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ea protein isolate for ultrasonic
encapsulation of functional liquids

Qianyu Ye,a Matthew Biviano,b Srinivas Mettu,b Meifang Zhou,a Raymond Dagastineb

and Muthupandian Ashokkumar*a

This study reports on the ultrasonic processing of pea protein isolate (PPI) in phosphate-buffered saline

(PBS, pH 7.4) and Tris/HCl (pH 8) buffer systems in order to modify its properties for use in the

encapsulation of functional liquids. Tetradecane-filled microspheres were synthesized using

ultrasonically-modified PPI as a shell material under high intensity 20 kHz ultrasound irradiation.

Tetradecane was used as a model liquid, which could in principle be replaced by functional liquids such

as vitamins, fish oil, etc. The solubility of water-insoluble globulin present in PPI was significantly

improved in the first sonication step, which was confirmed by solubility measurements and sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The hydrodynamic diameter

measurements indicated that the dissolved pea proteins formed soluble aggregates. The size, size

distribution, shell thickness, mechanical strength and yield of PPI microspheres were controlled by the

variation of ultrasonic parameters in the first step. In terms of stability, the microspheres maintained

a core–shell structure and their size remained unchanged after one-month storage at 4 �C. Most of the

microspheres had a spherical shape with a smooth surface morphology. The shell thickness varied with

the surface activity and solubility of PPI, which in turn were affected by sonication time. Average stiffness

ranging from 9.5 to 22 mN m�1 and average Young's modulus from 0.58 to 2.35 MPa were obtained by

using atomic force microscopy (AFM). Disulphide crosslinking and noncovalent interactions played a role

in the shell formation, also facilitating the storage stability of PPI microspheres.
1. Introduction

Core–shell microspheres have been widely studied due to the
attractive double functionalities of cores and shells, which can
be independently tuned. The core materials vary from air,1

liquids2 to solids.3 A variety of substances can work as shell
materials such as proteins,1,2 polysaccharides4 and polymers.5

Animal-based proteins have been well utilized in microsphere
synthesis. For example, bovine serum albumin (BSA) and lyso-
zyme were used as shell materials to synthesize microbubbles1

and microspheres.2 However, the use of vegetable-based
proteins as shell materials to encapsulate a liquid or air core
has not been widely studied so far. Pea protein is a potential
candidate that can be used to encapsulate valuable materials in
processed foods and dairy products. The core materials can be
nutrients, avors or drugs. There is a growing interest in using
pea (Pisum sativum L.) as an important source of vegetable
protein and it is a promising alternative to soybean protein. The
increase in acceptance of pea proteins is due to its high-protein
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value (20–30%),6 good functional properties,7,8 biological
activity,9,10 many other qualities,11,12 and relatively lower cost.

Generally, pea proteins are composed of water-soluble
albumins (14–42%)13–15 and predominant water-insoluble
globulins (75–80%),16 including legumin, vicilin and con-
vicilin. The Pisum sativum albumin proteins (PA) consist of two
major ingredients, PA1 and PA2. PA1 is composed of two
dimeric proteins, ranging from 8 to 11 kDa. PA2 consists of two
isomers of �53 kDa and �48 kDa.16 Both PA1 and PA2 have
higher proportions of sulphur-containing amino acids (cysteine
andmethionine) than those of pea globulins, suggesting greater
potential for nutrient delivery.13,17 In particular, the high
content of cysteine in PA offers the possibility of manipulating
crosslinking ability in order to control the shell properties of
microspheres. Based on such a crosslinking mechanism,
several microstructures like lysozyme microspheres2 and bovine
serum albumin (BSA) microbubbles1 have been synthesized.

With regard to water-insoluble globulins, legumin contains
a hexamer of 330–410 kDa, held together by noncovalent
bonding. Each pair of subunits is constituted of an acidic (�40
kDa) and a basic (�20 kDa) polypeptide joined by one disul-
phide bridge.18 Vicilin and convicilin are trimeric proteins in
structures of 150 and 210–280 kDa, respectively. Vicilin
subunits (�50 kDa) are shown to have two potential processing
This journal is © The Royal Society of Chemistry 2016
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sites, at which cleavage is responsible for the numerous and
small fragments on SDS-PAGE.19,20 Convicilin subunits (�70
kDa) are highly homologous with vicilin along the core of amino
acid sequence, except for the N-terminus.21,22 Compared to pea
albumin proteins, the globulins are decient in sulfur-
containing amino acids but rich in nitrogen-containing ones
(amide, arginine and lysine). This is because of the inherent
characteristics of storage proteins to provide amino acids and
nitrogen to the growing seedling aer hydrolysis on seed
germination. The storage proteins keep inert and insoluble in
aqueous media for the purpose of deposition. Due to inertness
and insolubility issues, there are not many studies existing in
the literature that prepared pea protein-shelled microspheres
encapsulating liquid or air core, apart from spray-drying23–25

and complex coacervation.26,27

Since Osborne et al. reported that the solubility of the glob-
ulins can be adjusted by pH and ionic strength in 1989,28

researchers have tried various methods to extract them.29–32

However, some of the methods29,32 involved the use of
a reducing agent (dithiothreitol) or denaturation agent (urea),
which are banned in food and pharmaceutical industry.
Without these agents, low working temperature and long
dissolution time were employed in extraction and purication.30

Under mild conditions, the nal concentration of globulins is
relatively low.31 In addition to chemical denaturation, thermal
denaturation was also performed in pea globulin processing.
Heat treatment above the denaturation temperature commonly
resulted in partial unfolding and subsequent aggregation of
protein.33 Mession et al.34 reported that most of the subunits of
pea globulins reassociated into soluble aggregates in high
molecular weight of >700 kDa. However, this thermal denatur-
ation was not only energy intensive but also heating-rate and
protein-concentration dependent and salt sensitive.34,35

Apart from chemical and thermal denaturation, ultrasound has
been used to alter protein conformation. Guzey et al. reported that
high-intensity ultrasonic processing enhanced the emulsifying
properties of whey protein isolates.36 Jambrak et al. demonstrated
that ultrasonic treatment effectively improved the solubility,
foaming property and foaming stability of whey proteins.37 Based
on the effect of sonication on the physicochemical properties of
water-soluble whey proteins, there is a high possibility that high-
intensity ultrasonic treatment can also be used for the dissolu-
tion of water-insoluble pea globulin proteins and even the cleavage
of disulphide bonds in albumin or legumin. Although the chem-
istry of pea proteins is complex, it is still likely for pea proteins to
hold amicrostructure with good stability, based on the potential of
crosslinkability, surface activity and solubility.

The aim of this study was to increase the solubility of pea
protein isolates in two commonly used buffer systems,
phosphate-buffered saline (PBS) and Tris buffer, by using
a short-time ultrasonic processing in the absence of additional
reducing or denaturing agents. In the second step, pea protein-
shelled microspheres lled with tetradecane were synthesized
using ultrasound. Tetradecane was used as a model core
material. By tuning ultrasonic parameters in the rst sonication
step, the size, size distribution, shell thickness, mechanical
strength and yield of pea protein microspheres were controlled.
This journal is © The Royal Society of Chemistry 2016
2. Experimental details
2.1 Materials

Pea protein isolates (PPI) containing 88% w/w proteins
were from Pisane. Tris(hydroxymethyl)amino methane was
purchased from Chem-Supply. Phosphate buffered saline
tablets (PBS buffer), poly-L-lysine (0.01% solution) and b-mer-
captoethanol were from Sigma-Aldrich. Hydrochloric acid
(analytical reagent, 36%) was from Univar and tetradecane
(olene free; >99%) from Fluka. All other chemicals were ob-
tained from Bio-Rad. Milli-Q water was obtained from a Milli-
pore system (18.2 MU cm�1 at 25 �C).
2.2 Ultrasonic treatment

Pea protein isolate (PPI) was dispersed in 20 ml Tris–HCl buffer
(50 mM, pH 8) and 20 ml PBS buffer (pH 7.4) solutions sepa-
rately at 0.1% w/v. The PPI/Tris and PPI/PBS suspensions were
stirred at room temperature for 2 h. The suspensions were
centrifuged (8000 rpm, 15 min, 20 �C). The supernatants were
named T-0 min and P-0 min and kept for further synthesis and
analysis as the controls. Without stirring, the PPI/Tris and PPI/
PBS suspensions were obtained by sonicating at 80 W for 1, 5,
10, 20, 30 and 40 min separately by placing a horn (microtip
1.2 cm in diameter; 20 kHz Branson sonier) halfway down the
suspensions. The supernatants were prepared by the centrifu-
gation method mentioned above and were named T-1 min, T-
5 min, T-10 min, T-20 min, T-30 min and T-40 min, P-1 min, P-
5 min, P-10 min, P-20 min, P-30 min and P-40 min, respectively.
The sonication glass cell used was surrounded by a water
cooling jacket to maintain the temperature inside the cell at
room temperature.
2.3 Synthesis

Tetradecane saturated with a dye (Nile red) was layered on the
surface of the supernatants (1 : 20 v/v) prior to sonication.
Tetradecane-lled PPI shelled microspheres were obtained by
sonicating at 160W for 30 s by placing a horn (microtip 3 mm in
diameter; 20 kHz Branson sonier) at the oil/supernatant
interface. Then the microspheres were collected and washed 3
times with Milli-Q water and stored in aqueous solutions at pH
7 in the fridge, labelled: MT-0 min, MT-1 min, MT-5 min, MT-
40 min, MP-0 min, MP-1 min, MP-5 min and MP-40 min.
2.4 Characterization

The average microsphere size and size distribution were eval-
uated by measuring over 200 microspheres per system using
optical microscopic images (Olympus). Fluorescence optical
microscopy (Olympus) was employed to characterize the tetra-
decane core of the pea protein microspheres. Nile red was used
as a uorescence probe. The morphology of the microspheres
was examined by scanning electron microscopy (SEM, FEI
Quanta). The average shell thickness was determined by
measuring the cross section of over 5 mechanically broken
microspheres (cross section of each microsphere was measured
over 5 times) using SEM images.38 The hydrodynamic diameter
RSC Adv., 2016, 6, 106130–106140 | 106131
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was carried out using Zetasizer (Malvern). The refractive index
used was 1.52.39

2.5 Solubility and encapsulation efficiency measurements

Aer centrifugation (Section 2.2), the precipitates were collected
and washed 3 times with Milli-Q water and oven-dried at 60 �C
for 24 h. The dry samples were cooled to room temperature for
3 h and weighed. The solubility percentage was calculated as the
percent ratio of the weight difference between the total PPI
powder used and the precipitates on the total PPI powders. The
encapsulation efficiency of PPI was determined by collecting the
microsphere portions of 15 samples prepared in Section 2.2 and
carrying out extensive dialysis against Milli-Q water, with
a microsphere suspension-to-Milli-Q water 1 : 10 (4 changes for
24 h at 4 �C). Then the suspensions were oven-dried at 60 �C for
24 h and cooled to room temperature and washed with acetone
3 times to remove residual tetradecane, followed by similar
drying and weighing procedures described above. The encap-
sulation efficiency was calculated as the percent ratio of
microsphere shell weight to the total PPI powders added.

2.6 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis

The PPI compositions in the supernatants and microspheres
were evaluated using SDS-PAGE (Criterion TGX, Bio-Rad).
Samples were prepared by mixing the PPI supernatants
described in Section 2.1 1 : 1 with Laemmli sample buffer and
reducing buffer (50 ml of b-mercaptoethanol and 950 ml of
Laemmli sample buffer) separately. Denaturation process was
carried out by heating the mixed solutions at 95 �C for 5 min.
The mixed solutions were cooled down to room temperature
and 20 ml of them were applied to each SDS-PAGE well. The
microsphere portions described in Section 2.2 were processed
in a similar way as the supernatants. Unstained protein stan-
dards (broad range, 6.5–200 kDa) from Bio-Rad was mixed with
the reducing buffer 1 : 20 and 20 ml of the mixed solutions was
deposited on a separate strip. Gels were run at 200 V for 42 min.
Bio-Safe Coomassie stain was employed. Image Lab and Gel Doc
XR+ were used for imaging and analysis of the gels.

2.7 AFM analysis

The stiffness and Young's modulus of the microspheres were
measured by atomic force microscopy (AFM) (Asylum Research
MFP-3D AFM in an acoustic isolation hood). The AFM
measurements used a silica colloidal probe with diameters
ranging from 32 to 39 mm, prepared using methods similar to
those described by Ducker et al.40 AFM V-shaped MLCT canti-
levers (Bruker) with cantilever spring constants ranged from
0.10 to 0.13 Nm�1, measured by the thermal method of Hutter–
Bechhoefer.41 The procedure for immobilization of micro-
spheres onto glass slides was detailed in our previous paper,42

but briey summarized here. The 35 mm glass slides used were
treated by soaking in AJAX detergent for 1 h, and then in 10% w/
w sodium hydroxide, washed in Milli-Q water, and dried with
ultrapuried nitrogen gas. This is followed by a 20 min ozone
treatment to remove any surface organic contaminants and
106132 | RSC Adv., 2016, 6, 106130–106140
increase the negative surface charge and hydrophobicity of the
surface (UV/Ozone ProCleaner Plus, Bioforce Nanosciences).
The slides are then soaked in a poly-L-lysine solution, (one drop
of 0.01% poly-L-lysine solution diluted with Milli-Q water to 20
ml) for 1 hour to positively charge the surface, which will elec-
trostatically hold the negatively charged PPI capsules at pH 7.4–
8. Once the treatment is complete, the disk was centered on
a plastic test tube with a 10 mmOD top, which was lled slightly
above the brim with Milli-Q water holding a dispersed low
concentration of microcapsules. Once the disk is placed on the
tube, it is le for 12 hours at 4 �C to allow the capsules to rise to
the surface, and adhere strongly to the surface.

The diameter of immobilized individual microspheres (3–5
mm) was measured using inverted microscope (40� objective,
Nikon Eclipse Ti-U). The AFM indentation experiments were
conducted in a uid cell with Milli-Q water and all force–
distance curves were recorded at velocities of 100 nm s�1, with
a maximum indentation force of approximately 10 nN. The
experiment was repeated 10 times for each microsphere to
evaluate the measurement reproducibility. No size variation of
the microspheres was observed using the inverted microscope
before and aer the experiments. For each sample, 5 to 10
different individual microspheres were positioned on the glass
substrates and the indentation experiment was carried out on
each of them. Due to adhesion observations between the silica
particle and microspheres observed in the retraction portion of
the force–distance curve, only the approach portion of the
indentation curve was analyzed to obtain the Young's modulus
and elastic properties of the microspheres by using Reissner's
theory.43,44
3. Results and discussion

As mentioned in the Introduction section, the main purpose of
this study was to process PPI to increase its solubility in
aqueous medium for the purpose of using it as a shell material
for synthesizing core–shell microspheres.
3.1 Solubility of PPI

Solubility in aqueous solution is a good index of whether the
protein would be utilized or not by the ultrasonic encapsulation
process to form a cross-linked shell around the encapsulated
liquid. Solubility also indicates the availability of reactive
hydrophilic groups to form a shell. It was evaluated by taking
a ratio between the weight difference between the total PPI
powder and the precipitates and the weight of total PPI powder
used. The solubility was less than 40% in both buffer systems
without ultrasonic treatment (Fig. 1). It increased to 51% in PBS
buffer and 66% in Tris buffer when the sonication time
increased to 5 min. Further increase in sonication time (40 min)
caused a continuous increase in solubility, approaching
a maximum percentage of 85% in PBS buffer and 94% in Tris
buffer solutions. It is likely that high-intensity ultrasound
promotes protein solubility by altering protein conformation
and structure. The treatment may lead to an increase in
hydrophilicity of the protein molecules.45–47 Another possibility
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra17585f


Fig. 1 Solubility of the PPI suspensions in PBS buffer and Tris buffer
solutions.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
25

 6
:4

8:
21

 P
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
is that ultrasonic irradiation may change the three-dimensional
structures of globulins leading to an increase in the number of
charged groups (NH4

+, CH3COO
�).37 The solubility of PPI in the

pH range 7.4–8 is very similar.48 Therefore, the difference in
solubility in PBS buffer and Tris buffer systems is presumably
stemmed from ionic strength of each system.

3.2 Hydrodynamic diameter

The hydrodynamic diameter of PPI by number density is shown
in Fig. 2 as a function of ultrasonic treatment time. The average
hydrodynamic diameter in the supernatants, i.e., P-0 min and T-
0 min, were about 5 and 9 nm, respectively, which are in the
range of the hydrodynamic diameter of individual protein
molecules.49 The hydrodynamic diameter increased up to 93 nm
Fig. 2 PPI hydrodynamic diameter by number in PBS buffer (A) and
Tris buffer supernatants (B).

This journal is © The Royal Society of Chemistry 2016
in PBS buffer and 44 nm in Tris buffer systems aer 1 min
treatment, followed by a gradual decrease as a function of
sonication time.

This implies two possibilities. First, the ultrasonic denatur-
ation may stretch the three-dimensional structures of proteins
and raise the degree of asymmetry when exposing the hydro-
philic parts of amino acids to aqueous systems, causing an
increase in hydrodynamic diameter. The second possibility is
that small proteins that are soluble are aggregating from the
exposure to ultrasound. A similar observation was reported in
thermal denaturation of PPI.34 In our experiment, the hydro-
dynamic diameter was higher in PBS buffer system than in Tris
buffer system. This could be due to the higher ionic strength of
PBS buffer solution, which leads to the nonspecic charge-
shielding effect between charged groups of proteins. The ions
enhance intramolecular interactions, hence enhancing salting-
out effect and aggregation.50

Considering the results of solubility and hydrodynamic
diameter, at short sonication times (0–5 min), the hydrody-
namic diameter increased with a simultaneous increase in
solubility of the protein. However, at long sonication times (5–
40 min) there was a decrease in hydrodynamic diameter even
though the solubility increased. To further understand the
effect of sonication, SDS-PAGE analysis was carried out.
3.3 Effect of ultrasonic denaturation on protein composition

Protein composition in the supernatants was determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as shown in Fig. 3. In order to investigate the
disaggregation and crosslinkage of disulphide bonds in legu-
min and pea albumin (PA) as a function of sonication time, each
sample was treated under non-reducing conditions and
reducing conditions with b-mercaptoethanol, separately. The
non-denatured samples (P-0 min and T-0 min) in lanes 9 and 13
shown in Fig. 3 are mainly composed of convicilin subunits
(�70 kDa), traces of legumin L main subunits (�60 kDa), pea
Fig. 3 SDS-PAGE profile of PPI in PBS buffer and Tris buffer super-
natants as a function of sonication time. The standards (STD) were
deposited in the first strip. Lanes applied by proteins in PBS buffer
systems are labelled in normal font and lanes in Tris buffer systems in
italic font.

RSC Adv., 2016, 6, 106130–106140 | 106133
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Fig. 4 Optical (A) and fluorescence (B) microscopic images of tetra-
decane (labelled with Nile red) filled PPI microspheres (MT-1 min).
Scale: the images reported have a size of 110 mm � 147 mm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
25

 6
:4

8:
21

 P
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
albumin PA2 (53–48 kDa), dissociated vicilin fragments a:b or
b:g (30–36 kDa or 25–30 kDa), vicilin fragments b or g (13 kDa or
12–16 kDa), and pea albumin PA1 (8–11 kDa). This was due to
water-soluble property of PA and good emulsifying capacity of
vicilin in comparison to legumin.51,52 The samples aer 1 min
treatment (T-1 min and P-1 min in lanes 10 and 14, respectively)
showed a similar protein composition and band intensity with
the non-denaturing ones, in agreement with the solubility
measurements discussed above. With an increase in sonication
time, polymerized proteins with high molecular weight (>200
kDa) were observed at the top of lanes 10, 11, 12, 15 and 16 in
Fig. 3, highlighted by red dotted circles. The diffusive and
unresolved bands of very low electrophoretic mobility indicated
protein denaturation,53,54 mainly caused by noncovalent inter-
actions,53 including hydrophobic interaction55–57 and minor
hydrogen bonding.58 With 5 min and 40 min treatments, band
intensity of water-insoluble pea globulins increased. The
supernatants were comprised of denatured proteins (>200 kDa),
lipoxygenase Lip (�89 kDa),59 convicilin monomer (�70 kDa),
legumin L main subunits (�60 kDa), dissociated vicilin poly-
peptides, and PA. Legumin L main subunits were disrupted in
the presence of b-mercaptoethanol into acidic La (38–40 kDa)
and basic Lb (20–22 kDa) fragments, initially bridged via
disulphide bonds (indicated by solid circles in Fig. 3). The
double bands at �40 kDa were presumably ascribed to the
heterogeneity of legumin.29,30 Some acidic La and basic Lb
fragments were observed with long-time ultrasonic treatment
without addition of reducing agent, shown by white half-lled
circles in Fig. 3. This implies that legumin L main subunits
were partially disrupted by ultrasonic irradiation and sulydryl
groups were formed. A weak band at �40 kDa was observed in
the samples with non- and short-time denaturation treatment
(lane 9, 10, 13 and 14) under non-reducing conditions. This
impurity was possibly unprocessed legumin subunits, dissoci-
ated with Lb in vivo.60,61 Finally, an intensive band was observed
at the bottom of each lane, ascribing to the small fragments of
PA and other denatured polypeptides of low MW (<6 kDa).

The water-insoluble PPI possessed relatively high solubility
aer short ultrasonic treatment in both buffer systems. The
high solubility facilitates material delivery and shell formation
during encapsulation of oil, which is of importance for the next
step of microsphere preparation.
Fig. 5 Comparison of PPI microspheres obtained within different
buffer solutions at different sonication times ((A) MP-0 min, (B) MP-
1 min, (C) MP-5 min, (D) MP-40 min, (E) MT-0 min, (F) MT-1 min, (G)
MT-5 min, (H) MT-40 min). Scale: all images displayed have a size of
110 mm � 147 mm.
3.4 Size and size distribution of pea protein isolate (PPI)
microspheres

In order to further study the effect of ultrasonic denaturation on
the physical and functional properties of PPI in the two buffer
systems, tetradecane-lled PPI microspheres were synthesized
as a function of sonication pretreatment time. Nile red was
dissolved in tetradecane as a uorescent probe to demonstrate
the core formation within the PPI microspheres. The optical
and uorescence microscopic images of the microspheres (MT-
1 min) are shown in Fig. 4. The optical microscopic images of
the eight samples are shown in Fig. 5.

In the PBS buffer solutions, the microspheres of MP-0 min,
had an average size of 2.9 � 1.0 mm (Table 1). When the
106134 | RSC Adv., 2016, 6, 106130–106140
ultrasonic denaturation was introduced for 1 min, the mean
size of the microspheres (MP-1 min) increased to 4.1 � 2.2 mm.
Further increase in sonication time resulted in a decrease in
microsphere size, with a minimum size of 3.0 � 1.3 mm
observed at 40 min. In Tris buffer system, the microsphere size
stayed almost constant around 2.9 � 1.0 mm. The microsphere
size distributions are summarized in Fig. 6. There exists
a primary peak ranging from 2 to 4 mm and a tail up to 9 mm in
the size distribution in PBS buffer systems and a relatively
This journal is © The Royal Society of Chemistry 2016
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Table 1 Average stiffness and Young's modulus of PPI shelled microspheres measured using AFM

Sample
label

Average
microsphere
diameter (mm)
(1 week)

Average
microsphere
diameter (mm)
(4 week)

Average shell
thickness (nm)
(1 week)

Average shell
thickness (nm)
(3 week)

Average oil core
diameter (mm)
(1 week)

Average stiffness
(mN m�1)
(1 week)

Average modulus
ES (MPa)
(1 week)

MP-0 min 2.9 � 1.0 3.9 � 1.5 77 � 9 — 2.7 � 1.0 9.5 � 6.0 1.20 � 0.74
MP-1 min 4.1 � 2.2 4.3 � 1.6 131 � 21 107 � 6 3.8 � 2.2 22.0 � 8.1 1.02 � 0.37
MP-5 min 3.5 � 2.2 3.9 � 1.6 117 � 12 — 3.3 � 2.2 10.8 � 3.4 0.58 � 0.18
MP-10 min 3.3 � 1.2 — — — — — —
MP-20 min 3.2 � 1.2 — — — — — —
MP-30 min 3.1 � 1.2 — — — — — —
MP-40 min 3.0 � 1.3 3.2 � 1.1 127 � 10 130 � 20 2.7 � 1.3 13.5 � 2.2 0.62 � 0.11
MT-0 min 2.9 � 1.0 2.8 � 0.8 59 � 8 — 2.8 � 1.0 11.2 � 3.1 2.35 � 0.61
MT-1 min 2.9 � 1.3 3.4 � 1.6 108 � 5 100 � 11 2.7 � 1.3 18.2 � 7.8 1.19 � 0.55
MT-5 min 2.7 � 0.9 3.3 � 1.2 61 � 6 — 2.6 � 0.9 9.9 � 1.5 2.00 � 0.30
MT-10 min 3.1 � 1.1 — — — — — —
MT-20 min 2.9 � 1.1 — — — — — —
MT-30 min 2.7 � 1.1 — — — — — —
MT-40 min 2.9 � 0.9 2.9 � 1.0 78 � 3 80 � 3 2.7 � 0.9 14.2 � 2.3 1.70 � 0.32

Fig. 6 Size distributions of tetradecane filled PPI microspheres
prepared in PBS buffer (A) and Tris buffer solutions (B).
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mono-modal distribution from 2 to 3 mm in Tris buffer solu-
tions. The observed trend will be discussed in the following
section. Before discussion the size distribution data, it is
important to consider the shell thickness of the microspheres.
Fig. 7 SEM images of mechanically broken tetradecane-filled PPI
microspheres ((A) MP-1 min, (B) MP-40 min, (C) MT-1 min, (D) MT-40
min).
3.5 Morphology and shell thickness of microspheres

The shell thickness was measured using SEM images by
mechanically breaking the microspheres. SEM images (Fig. 7) of
This journal is © The Royal Society of Chemistry 2016
broken microspheres was for this purpose.38 The surface
morphology is shown with hollow interiors and thin shells
ranging from 60 to 130 nm. Most of the microspheres were
devoid of surface features and the surface of sample MP-40 min
seemed to possess a larger degree of nanoscale structure. In PBS
buffer systems, the shell thickness increased from about 77 nm
in non-denatured samples to 131 nm aer 1 min treatment and
it was about 120 nm with further increase in sonication time.
The shell thickness in Tris buffer solutions was less than that in
PBS buffer. However, the trend observed (as a function of
sonication treatment) is similar in both buffer solutions. The
core diameters are calculated by subtracting 2 times shell
thickness (h) from the diameter of the microspheres (D), in
Table 1. It can be seen that the core size trend followed the
microsphere size trend.
RSC Adv., 2016, 6, 106130–106140 | 106135
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Solution viscosity will increase with the continuous disso-
lution of macromolecules, which leads to a decrease in the
strength of shear forces generated by acoustic cavitation due to
large power dissipation. Because of the lack of efficient shear
forces, larger microspheres are expected to form. As shown in
Table 1, there is only slight increase in average microsphere
diameter at short-time treatment, indicating similar levels of
viscosity. On the other hand, ultrasonic treatment improved the
solubility and hence an increase in shell thickness was observed
with sonication time. Compared with PBS buffer systems, Tris
buffer system has lower ionic strength, leading to less aggre-
gation, smaller hydrodynamic diameter of proteins, and
thinner shell thickness of microspheres.
Fig. 9 SDS-PAGE profile of the PPI microspheres in PBS buffer and
Tris buffer systems with sonication time. The standards (STD) were
deposited in the first lane. Lanes applied by proteins in PBS buffer
systems are labelled in normal font and lanes in Tris buffer systems in
italic font.
3.6 Encapsulation efficiency and protein shell composition

Encapsulation efficiency was examined as the weight percent
ratio of the microsphere portions collected from the suspen-
sions on the total PPI powder added. The encapsulation effi-
ciency of the shell material is shown as a function of sonication
time in Fig. 8. Due to low solubility of proteins in non-denatured
samples, the corresponding encapsulation efficiency was about
23% in both buffer solutions. With an increase in solubility, the
encapsulation efficiency at 5 min treatment became twice
higher than that of the non-denatured samples in Tris buffer
systems, about 57%. The nal encapsulation efficiency at
40 min was up to 78% in PBS buffer and 88% in Tris buffer
solutions.

The composition of microsphere shell as a function of
sonication treatment time is given in Fig. 9. Considering that
the concentrations of microspheres used were unknown quan-
titative comparison of the band intensities is difficult. Large
amount of denatured proteins with various MW were involved
in the shell formation, reected by the high intensity of bands
spreading over lanes 4, 7, 8, 11, 12, 15, and 16. These proteins
did not dissociate in the presence of SDS and b-mercaptoetha-
nol showing the possibility of noncovalent interactions
(hydrophobic bonding and hydrogen bonding). The band
around 24–25 kDa in the reduced microsphere shells in lanes 4,
7, and 8 is attributed to the subunits of cysteine-rich pea
Fig. 8 Encapsulation efficiency of the PPI microspheres in PBS buffer
and Tris buffer solutions.

106136 | RSC Adv., 2016, 6, 106130–106140
albumin PA2, highlighted by solid circles in Fig. 9. Theoreti-
cally, in the absence of b-mercaptoethanol, a band at 48–53 kDa
should be observed in corresponding non-reduced samples due
to uncleaved PA2. However, only a weak band is found in lanes
15 and 16, shown by white half-lled circles. It implies that
most of the PA2 subunits were crosslinked with polypeptides
containing free sulydryl groups such as PA fragments, legu-
min acidic La and basic Lb fragments. Relatively large protein
aggregates were generated during the shell formation, indicated
by red dotted circles. The intensive bands at the bottom of each
lane show that the protein fragments of lowMW observed in the
supernatants by SDS-PAGE probably took part in the shell
formation as well. The disulphide bond crosslinking and non-
covalent strong interactions may play a role in controlling the
stability and mechanical strength of the microspheres prepared
using solutions sonicated for longer time (5–40 min).
3.7 Stability of PPI microspheres

The storage stability of the PPI microspheres in two buffer
systems was monitored for 1 month. The size variation of
microspheres with different sonication times is shown in Fig. 10
and 11(a) and Table 1.

The oil core remained intact and no leakage was noticed.
Aer 1 month, the mean size of the samples uctuated in
a small range (#1 mm) without any trend within experimental
errors. We have also plotted the comparison of diameters and
thickness for fresh and stored samples in Fig. 11(a) and (b). The
observed diameters for weeks 1 and 4 samples do not change
signicantly within experimental error limits. The data shown
in Fig. 11(a) clearly indicates that there is not much difference
between the two data sets. As observed from Fig. 11(b) and Table
1, except for thickness of shell for MP-1 min sample, all other
measured samples did not show much variation of thickness
over 1 month period. The microspheres prepared with long-
time ultrasonic denaturation exhibited greater storage
stability than those with short-time treatment. We found that
This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Cross-linked PPI microsphere size and size distribution as
a function of storage time and sonication time, in PBS buffer (A) and
Tris buffer systems (B).

Fig. 11 The effect of sonication times on diameter (a), shell thickness
(b), modulus (c) and shell stiffness (d) in PBS and Tris buffers. The data
for (c) and (d) are obtained using the data presented in Fig. 12.

Fig. 12 Force–indentation curves ofmicrospheres prepared at various
sonication times ((a) MP-0 min, (e) MT-0 min, (b) MP-1 min, (f) MT-
1 min, (c) MP-5 min, (g) MT-5 min, (d) MP-40 min, and (h) MT-40 min).
The black closed circles are the force–indentation curves against
a rigid glass reference substrate. The dashed vertical lines represent
the crossover deformation 3crossover z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h=4pR

p
. The four-coloured

curves in each graph represent consecutive measurements on the
same sample to verify the reproducibility of the experiments (red
curves: run 1, pink curves: run 2, blue curves: run 3 and green curves:
run 4).
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when sonication time is longer than 1minute, the microspheres
were stable for at least 5 months when stored at 4 �C.
3.8 AFM indentation experiments on individual PPI
microspheres

Stiffness and Young's modulus of individual microspheres
were measured by AFM indentation experiments. The stiff-
ness of a microsphere is described as the capsule's resistance
to deformation when a force is applied. Typical force–inden-
tation curves obtained by AFM on ultrasonically synthesized
PPI microspheres (�4 mm) are shown in Fig. 12 for varying
sonication times. The nearly vertical black lled circles
represent force–indentation curves in case that a given load is
This journal is © The Royal Society of Chemistry 2016
applied to a rigid glass surface so that no indentation can be
detected. However, indentation increases linearly with
applied force when deformable microspheres are compressed
in a small deformation regime (indentation � crossover
deformation 3crossover).43,44,62,63 In this regime, the micro-
spheres show elastic response with no instabilities (buckling
and inection of shell). The applied load versus indentation
curve is linear and the slope of the force curves is proportional
to the stiffness of the microsphere given the relation:43,44,62,63

F ¼ kshelld (1)

here, F and d are applied load and indentation respectively. kshell
represents the microsphere stiffness given by:

kshell ¼ 4ES

R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� v2Þp h2 (2)

where ES, h and v are Young's modulus, shell thickness, and the
Poisson's ratio of the microspheres respectively. R is the radius
of the capsule. Assuming that PPI is an isotropic incompressible
elastic material, Poisson ratio of 0.5 was assumed. The cross-
over deformation 3crossover mentioned above and relative
deformation 3 scale similar to:62,63
RSC Adv., 2016, 6, 106130–106140 | 106137
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3crossover z

ffiffiffiffiffiffiffiffiffiffi
h

4pR

r
(3)

where 3 ¼ d/2R. For microspheres with unknown permeability,
eqn (1) is valid only in the case of relative deformation 3 of the
order of crossover deformation 3crossover. For impermeable
microspheres that are deformed beyond the linear regime, the
restoring force shows a proportional dependence on cubic
power of deformation due to membrane stretching. The cross-
over deformation was highlighted by dashed lines in the Fig. 12.
As shown, the microspheres in our study were elastic and most
of the deformations were beyond the crossover point with a 10
nN load. Thus, only the linear regions of the curves in the
regime was used to estimate stiffness and Young's modulus.

In Table 1 and Fig. 11, we show the average stiffness and
Young's modulus of microspheres with different sonication
times. The average stiffness of microspheres changed from 9.5
to 22.0 mN m�1 and the Young's modulus (ES) from 0.58 to
2.35 MPa. According to the eqn (2), the Young's modulus is
inversely proportional to quadratic power of shell thickness so
that the largest shell thickness has the lowest modulus. The
Young's modulus can be related to the extent of crosslinking
and non-covalent interactions of the shell molecules. Control
experiments were performed with microspheres made of non-
denatured proteins (MP-0 min and MT-0 min) that exhibited
highest Es in each buffer system. The Young's modulus
increased from 1.20 to 2.35 MPa when the buffer system was
varied from PBS to Tris (a decrease in ionic strength). The image
analysis of Fig. 9 indicates that various vicilin fragments and
aggregates with high MW dominated the shell composition of
MP-0 min (�47% and �33% band intensity, respectively), while
MT-0 min was mainly composed of aggregates with high MW
(�40%) and cysteine-rich PA fragments (�27%). It suggests that
proteins that initially existed in their inherent structure may
exhibit higher mechanical strength due to their compact
molecular state. And the ionic strength of system can signi-
cantly affect the preference of shell composition. In comparison
to vicilin with good emulsifying capacity, aggregates made of PA
fragments show greater crosslinkability and hence the shell
material MT-0 min shows higher Young's modulus.

In terms of the ultrasonically denatured proteins, the
Young's modulus decreased with increasing sonication time in
PBS buffer system (Fig. 11(c)). This could be due to less compact
protein structure aer ultrasonic denaturation. Longer sonica-
tion time may counter against crosslinking between PA, La and
Lb fragments, caused by the nonspecic charge-shielding effect
in PBS buffer system. In comparison, the microspheres
prepared in Tris buffer system show relatively high Young's
modulus and a different trend. For MT-5 min, an appropriate
level of ultrasonic denaturation of PPI may have resulted in its
low surface activity (the thin shell thickness � 61 nm) but high
solubility (�66%). It could be due to high inter- and intrachain
repulsion caused by a relatively large number of charged groups
exposed (NH4

+, CH3COO
�). The highly charged protein

mixtures exhibited the second highest Young's modulus (2 �
0.3 MPa), presumably resulting from the noncovalent interac-
tions and sulydryl group crosslinking (aggregates with high
106138 | RSC Adv., 2016, 6, 106130–106140
MW of band intensity � 55%). Thus, ultrasonic irradiation
affects the denaturation, adsorption and subsequent cross-
linking of the PPI shell during treatment and synthesis in
a complex manner. In general, sonication in the rst step
decreases the Young's modulus of the microspheres due to less
compact molecular state of protein. In high ionic strength
buffer system (PBS), microspheres with longer sonication time
($5 min) tend to have smaller oil core, lower stiffness and
modulus, due to low crosslinkability. In the low ionic strength
buffer system (Tris) and longer sonication time ($5 min) in the
rst step facilitates the synthesis of microspheres possessing
thinner and more exible shell with higher modulus because of
high crosslinkability.
4. Conclusions

Ultrasonic treatment was carried out to promote the solubility
of water-insoluble pea globulin proteins in PBS and Tris buffer
systems. The ultrasonically treated pea proteins were used to
prepare stable tetradecane-lled PPI microspheres. The size,
size distribution, shell thickness, mechanical strength and yield
of microspheres were controlled by altering of the ultrasonic
parameters in the rst step. Based on the SDS-PAGE and AFM
indentation experiments, disulphide bond crosslinking and
noncovalent interaction presumably affected the mechanical
strength of PPI shell, leading to the generation of stable
microspheres. The average stiffness of the microspheres rst
increased with increase in sonication time from 0 to 1 min. The
stiffness decreased with further increase in sonication time (5–
40 min). The shell thickness of microspheres also varied with
sonication time. The strength of the microspheres can thus be
tuned by sonication time. By using the two commonly used
buffer solutions (PBS and Tris/HCl), this two-step method can
be applied to synthesize PPI microspheres with desired size,
stability and mechanical strength at an appropriate sonication
time. Due to the increasing acceptance of PPI as a vegetable-
based protein source, PPI microspheres could be used in
encapsulation of aromas and oils in dairy and food products.
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