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and Dominic Agyei c

A convenient and green synthetic route using calcium ion inductionwas first used to prepare peanut protein

isolate (PPI) nanoparticles. Through dynamic light scattering (DLS) and transmission electron microscopy

(TEM), the role of each procedure in the formation of nanoparticles was systematically investigated by

means of particle size, size distribution, and morphology observation. The size of the obtained

nanoparticles ranged from 80 to 140 nm, and they exhibited a uniform size distribution and spherical

shape. After dry processing, PPI nanoparticles still display a good state in terms of size and morphology.

Stability test results indicated that PPI nanoparticles have good thermal stability, gastrointestinal pH

stability, dilution stability and storage stability. In particular, these nanoparticles still have good stability

with their concentration diluted to 0.05 mg mL�1 while they can be stored for up to 60 days with

particle sizes still below 120 nm at room temperature. All these features endow PPI nanoparticles with

great potential in the delivery of bioactive compounds.
1. Introduction

The term “nanoparticles” in the pharmaceutical eld is generally
employed to describe colloidal particles which are substantially
spherical and have a diameter ranging from 1 nm to 1000 nm.1

Due to their nanoscale effect and excellent stability, nano-
particles have attracted lots of attention in the carrying and
delivery of small molecules, drugs and bioactive compounds.2–4

Currently, many materials can be used to produce nanoparticles,
mainly including two kinds, synthetic materials,5,6 and natural
materials.7 Nevertheless, in consideration of bio-safety and bio-
consistency, natural materials show much greater advantages
and development potential than synthetic materials especially in
the food and pharmaceutical elds.

Among natural materials, protein is ideal for nanoparticle
preparation due to its multilevel construction, biodegradable,
non-toxic, and non-immunogenic nature, patient tolerability and
abundant source.8 There are lots of different kinds of protein
nanoparticles reported, such as bovine serum albumin,9,10

casein,11,12 collagen,13 b-lacto globulin14,15 and other animal
proteins.16 However, reports about the application of plant
protein in the preparation of nanoparticles as thematrixmaterial
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are relatively few. At present, the plant proteins which have been
applied in the preparation of nanoparticles are only silk, soy
protein isolates or zein etc.7,17,18 Peanut protein is a highly nutri-
tious vegetable protein resource, ranking no. 3 of plant protein
sources in the world, accounting for 11% of total protein.19

However, its application for the preparation of nanoparticle,
carrying and delivery peanut bioactive compounds, is still blank.

Nowadays, many physic, chemical and biologic methods
have been developed for the preparation of protein nanoparticle
including desolvation,20 hydrolysis,21 pH-coacervation,22 self-
assembly23 and emulsication dispersion.24 Whereas, these
methods still have some disadvantage with complicated
process, sophisticated control and using of organic reagents.
And so, such ionic induced method, which is easier, greener
processing and suitable for food processing, has much more
potential for natural protein nanoparticles and is rarely studied.

In this study, we report a calcium-induced method rst
applying in preparation of peanut protein isolate nanoparticle.
The nanoparticles were characterized by the particle size, size
distribution, and morphology. And the effects of spray drying
and freeze drying on the physiochemical properties of peanut
protein nanoparticles were analyzed. In addition, the thermal
stability, gastrointestinal pH stability, dilution stability and
storage stability of PPI nanoparticles were evaluated.
2. Materials and methods
2.1. Materials and instrument

PPI was made by laboratory according to previous literature
method.19 Anhydrous calcium chloride, sodium hydroxide and
RSC Adv., 2017, 7, 53247–53254 | 53247
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hydrochloric acid were purchased from Sinopharm Chemical
Reagent Co., Ltd.

90-4 digital temperature control magnetic stirrer, Zhenrong
Scientic Instrument Co., Ltd. Shanghai; DK-S24 electro
thermal constant temperature water bath, Jinghong Experi-
mental Equipment Co., Ltd., Shanghai; Nano laser particle size
analyzer, Malvern Instrument Co., Ltd., Britain; H-7500 trans-
mission electron microscopy, Hitachi, Japan.

2.2. Preparation of PPI nanoparticle

Peanut protein powder was hydrated in deionized water
(6 mg mL�1) and stirred for 15 min at room temperature. Then
there are four steps for the preparation. (1) Using 0.1 M NaOH to
prepare different peanut protein isolate suspension with pH of
8, 9, 10, 11 and 12, separately. (2) Keeping these ve suspen-
sions at 85 �C for 30 min in tightly closed tubes using a waters
bath. (3) Then cooling to room temperature and adjusting the
pH of these suspensions back to 7 using 0.1 M HCl. (4) Adding
CaCl2 with the concentration of 2.5, 3.5, 5.0, 6.5 and 7.5 mM
into these suspension to induce particle formation. The nal
protein concentration was diluted to 3 mg mL�1 using deion-
ized water for further analyzation. The prepared suspensions
were stored at room temperature overnight to make the
formation of PPI nanoparticle.

2.3. Morphology characteristics of PPI nanoparticles

The size and polydispersity index of the nanoparticles were
measured at 25 �C by dynamic light scattering using a Zetasizer
NanoS. Their suspensions were diluted in deionized water to
a suitable concentration before analysis.

The morphology of the PPI solution without calcium and PPI
nanoparticles was observed by H-7500 Transmission Electron
Microscope (TEM) in two resolutions (�10000 and�50000). For
Fig. 1 The TEM photos of the PPI solution without calcium (a, b) and PP

53248 | RSC Adv., 2017, 7, 53247–53254
sample preparation, one drop of the prepared suspensions was
placed on copper net coated with polyvinyl formal membrane.
The copper mesh was placed in the 2–3 min to make the
molecular aggregates deposited on the surface of the network,
and then the extra suspensions were blotted with lter paper.
2% uranyl-acetate solution was added on the copper mesh to
negative staining for nanoparticles, and used lter paper to blot
the extra dye liquor when staining complete. The samples were
air dried before imaging.

2.4. Drying characteristics of the nanoparticles

The PPI nanoparticle suspension was treated by vacuum freeze
drying and sprays drying, respectively. And the effect of
particle size and PDI was compared in the two drying methods.
The morphological changes of peanut protein nanoparticles
were observed by transmission electron microscope. In addi-
tion, the effects of different spray drying temperature at
145 �C, 150 �C, 155 �C, 160 �C, 165 �C, 170 �C and 140 �C on the
particle size and morphology of the nanoparticles were
investigated.

2.5. Stability analysis of PPI nanoparticles

2.5.1 Thermal stability. The PPI nanoparticles suspension
was respectively treated in the thermostatic bath at 74 �C, 20 s
(Pasteur sterilization) and boiling water bath for 5 min. Then
the particle size and distribution of the nanoparticles were
measured by laser particle size analyzer.

2.5.2 Gastrointestinal pH stability. The inuence of
gastrointestinal pH on PPI nanoparticle stability was evaluated
by suspending nanoparticles in simulated gastric uid (pH 1.2)
or simulated intestinal uid (pH 7.4) without enzyme. The
nanoparticle solution and simulated intestinal uid or simu-
lated intestinal uid was mixed with the same volume.
I nanoparticles (c, d).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07987g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 7
:3

8:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.5.3 Dilution stability. The concentration of nanoparticle
samples was diluted with distilled water with the same pH value
to 0.5 mg ml�1, 0.1 mg ml�1, 0.05 mg ml�1, 0.01 mg ml�1,
0.0025 mg ml�1 and 0.0001 mg ml�1. And then the particle size
and distribution of dilution solution were determined by laser
particle size analyzer.

2.5.4 Long-term storage stability. The storage stability of
PPI nanoparticles was investigated by measuring particle size
and distribution aer storage at 4 �C and room temperature for
5, 10, 15, 20, 25, 30, 40, 50 and 60 days respectively.

2.6. Statistical analysis

All experiments were performed at least in triplicate. Results
were expressed in tables as mean � standard deviation. Error
bars on gures represented standard deviations.
Table 1 Effect of pH condition on the size of peanut protein isolates na

pH 8 9
Diameter (nm) 132 � 5 106 � 1
PDI 0.26 � 0.01 0.35 � 0.01

Table 2 Effect of Ca2+ concentration on the size of peanut protein isol

Ca2+(mM) 2.5 3.5
Diameter (nm) 125 � 6 95 � 1
PDI 0.50 � 0.01 0.50 � 0.01

Fig. 2 Particle size and PDI of PPI nanoparticles after freeze drying (a), T

This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1. Nanoparticle characterization

From our results, we success obtained PPI nanoparticles with
relative ideal size and narrow size distribution. The main
mechanism was illustrated in Fig. 1. As described in Section 2.2,
peanut protein was rst treated with alkali (0.1 M NaOH) at
85 �C. In this processing, peanut protein was fully hydrated and
unfolding.25–27 And the quarternary structure of protein was
destroyed, which resulting into a good dissolution character-
istic aer adjusting the pH to 7.0.27,28 In such suspension
condition, the surface charge of PPI fractions was negative. And
then the addition of calcium ion was a trigger and interference
for system charge re-balance and PPI protein was tending to
gather together around calcium ion to realize the electric
noparticles

10 11 12
91 � 1 89 � 1 136 � 2
0.38 � 0.01 0.40 � 0.02 0.50 � 0.01

ates nanoparticles

5.0 5.5 6.5
87 � 1 92 � 2 112 � 3
0.31 � 0.07 0.25 � 0.01 0.23 � 0.01

EM photos of PPI nanoparticles after freeze drying (b).

RSC Adv., 2017, 7, 53247–53254 | 53249
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neutrality of whole suspension. Such theory can be used to
explain the preparation of tofu and soybean protein
nanoparticles.18,29

3.1.1 Particle size. The size of the PPI nanoparticles as
inuenced by solution pH and calcium concentrations,
respectively can be observed from Tables 1 and 2. Particles with
various sizes of 87–136 nm were obtained under the different
preparation conditions, and the PdI of all the samples was
ranged from 0.200 to 0.500. This result indicates that the
nanoparticles were achieved with good dispersibility and
narrow particle size distribution.24

The solution pH has played an important role in deter-
mining PPI nanoparticle size. With the increase of the pH
condition, the particle size of PPI nanoparticles was rst
decreased and then increased, and reached the minimum at pH
11 (Table 1). That may be because in the low pH (8), PPI struc-
ture was still well without fully unfolding and destroyed. During
the calcium ion induction, large particle size could be found.
With the increase of pH from 8 to 11, PPI was tending to more
and more hydration, the interaction between subunits (protein
Fig. 3 Particle size and PDI of PPI nanoparticles after spray drying (a), T

53250 | RSC Adv., 2017, 7, 53247–53254
quaternary structure) was gradually broken, and the size of PPI
fractions was cut down.27,28 And nally, the size of PPI nano-
particles was decreased. However, the size was increased again
when pH changed to 12. That is possibly resulted from that the
structure of polypeptide chains in PPI subunits was destroyed
and fully stretched in suspension.26 Based on this condition, PPI
nanoparticles show larger size (Table 2).

The other factor impacting nanoparticle size was calcium
concentration. When the CaCl2 concentration was increased
from 2.5 to 5 mM, the particle size decreased from 125.10 to
87.35 nm, respectively. However, when the concentration of
calcium continues to increase, the particle size increased to
111.60 nm (Table 2). The explanation for this may be that for
fully hydrated protein, there would be a quantizable amount of
Ca2+ for whole suspension. If the concentration was lower than
this suitable amount, PPI segments would compete to interact
with Ca2+, resulting into particle cluster. However, when the
concentration was higher than this suitable amount, redundant
Ca2+ could stay in the suspension and inuence the surface
charge of already formed PPI nanoparticle, generating
EM photos of PPI nanoparticles after spray drying (b).

This journal is © The Royal Society of Chemistry 2017
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aggregates with larger size.18 Integrated above, the PPI nano-
particle with the minimum size was chosen for further
characterization.

3.1.2 Nanoparticle morphology. The morphology of the
PPI solution without calcium is shown in Fig. 1a and b, which
conrmed that there is no nanoparticle formed. Whereas the
PPI nanoparticles were successfully prepared upon the addi-
tion of calcium, Fig. 1c and d shows that the most of PPI
nanoparticles have a good sphericity and dispersion, and the
particle size ranges between 80 nm and 120 nm. The result of
Fig. 1 was in agreement that calcium can induce a nano-scale
network formation of molecular chain segments from protein
hydrolysate.18
Fig. 4 Particle size of PPI nanoparticles after different heat treatment.
3.2. Drying characteristics of the nanoparticles

Spray drying and vacuum freeze drying have been widely used in
various elds due to its high efficiency, large output, short
drying time and excellent product characteristics.30,31 In this
study, spray drying and vacuum freeze drying were used to
prepare the dry PPI nanoparticles, and the particle size, PDI and
morphology of the nanoparticles were compared by the two
drying methods.

Vacuum freeze drying is mainly adopts low temperature
freezing rst, and then make the water directly from a solid into
a gas under the low vacuum or vacuum heating condition,
nally get dry products.32 Aer freeze drying, the size and PDI of
PPI nanoparticles have signicant increased from 95.49 nm to
118.35 nm and from 0.19 to 0.42 (Fig. 2a) compared with Fig. 1c
and d. But as we can see from Fig. 2b, their microcosmic shape
was similar. And these results have showed a good consistency
with the report ones, which illustrate that vacuum freeze drying
can well maintain the microstructure of sample and especially
suitable for nanoparticles.33

Spray drying is mainly referring to that the material pushed
by high-pressure gas was through the atomizer and formed ne
droplets, then under the high temperature environment of
dryer, droplets would be evaporation and solid powder particles
were obtained. Finally a cyclone separation device is used to
obtain dry state products.34

As we can see from Fig. 3, the particle size, PdI and
morphology of PPI nanoparticles aer spray drying were
shown. The particle size of nanoparticles increases slightly
aer spray drying at each inlet temperature, and it's less than
110 nm. And the PdI is ranged from 0.2 to 0.25, which
suggests that aer spray drying, the nanoparticles still have
narrow particle size distribution (Fig. 3a). Fig. 3b showed the
TEM photos of PPI nanoparticles aer spray drying at
different inlet temperature. With the increase of the inlet
temperature, the aggregation of PPI nanoparticles is
becoming more and more serious. This may be resulting
from that high inlet temperature could lead to water evapo-
ration and the interaction of PPI nanoparticles which was
common in protein drying.35

In addition, from the results of vacuum freeze drying and
spray drying, we can conclude that though drying processing
would slightly result into the aggregation of PPI nanoparticle,
This journal is © The Royal Society of Chemistry 2017
the particle size and PdI didn't increase much. And according
to efficiency, cost and status of nally sample, spray drying
under low inlet temperature will be suitable for further
research and application.
3.3. Nanoparticle stability

3.3.1 Thermal stability of nanoparticles. The thermal
stability of the PPI nanoparticles is shown in Fig. 4. Under the
condition of the pasteurization (74 �C, 20 s), the size of the PPI
nanoparticles was not signicantly changed. When the PPI
nanoparticles were treated by boiling water bath for 5 min, the
size of the nanoparticles changed signicantly, this may be due
to particle aggregation occurred that caused by heating.36

However, aer heating was applied, the particle size was still
less than 200 nm, it's proved that the PPI nanoparticles are still
having good state aer heat treatment, which displayed the
good thermal stability of the PPI nanoparticles. And this result
also suggests that heat process has no effect on the protein
solubility which can be explained by the fully hydration and
denaturation (quaternary structure was destroyed) of protein
during PPI preparation.

3.3.2 Gastrointestinal pH stability of nanoparticles. As we
can see from Fig. 5a and b, the particle size and distribution of
PPI nanoparticles, respectively, as inuenced by gastrointes-
tinal pH conditions is shown. Under the condition of simulated
intestinal uid pH (pH ¼ 7.4), the particle size of nanoparticles
was slightly increased, and it has been expanded, which may be
related to dilution, while the particle size has a signicant
increase under the condition of simulated gastric uid pH
(pH ¼ 1.2) (Fig. 5a). In addition, the particle size distribution of
nanoparticles in the simulated gastric uid was widened obvi-
ously (Fig. 5b). This may be caused by the nanoparticles was
partial dissociation under the acid condition.37 Compared to the
change of the particle size and distribution under the condi-
tions of simulated gastrointestinal pH, it can be seen that the
stability of nanoparticles in the intestine was signicantly
higher than the stability in the stomach.
RSC Adv., 2017, 7, 53247–53254 | 53251
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Fig. 5 Particle size (a) and distribution (b) of PPI nanoparticles in gastrointestinal pH value.

Fig. 6 Particle size and PDI of PPI nanoparticles after dilution.
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3.3.3 Dilution stability of nanoparticles. Dilution stability
is one of the important evaluation indicators of nanoparticles'
properties. In the actual application process, nanoparticles will
face serious dilution when into the body, which would cause the
destruction of nanoparticles.38

Fig. 6 presents the change of particle size and PdI of PPI
nanoparticles in the continuous dilution. In the process of
nanoparticle concentration was diluted from 1 mg mL�1 to
0.05 mg mL�1, the particle size measured by dynamic light
scattering was no signicant change, this proves that the
nanoparticles remained stable and did not dissociation. When
the concentration of nanoparticles is below 0.05 mg ml�1, the
nanoparticle size increases slightly but is signicant, this may
be due to the dissociation of the nanoparticles which caused by
the decrease of the ion concentration, as well as the equilibrium
of the system was broken.

3.3.4 Storage stability of nanoparticles. The storage
stability of PPI nanoparticles was shown in Fig. 7. The PPI
nanoparticle was placed at 4 �C and room temperature, then the
particle size was measured at intervals, respectively. The results
53252 | RSC Adv., 2017, 7, 53247–53254
showed that the particle size of the PPI nanoparticles was
remained stable in the 60 days of storage, and the size of
particles was always below 120 nm. In addition, the stability of
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Particle size of PPI nanoparticles during 60 days storage at 4 �C
and room temperature.
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the PPI nanoparticles at 4 �C was better than that of the stability
at room temperature. This proved that the PPI nanoparticles
had good storage stability, and showed higher practical appli-
cation value in the future (Fig. 7).
4. Conclusion

In conclusion, the nanoparticles were successfully synthesized
with peanut protein isolate through calcium ion induction. PPI
nanoparticle so produced displayed nano scale (80 nm to 140 nm),
good sphericity in shape and comparatively uniform size distri-
bution (<0.500). This study also demonstrated that alkaline and
heat treatment was necessary for the fully hydrated and dena-
turation (loss quaternary structure) of peanut protein isolate
which could benet to calcium ion induction and stable struc-
ture of PPI nanoparticles. Besides, aer dry processing, PPI
nanoparticles still present a good condition and the properties
of the nanoparticles treated by the spray drying process is
superior to that vacuum freeze drying. We also found that PPI
nanoparticles have good thermal stability, dilution stability and
storage stability. This make them suitable as bioactive
compound carries in food industry to enhance their
bioavailability.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors gratefully acknowledge the technical assistance of
Key Laboratory of Agro-Products Processing, Ministry of Agri-
culture and for allowing the authors to use the necessary
instruments. This work is supported by the projects as followed:
The National Key Research and Development Plan
(2016YFD0400205), The National Science Foundation of China
This journal is © The Royal Society of Chemistry 2017
(31701545), Science and Technology Innovation Project of
Chinese Academy of Agricultural Sciences.
References

1 Z. Li, H. Jiang, C. Xu, et al., A review: using nanoparticles to
enhance absorption and bioavailability of phenolic
phytochemicals, Food Hydrocolloids, 2015, 43, 153–164.

2 M. A. Shahbazi, P. V. Almeida, A. Correia, et al., Intracellular
responsive dual delivery by endosomolytic polyplexes
carrying DNA anchored porous silicon nanoparticles, J.
Controlled Release, 2017, 249, 111–122.

3 M. Marciello, S. Rossi, C. Caramella, et al., Freeze-dried
cylinders carrying chitosan nanoparticles for vaginal
peptide delivery, Carbohydr. Polym., 2017, 170, 43–51.

4 N. Levi-Polyachenko, R. Jacob, C. Day, et al., Chitosan wound
dressing with hexagonal silver nanoparticles for
hyperthermia and enhanced delivery of small molecules,
Colloids Surf., B, 2016, 142, 315.
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