rotational speed of the atomizer 

TA B L E  1   The standard for calculating the comprehensive score 
of nattokinase powder

Character Standard Score

Color White or light yellow 16–20

Burnt yellow or brown 10–15

Blackened 0–10

Smell Special smell, no peculiar smell 16–20

Slight peculiar smell 10–15

Peculiar smell 0–10

Impurities No impurities 16–20

Small amount of impurities 10–15

More impurities 0–10

Nattokinase activity >1,000 IU/ml 16–20

800 ~ 1,000 IU/ml 10–15

<800 IU/ml 0–10

Moisture content <5% 16–20

5 ~ 10% 10–15

>10% 0–10
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is key parameter to control the atomization process (Chávez-Salazar 
et  al.,  2019; Huang & Mujumdar,  2008). According to the pre-
experiment results, the rotational speed of the atomizer of G15 spray 
dryer was set at 20,000 rpm. Due to different drying wall materials 
with unique processing effects, we chose the food-grade modified 
starch and the food-grade β-dextrin as two-component wall mate-
rials to reduce the phenomenon of wall sticking. According to the 
results of pre-experiment, the mass ratio of modified starch and β-
dextrin was set to 2:1 (weight: weight). The inlet air temperature was 
set at 140°C, the feed flow rate at 10 L/h, and the outlet tempera-
ture at 90°C. Spray drying of the nattokinase powder by microen-
capsulation was carried out under the conditions of mass ratios of 
wall materials of 20, 25, 30, 35, and 40%, respectively (Figure 1a).

With a small amount of wall materials, spray drying effect was 
poor and adhesion was particularly serious. In addition, if the mass 
ratio of wall materials was too much, it is easy to block the nozzle of 
the atomizer, and the nonuniform liquid droplets would cause the 
powder to have higher moisture content, easy to agglomerate, and 
reduce the quality of powder. The low mass ratio of wall materials 
would result in poor encapsulating effect on the enzyme, and easy to 
make the liquid droplets appear in the spray drying process and the 
local temperature too high for reducing the activity of the enzyme 
and the flavor (Bajaj et al., 2021; Ma et al., 2020). The powder yield 
was 97.5 ± 1.5%; however, adding too much or too little wall mate-
rials would lead to reduction targets product quality. Thus, it was 
necessary in order to identify the optimum amount of wall materials 
required in the spray drying process.

When the added mass ratios of wall materials were increased 
from 20%–30%, nattokinase activities (p <  .05) and comprehen-
sive scores (p <  .05) of the nattokinase powder increased signifi-
cantly (Figure  1a). However, excessive addition of wall materials 
in the range of 30%–40% reduced the nattokinase activities and 
comprehensive scores of the nattokinase powder. Moreover, it 
caused insufficient drying and increased the moisture content 
of the nattokinase powder. Low mass ratio of wall materials was 

TA B L E  2   Designs and response of Box-Behnken CCD 
experimental design

Level A/% B/°C C/(L/h) D/°C

−1 25 130 6 70

0 30 140 8 80

1 35 150 10 90

F I G U R E  1   Effect of (a) mass ratio of wall material, (b) inlet air temperature, (c) feed rate and (d) outlet temperature on spray drying of 
nattokinase powder by microencapsulation
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prone to sticky walls during the spray drying process for the high 
viscosity of the material liquid, and the powder had a peculiar and 
paste smell of burnt-brown phenomenon. However, with the in-
crease in the mass ratios of wall materials, the moisture content 
of the nattokinase powder by microencapsulation was too high, 
which reduced the activity of nattokinase powder. The moisture 
content of the nattokinase powder less than 5.0% is in line with 
the quality requirements. Modified starch can accelerate more 
moisture loss during spray drying because of less number of ex-
posed hydroxyl groups than unmodified starch (Ding et al., 2020). 
When the mass ratio of wall materials was 30%, nattokinase activ-
ity and comprehensive score of the nattokinase powder were op-
timum, at 1,150 ± 40 IU/ml and 95 ± 3, respectively. The moisture 
content of the nattokinase powder was 4.4 ± 0.2%. According to 
the nattokinase activity, comprehensive score, and moisture con-
tent of nattokinase powder, the scopes of 25%–35% mass ratios of 
wall materials were chosen for further experiments.

3.2 | Effect of inlet air temperature on spray 
drying of nattokinase powder

Heated air, usually used as a heat source, has an important influence 
on the drying effect and the final product features. If the inlet air tem-
perature is too low, the moisture of the small droplets cannot be fully 
evaporated, which would affect the product quality; if the inlet air 
temperature is too high, the enzyme activity will be decreased (Zhang 
et al., 2019). The mass ratio of wall materials was set at 30%, the feed 
rate at 10 L/h, and the outlet temperature at 90°C. Spray drying of the 
nattokinase powder was carried out under the conditions of inlet air 
temperature of 120, 130, 140, 150, and 160°C, respectively (Figure 1b).

When the inlet air temperatures were increased from 120–
140°C, nattokinase activity (p  <  .05) and comprehensive score 
(p  <  .05) of the nattokinase powder increased significantly 
(Figure 1b). Nattokinase activity and comprehensive score of the 
nattokinase powder reached the highest when the inlet air tem-
perature was 140°C, as 1,178 ± 20 IU/ml and 95 ± 3, respectively. 
The moisture content of the nattokinase powder was 4.3 ± 0.1%. 
During the spray drying process, the nattokinase powder at the 
inlet air temperature of 140°C was white or light yellow and had 
a unique odor, and the dispersion of the nattokinase powder was 
best. When the inlet air temperature was too already high, the 
residual sugar in the fermentation broth would undergo Maillard 
reaction between the proteins with carbohydrates to produce 
brown substance, which had a paste smell (Hamdi et  al.,  2020; 
Huang et al., 2020). Although the high inlet air temperature helps 
to reduce the moisture content, the spray-dried nattokinase pow-
der by microencapsulation was easy to agglomerate and reduced 
product quality and nattokinase activity. According to activity, 
comprehensive score and moisture content of the nattokinase 
powder, the scopes of 130–150°C of inlet air temperature were 
chosen for further experiments.

3.3 | Effect of feed rate on spray drying of 
nattokinase powder

If the feed rate is already too high, inadequate product would be 
produced, like as high moisture content (Ziaee et al., 2020). The mass 
ratio of wall materials was set at 30%, the inlet air temperature at 
140°C, and the outlet temperature at 90°C. Spray drying of the nat-
tokinase powder was carried out under the conditions of feed rates 
of 4, 6, 8, 10, and 12 L/h, respectively (Figure 1c).

Nattokinase activities and comprehensive scores of the nat-
tokinase powder increased first and then decreased with the in-
crease of the feed rates of 4–12 L/h (Figure 1c). When the feed 
rate was 8 L/h, nattokinase activity and comprehensive score of 
the nattokinase powder were optimum, at 1,172 ± 23  IU/ml and 
93 ± 1, respectively. The moisture content of the nattokinase pow-
der was 4.2 ± 0.2%. When the feed rate was too high, it caused 
wall sticking and high moisture content during the spray drying 
process, and the nattokinase powder had peculiar and paste smell, 
and the color was burnt brown. According to nattokinase activ-
ity, comprehensive score, and moisture content of the nattokinase 
powder, the scopes of 6–10 L/h of feed rate were chosen for fur-
ther experiments.

3.4 | Effect of outlet temperature on spray drying of 
nattokinase powder

Spray drying is a high-temperature short time process. Cautious con-
trol of the outlet temperature can hold back the bioactivity of func-
tional factors of interest. Inactivation of enzymes would rise as the 
outlet temperatures increase and decrease as the outlet tempera-
ture decrease (Lavanya et al., 2020). The mass ratio of wall materials 
was set at 30%, the inlet air temperature at 140°C, and the feed rate 
at 8  L/h. Spray drying of the nattokinase powder was carried out 
under the conditions of outlet temperature of 60, 70, 80, 90, and 
100°C, respectively (Figure 1d).

Nattokinase activities and comprehensive scores of the nat-
tokinase powder increased first and then decreased with the in-
crease of the outlet temperature of 60–100°C (Figure 1d). When 
the outlet temperature was 80°C, the comprehensive score 
was optimum, as 95  ±  1. However, optimal outlet temperature 
of nattokinase activity was 90°C; the nattokinase activity was 
1,190 ± 24 IU/ml. The moisture content of the nattokinase pow-
der was 4.2 ± 0.1%. When the outlet temperature was 80–90°C, 
the nattokinase powder was white or light yellow and had a unique 
flavor. When the outlet temperature was low, the nattokinase 
powder was easy to stick to the wall and agglomerate and had 
a high-moisture content. In addition, the high outlet temperature 
caused the nattokinase activity to decrease. According to nattoki-
nase activities, comprehensive scores and moisture content of the 
nattokinase powder, the scopes of 70–90°C of outlet temperature 
were chosen for further experiments.
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3.5 | RSM results on spray drying of 
nattokinase powder

Box-Benkhen experimental design has been applied for the optimi-
zation of the various processing parameters and their interactions 
(Gil-Chávez et al., 2020; Hayta1& Ertop, 2017; Slima et al., 2020). 
Based on the above single-factor experimental results, the Box-
Behnken experimental design was used according to the selected 
parameters of mass ratio of wall materials, inlet air temperature, feed 
rate, and outlet temperature. The factors, levels, and results of the 
RSM experiment are shown in Table S1.

A multiple quadratic regression model was built for four signifi-
cant influence processing parameters of the comprehensive scores 
(Y1) of the nattokinase powder, like as mass ratio of wall materials 
(A), inlet air temperature (B), feed rate (C), and outlet temperature 
(D), using Design-Expert 8.0 software (Stat-Ease, USA). The obtained 
quadratic regression Equation (2) was as following:

Results of ANOVA of the comprehensive scores of the nattoki-
nase powder are shown in Table S2. The Model F-value of 187.91 im-
plied the model is significant. Moreover, the R2 was 0.9947 and Adj 
R2 was 0.9894, indicating that the model-fitting degree was well and 
only 0.53% of the variation could not be attributed to this model. 
Overall, this model could be utilized for the reliable prediction of 
experiment results. The lack of fit was 0.7512, which was more than 
0.05, indicating that the lack of fit was nonsignificant relative to 
the pure error in this experiment (Ma et al., 2020; Qiu et al., 2016). 
The mass ratio of wall materials, inlet air temperature, and outlet 
temperature significantly affected the comprehensive scores of the 
nattokinase powder in this experiment. The orders of influencing 
factors on the comprehensive scores of the nattokinase powder 
were as follows: mass ratio of wall materials >outlet temperature 
>inlet air temperature >feed rate.

(2)Y1 = 96.80 + 5.08A − 0.75B − 0.083C + 1.08D + 1.50AB − 0.50AC + 0.25AD + 0.25BC + 1.00BD − 1.50CD − 6.78A
2 − 3.53B

2 − 3.27C
2 − 3.02D

2

F I G U R E  2   Effects of the interaction of different factors on the comprehensive scores of nattokinase powder by microencapsulation: (a) 
mass ratio of wall material and inlet air temperature; (b) mass ratio of wall material and feed rate; (c) mass ratio of wall material and outlet 
temperature; (d) inlet air temperature and fees rate; (e) feed rate and outlet temperature; (f) inlet air temperature and outlet temperature
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Results of Figure 2 showed that with the increase of the mass 
ratio of wall materials, inlet air temperature, feed rate, and outlet 
temperature, the comprehensive scores of the nattokinase pow-
der first increased and then decreased, and its change trends were 
consistent with the single-factor experimental results. According to 
this model, the optimal conditions were as follows: The mass ratio 
of wall materials 32.40%, inlet air temperature 138.9°C, feed rate 
7.98  L/h, and outlet temperature 81.2°C. Considering the actual 
operation, the process conditions were modified as follows: The 
mass ratio of wall materials 32%, air inlet temperature 139°C, feed 
rate 8 L/h, outlet temperature 81°C. The results showed that the 

microencapsulated nattokinase powder samples were light yellow, 
with a special smell, no peculiar smell and paste taste, and no im-
purity. The average moisture content of nattokinase powder was 
4.2 ± 0.1%, the average nattokinase activity was 1,320 ± 40 IU/ml, 
and an average comprehensive score was 97 ± 1, which were con-
sistent with the predicted values.

Similar to the comprehensive scores of the nattokinase powder, 
a multiple quadratic response surface regression model was also es-
tablished for the nattokinase activities (Y2) of the microencapsulated 
nattokinase powder. The obtained quadratic regression Equation (3) 
was as following:

(3)Y2 = −47568.00 + 528.17A + 402.48B + 440.75C + 278.33D + 0.56AB − 0.58AC − 0.31AD + 1.86BC + 0.12BD − 0.83CD − 9.42A
2 − 1.59B

2 − 38.46C
2 − 1.75D

2

F I G U R E  3   Effects of the interaction of different factors on the nattokinase activities of nattokinase powder by microencapsulation: (a) 
mass ratio of wall material and inlet air temperature; (b) mass ratio of wall material and feed rate; (c) mass ratio of wall material and outlet 
temperature; (d) inlet air temperature and feed rate; (e) feed rate and outlet temperature; (f) inlet air temperature and outlet temperature
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Results of ANOVA of the nattokinase activities are shown in 
Table S3. The F test of the regression model presented high signifi-
cance (p < .001), the R2 was 0.9794 and Adj R2 was 0.9588, indicat-
ing that the fitting degree of this model was good, and only 2.16% 
of the variation could not be predicted. The lack of fit was 0.4396 
more than 0.05, which was nonsignificant relative to the pure error. 
The mass ratio of wall materials, inlet air temperature, and outlet 
temperature significantly affected the nattokinase activities of the 
nattokinase powder in this experiment. The orders of influencing 
factors on nattokinase activities of the nattokinase powder were as 
follows: inlet air temperature >mass ratio of wall materials >outlet 
temperature >feed rate.

Results of Figure 3 showed that with the increase of the mass 
ratio of wall materials, inlet air temperature, feed rate, and outlet 
temperature, the nattokinase activities of the nattokinase powder 
first increased and then decreased, and its change trends were 
consistent with the single-factor experimental results. According 
to this model, the optimal conditions were as follows: The mass 
ratio of wall materials 30.58%, inlet air temperature 139.49°C, 
feed rate 8.02 L/h, and outlet temperature 79.71°C. Considering 
the actual operation, the process conditions were modified as 
follows: The mass ratio of wall materials 30%, air inlet tempera-
ture 139°C, feed rate 8  L/h, and outlet temperature 80°C. The 
results showed that the nattokinase powder was light yellow, 
with a special smell, no peculiar smell and paste taste, and no im-
purity. The average moisture content of microencapsulated nat-
tokinase powder was 4.1 ± 0.1%, the average nattokinase activity 
was 1,340  ±  45  IU/ml, and the average comprehensive score 
was 96  ±  2, which were consistent with the predicted values. 
According to the results of RSM experiments described above, 
the optimal conditions of nattokinase activities and comprehen-
sive scores were virtually identical.

3.6 | Storage stability in different temperature or 
different pH

Storage stability is the key to evaluate the market value and prac-
tical application value of functional foods (Kumar et  al.,  2020; 
Tolun et al., 2016; Xiang et al., 2020) or functional strains (Baena-
Aristizábal et al., 2019). Functional foods that cannot be stored sta-
bly for a long time under harsh conditions are resistant to profitable 
marketing, especially the functional factors of enzymes. Therefore, 
the storage stability of the microencapsulated nattokinase powder 
was tested under different temperatures (25, 30, 40, and 50°C) and 
pH (5, 6, 7, 8, 9, and 10) conditions for the 30 days (Figure 4).

The storage temperature has a significant effect on activity, color, 
and smell (Christiansen et al., 2020; Guo et al., 2020). Elevated stor-
age temperature easily reduces the activity, while low storage tem-
perature increases the cost. Microencapsulated nattokinase powder 
samples were stable at 25, 30, and 40°C after 30 days of storage, 
the nattokinase activities of the nattokinase powder still kept 88.5, 
85.3, and 80.0% of the initial activity respectively (Figure 4a). When 
the storage temperature was above 50°C, the nattokinase activity of 
nattokinase powder decreased rapidly. Nattokinase microencapsu-
lated in carbohydrates which significantly enhanced storage stability 
can be stored at room temperature for a long time. Wall materials can 
protect enzyme molecules by providing stable microenvironment 
and reduce the damage caused by harsh environment. The wall ma-
terials of whey proteins with gum Arabic or maltodextrin increased 
the polyphenols stability and their antioxidant capacity during stor-
age (Khalifa et al., 2019). After 30 days of storage at 25°C, the micro-
encapsulated nattokinase powder was still light yellow, with a special 
smell, no peculiar smell and paste taste, and no impurity.

Storage pH significantly affected the activity and content of func-
tional factors (Bradwell et al., 2018; Liu et al., 2020). Storage stability 

F I G U R E  4   Storage stability of nattokinase powder by microencapsulation in different temperature (a) or different pH (b)



3914  |     LI et al.

of the nattokinase powder was better when pH was 6–9; the storage 
stability of the nattokinase powder with pH 8 was the best. After 
30 days of storage, the activity of the microencapsulated nattokinase 
powder still kept 90.8% of the initial activity at pH 8 (Figure 4b). When 
the storage pH was 5 and 10, the activities of the nattokinase pow-
der decreased rapidly. Microencapsulated nattokinase showed strong 
storage stability in different storage pH. Nattokinase powder can be 
kept at room temperature and near-neutral pH for a long time. After 
30 days of storage at 25°C and pH 8.0, the microencapsulated nat-
tokinase powder was still white or light yellow, with a special smell, no 
peculiar smell and paste taste, and no impurity.

4 | CONCLUSION

In this work, the effects of four different critical parameters, namely 
the mass ratio of wall materials, inlet air temperature, feed rate, and 
outlet temperature, on the spray drying of the microencapsulated 
nattokinase powder were studied in the single-factor experiments 
and RSM experiments. Two quadratic polynomial regression models 
were established with the comprehensive scores and nattokinase ac-
tivities as the response values. The results showed that Box-Behnken 
CCD of RSM is feasible and effective for the optimization of the 
spray drying microencapsulation process of nattokinase powder. 
According to the single-factor experiments and RSM analysis, opti-
mized spray drying process parameters were 30% of mass ratio of 
wall materials, 139°C of air inlet temperature, 8 L/h of feed rate, and 
80°C of outlet temperature. The final optimized results encompassed 
a comprehensive score of 96 and nattokinase activity of 1,340  IU/
ml. Microencapsulated nattokinase showed strong storage stability 
in different storage temperature and pH. Nattokinase powder can 
be stored at room temperature and near-neutral pH for a long time. 
Overall, these results provide a foundation for further green industri-
alization of the nattokinase powder from fermentation broth.
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