
Research Article
Self-Assembly of Rice Bran Globulin Fibrils in
Electrostatic Screening: Nanostructure and Gels

Lihua Huang,1 Yehui Zhang,2 and Haibin Li1

1 Department of Food, Guangzhou City Polytechnic, Guangzhou 510405, China
2Guangdong Key Laboratory of Agricultural Product Processing, Sericulture & Agri-Food Research Institute GAAS,
Guangzhou 510610, China

Correspondence should be addressed to Yehui Zhang; zhangyhgx@gmail.com

Received 13 April 2014; Revised 9 July 2014; Accepted 11 July 2014; Published 24 July 2014

Academic Editor: Zhongkui Hong

Copyright © 2014 Lihua Huang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effects of various ionic strengths and protein concentrations on the fibrils structure and gel properties of rice bran globulin
(RBG) at pH 2.0 were investigated using atomic force microscopy (AFM), rheometer, and scanning electron microscope (SEM).
AFM images showed themorphology of assembling RBGfibrils from strand beads to becoming branch clustered, when electrostatic
repulsive forces attenuated gradually with increasing ionic strength. NaCl seems to accelerate the kinetics of fibrils formation,
resulting in a significant increase in Th T fluorescence intensity. The increased ionic strengths promote particle size increasing
and zeta potential decreasing synchronously. The percolation model 𝐺



∼ (𝐶 − 𝐶𝑝)
𝑛

be used to calculate theoretical RBG gels
concentration at various ionic strengths (0–500mM), which decreased from 15.17± 0.63 to 2.26± 0.27wt%. SEM images exhibited
a granular mesh-like gel structure. A more homogenous structure occurred in low ionic strength. This study elucidates properties
of RBG fibrils and gels as a bioactive material.

1. Introduction

Assembling proteins may be as interesting materials in food
processing and bionanotechnology, due to the fact that
they can remodel structural properties of the system [1, 2].
Assembling proteins as well as ordered linear aggregates,
defined as fibrils, has attractedmore attention in recent years.
These linear protein fibrils can have a good potential as
materials in thickening or gelling, which are widely used in
beverage, dessert, and sausage [3–7].

Heating commonly plays a trigger for unfolding protein
molecule and caused exposure of inner hydrophobic region.
The formation of linear fibrils is primary governed by
the equilibrium of intermolecular force, including attrac-
tive forces (mainly hydrophobic bonds) among thermally
unfolded molecules and repulsive forces [8–10]. Generally,
electrostatic repulsive forces attenuated gradually at the
high ionic strength, and the preponderant intermolecular
hydrophobic forces induced formation of clustered aggre-
gates. Contrarily, at low ionic strength and pH, electrostatic

repulsive force predominates the aggregates morphology and
formed linear fibrils [7, 11, 12]. At low pH and low ionic
strength, the gels have many advantages, for example, being
transparent or semitransparent, beingmore elastic, and being
of low gel critical concentration [13]. It may imply that the
length of linear fibrils seems to be less than the wavelength of
visible light, leading to the gels being transparent [14, 15].

The electrostatic screening affected significantly the
structure and physicochemical properties of protein assem-
bly.The effects of electrostatic interactions on the critical pro-
tein concentration (𝐶𝑝) of gel can be investigated by a certain
model and a decreasing𝐶𝑝 with increasing in a range of ionic
strength. Furthermore, the theoretical model can contribute
to better understand the special gel structure [16, 17].

Rice is one of the earliest cultivated crop species, and
human digestive system adapted to these components of rice.
There is a growing demand for the use of less allergenic rice
protein or rice bran protein as a functional ingredient in food
products [18, 19]. It may be a novel material as clinical nutri-
tion for patients. However, rice protein or rice bran protein
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has poor solubility. The mechanism for the fibril assembly is
still not fully understood. The main objective of this work is
to confirm RBG fibrils formation at low pH and various ionic
strengths and resulted in changes of structure and character-
istics of system.Thus, the structural details of RBG fibrils are
propitious to understand the gel physicochemical properties
and facilitate application of rice protein-based materials.

2. Materials and Methods

Fresh rice bran was purchased from The Rice Research
Institute of Guangdong Academy of Agricultural Sciences,
Guangzhou, China.Other chemicals applied in theworkwere
of chemical grade. All solutionswere preparedwith deionized
water.

2.1. Preparation of RBG Fibrils. The purified rice bran glob-
ulin was prepared according to the method described by
Chanput from the defatted rice bran flour and with slight
modifications [20]. The 2.0wt% RBG solutions at various
ionic strength (0, 100, 200, 300, 400, and 500mM) were set to
pH 2.0, and then were put into closed test tubes. These tubes
were heated at 90∘C for 2 h, followed by rapid cooling to ice
water for further experiments.

2.2. Samples Preparation for AFM. RBG samples dispersions
were diluted to 25𝜇g/mL, and a droplet is spread on a
freshly cleaved mica disk and dried overnight. AFM images
were captured by using tapping mode. A Dimension 3000
microscope (Digital Instruments-Veeco, Santa Barbara, CA,
US) was manipulated by a Nanoscope IIIa controller. 3–5
images for each sample were taken.

2.3. Distribution of Zeta Potential and Particle Sizes. RBG
samples dispersions were diluted to 0.50wt% and filtered
through a 0.45 𝜇mmembrane (Millipore). Zeta potential and
hydrodynamic diameter (particle sizes) were determined by
using dynamic light scattering instrument (Zetasizer Nano
ZS,Malvern,Worcestershire, UK). Zeta potential and particle
sizes were carried out with the instrument specification. Zeta
potential was measured using a multipurpose autotitrator
(MPT-2, Malvern Instruments, Worcestershire, UK). The
titration was set to pH 2.0 with 0.1mol HCl working solution.
These samples were measured three times at least.

2.4. Th T Fluorescence Intensity and Kinetics. Add 8mgTh T
into 10mL of phosphate buffer (pH 7.0) containing 150mM
NaCl and fully shake for a certain number of minutes [21].
The dispersion was filtered with a 0.2𝜇m syringe filter to
remove undissolved Thioflavin T (Th T). This stock solution
was stored at 4∘C and covered with foil. The stock solution
was diluted 50 times for preparing the working solution. The
fluorescence spectra of the mixtures were measured using
a fluorescence spectrophotometer (F-4500, Hitachi, Japan).
The excited wavelength was set at 460 nm (slit width =
10 nm) and the emission wavelength from 470 to 500 nm,
(slit width = 5 nm), scanning spectra were obtained from
450 to 600 nm and scanning speed of 900 nm/min. The

fluorescence intensity peak was determined at 484 nm. The
fluorescence spectrum of the Th T working solution was
subtracted from the fluorescence spectra of the samples to
correct the background signal.

The kinetics of RBG in pH 2.0 and various ionic strength
solutions were calculated using one phase exponential asso-
ciation equation:

𝑦 = 𝑦max [1 − 𝑒
(𝑘
1
∗𝑡)
] , (1)

where 𝑦 is the relative fluorescence intensity, 𝑦max is the
maximum plateau of fluorescence intensity, 𝑡 is time, and 𝑘
is the process constant. This equation depicts the sequence
association kinetics of the interaction between fibrils and Th
T.

2.5. Percolation Model for Gel System. The percolation model
as one of theoretical models for elasticity of gels is based on
percolation concept [11]. The percolation model is as follows:

𝐺

∼ (𝐶 − 𝐶𝑝)

𝑛

, (2)

where 𝐺 is elastic moduli, 𝐶 is the native protein concen-
tration, 𝐶𝑝 is the critical threshold concentration, and 𝑛 is
a scaling exponent depending on the Hamiltonian of the
system. This equation determines 𝐶𝑝 and 𝑛 as a function of
ionic strength by using a fitting procedure.

The 𝐺 was measured using parallel stainless steel plates
(𝑑 = 40mm) which were carried out in a rheometer (1500ex,
AR, US). About 1.5mL RBG samples (2.0–20.0wt%) were
placed into parallel plates and sealed with mineral oil. The
heating-cooling cycle program was set at 90∘C for 2 h and
followed by cooling to 25∘C at −2∘C/min.

3. Results and Discussion

3.1. The Morphology of RBG Fibrils at Various Ionic Strengths.
The RBG can form linear fibrillar aggregates at a range of
heating time and pH 2.0. Figure 1 shows AFM height images
of self-assembly RBG fibrils from 0mM to 500mM NaCl
concentrations. In lowNaCl concentrations (below 200mM),
linear fibrils revealed clearly that the fibrils contour length is
about 100–200 nm and width is around 20 nm. However, at
300mM or higher NaCl concentrations, the fibrils become
branch clustered gradually, and even the curly fibrils become
more prominent in 500mM NaCl concentration. The fibrils
contour length increased with increasing ionic strength. The
contour length of 500 nm or above fibrils can be observed
universally in the higher ionic strength. Figure 1 shows that
the fibrils thickness seems to decrease with increasing ionic
strengths. The contrasting colors of fibrils height faded grad-
ually at 400 nm and 500 nm NaCl concentration. The thick-
nesses of the fibrils at various ionic strengths coincidedwithin
the experimental error. In the absence of additional NaCl, the
fibrils population is more uniform, in spite of the presence of
significant length difference between individual fibrils [22].

Themorphological difference of the fibrils at various ionic
strengths can be attributed to the changes of intermolecular
interaction. The electrostatic repulsion among the protein
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Figure 1: Tapping mode AFM photographs of RBG fibrils (pH 2.0 and heating 2 h) at various ionic strengths (0–500mM).
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Figure 2: Phase photograph of RBG self-assembly into nanofibrils. Enlarged and three-dimensional photograph indicates that the protein
undergoes conformational changes.

Table 1: The kinetics of Th T-RBG fibrils association in pH 2.0.

Ionic strength (mM)
0 100 200 300 400 500

𝑦max (a.u.) 1233 ± 19 1352 ± 31 1378 ± 25 1423 ± 17 1507 ± 38 1586 ± 23

𝑘 (min−1) −0.30 −0.35 −0.36 −0.43 −0.53 −0.63
𝑡1/2 (min) 2.3 2.0 1.9 1.6 1.3 1.1
The kinetics of ThT-RBG fibrils association at heating for 120min has been fitted using the exponential association equations. 𝑡1/2 is the half time to plateau
value.

monomers is an important factor for determining the rate of
fibril formation. The electrostatic repulsive forces attenuated
gradually with increasing NaCl concentrations. The nucle-
ation and elongation of protein fibrils are due to active mul-
timolecular reactions and highly depend on ionic strength
rather than the reaction between molecules [23, 24]. The
result elucidated that increasing ionic strength (or electro-
static screening) promotes the RBGfibrils assembly at pH 2.0.

Three three-dimensional AFM photographs of the fibrils
exhibit the structure with a periodicity around 30 nm (Figure
2). The periodical change among the different fibrils is
apparently independent of the ionic strength in the studied
range. The periodical structure may be affected by protein
type and intermolecular interaction. Similarly, the periodic
changes of fibrils had been noticed in soy 𝛽-conglycinin
and BSA [17, 25]. Using super sharp tips, lysozyme fibrils
can be easily observed to have a helical structure, which is
shown inAFM images obviously [26].TheRBGfibrilsmay be
have a similar helical structure.Themechanism of periodical
structure changes at various amount of electrostatic screening
need to further research.

3.2. The Kinetics of RBG-Th T Fibrils Formation. The fluo-
rescence intensity of native RBG at pH 2.0 was quite low.
Heating is regarded as a trigger for fibrils formation. At
NaCl concentration (0–500mM), the formed fibrils can bind
to Th T, resulting in a significant increase in fluorescence
intensity after heating 2 h. Table 1 shows that the increasing
NaCl results in an increase in amount of maximal fluores-
cence intensity. The electrostatic repulsion is responsible for
attenuated Th T binding at pH 2.0; higher ionic strength
may partially attenuate the effect of electrostatic repulsion.

This observation exhibits that the attenuation of electrostatic
repulsion is favorable for RBG fibril assembly.

Th T does not or only slightly affects the fibrils formation
at early stage [27]. In order to optimize the fibrils formation,
the assembly kinetics of Th T binding RBG into fibrils at
various ionic strengths were investigated. Generally, the Th
T fluorescence intensity is dependent on the pH value. In
the lower pH, it also seems to accelerate the kinetics of ThT-
binding [28]. Th T fluorescence and absorbance are associ-
ated with the various ionic strengths. The ionization state of
Th T molecule at various ionic strengths was investigated;
absorbance was measured as a function of time (Table 1).
Importantly, the effects of various ionic strengths on kinetics
of fibrils formation present in a significant difference. A
range of NaCl concentration can accelerate the kinetics of
fibril formation and result in a certain extent increase of the
amount of fibrils. The process constant 𝑘 and half time of 𝑡1/2
are decreasing with increasing ionic strength. Sensitivity of
the fibrils structures on NaCl concentrations indicates that
a structural difference present in the various degrees of the
electrostatic shielding.

3.3. Distribution of Zeta Potential and Particle Sizes. Ionic
strength usually plays an essential role in the process of aggre-
gates formation. The differences of morphology, structure,
and special conformation of assembly protein are attributed
to the degree of the electrostatic shielding at various salt
concentrations. Figure 3 shows the differences of electrostatic
forces at various ionic strengths. Zeta potential is commonly
regarded as an indication for protein suspension stability
[29]. The higher absolute values of zeta potential have better
stability than that of the lower. At around pH 2.0, the zeta
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Figure 3: Zeta potential and particle sizes of RBG fibrils at various
ionic strengths (0–500mM). (Inset) The kinetic of average particle
sizes as a function of RBG fibrils at different heating time (0–
120min).

potential absolute value attenuated with increasing of the
ionic strength and results in decrease of electrostatic repulsive
forces. Concomitantly, the absolute values decreased from
31.4mV to 7.9mV. Generally, the formed fibrils have highly
net charge (above +20) at low pH and low ionic strengths
(below 200mM) [30].

Protein particle sizes and distribution are also affected
significantly by various ionic strengths. Figure 3 exhibits
that the average particle size of RBG fibrils increased with
increasing ionic strength was almost exponential at initial
stage, due to the fibrils profile becoming clustered and
increasing the volume at high ionic strength. An increase
volume of particles is consistent with that of the particle size
as determined by dynamic light scattering technique. The
particles size increased from 42.31 ± 2.58 nm to 419.22 ±
35.17 nm, when the NaCl concentrations changed from 0
to 500mM. Inset of Figure 3 shows the kinetics of mean
particle sizes as a function of RBG fibrils at different heating
time (0–120min). The presence of Na+ and Cl− significantly
increased the molecular mass and radius of gyration of
aggregates [31]. An important point is the mutual association
between protein molecules induced form aggregates easily,
when the electrostatic repulsions become weak. Interestingly,
the change of Th T fluorescence intensity and particle size is
not synchronous. It takes about 40min to reach the plateau
of particle size, which is an order of magnitude higher than
the values ofThT fluorescence intensity. In the native protein
solution, the rice bran protein molecules aggregated together
to form larger particles.This maybe increases the value of the
protein size and resulted in the detected value of particle size
being greater than that of the true value in the initial stage of
fibrils formation.

3.4. Fitting with Percolation Models. The elastic modulus 𝐺
is as a power law according to percolation model 𝐺 ∼ (𝐶−
𝐶𝑝)
𝑛, which can use (𝐺)1/𝑛 versus 𝐶 and extrapolates these

Table 2: The percolation critical concentrations and exponent 𝑛 at
various ionic strengths.

Ionic strength (mM) 𝑅
2

𝑛 𝐶𝑝

0 0.9846 1.8 ± 0.2 15.17 ± 0.63
a

100 0.9995 2.1 ± 0.1 10.76 ± 0.34
b

200 0.9984 2.1 ± 0.2 6.33 ± 0.53
c

300 0.9958 1.9 ± 0.1 5.81 ± 0.20
c

400 0.9889 2.0 ± 0.3 4.52 ± 0.59
d

500 0.9946 1.9 ± 0.2 2.26 ± 0.27
e

The data in the table are presented as mean ± standard deviation; the letter
shows significant difference.

plots to (𝐺)1/𝑛 = 0. The modulus 𝐺 has an explicit positive
correlation to the gels strengths. 𝐺 of gels can be obtained
in a linear regime through strain sweep, where the value is
independent of the strain amplitude (data not shown). Figure
4(a) shows the𝐺 of RBG gels in 300mMNaCl concentration
and protein concentration. A point of interest noteworthy is
that the values of 𝐺 in same ionic strength seem to exhibit a
strong linear correlation in logarithmic axes.

The fitting procedure relies on the independency of the
exponent 𝑛. In fitting procedure, (𝐺)1/𝑛 being extrapolated to
zero should yield the same𝐶𝑝.The fit linear must all intersect
the concentration axis at the same value. When assumed 𝑛
value is close to the actual value, the 𝑅 is more closed to
1. These points have goodness of fit with line (Figure 4(b)).
In the calculation process, the ranges of exponential 𝑛 were
assumed to be from 1.5 to 4.0. Afterwards, these points will
be on a straight line when the 𝑛 reaches the highest value.The
theoretical value of 𝐶𝑝 could be calculated from percolation
model 𝐺 ∼ (𝐶 − 𝐶𝑝)

𝑛. The cross point of straight line
(the maximum 𝑛 value) and protein concentration axis is
the theoretical 𝐶𝑝. In this study, the average exponent 𝑛 =
1.96±0.19 for the RBG gels.The 𝑛 value of gels at the range of
percolationmodel, which assumed an isotropic force between
the nearest neighbors on the gels network, and suggested the
formation of a homogenous gel network [32, 33]. The result
expounding the exponent 𝑛 is a function for the gel structure.
The average 𝐶𝑝 and 𝑛 at various ionic strengths are also listed
in Table 2. The 𝐶𝑝 of RBG gel successively decreased from
15.17 ± 0.63wt% to 2.26 ± 0.27wt% when ionic strength
increased from 0mM to 500mM.

The critical concentration RBG gels also highly depended
upon ionic strength. Generally, the gel can be defined as
a fine-stranded or particulate gel. Fine-stranded gels are
transparent or semitransparent, whereas the particle gels
are turbid or opaque [14]. At low pH and ionic strength
(below 200mM), RBG gel reveals a semitransparent form,
which gradually changed from transparent to turbid, even
opaque, with increasing of protein concentration and/or ionic
strength.

Hydrophobic interactions, electrostatic repulsive force,
and covalent bonds affected the appearance of gel network
[34]. Figures 5(a) and 5(b) show AFM images of RBG gels
(16.0 wt%) at ionic strength of 100mM and 500mM. A
droplet of sample in critical conditions was dripped on the
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(a) (b)

Figure 6: The SEMmicrographs of RBG gels at various ionic strengths. (a) NaCl, 100mM, (b) NaCl, 500mM.

surface of mica and then air dried over the night. In order
to highlight microscopic structure, the two AFM images
were adjusted for hue for network. The images show a gran-
ular densemesh-like structure and intensive cross-linkednet-
work. Gel mesh-like structure attribute to molecular interac-
tion at higher electrostatic screening.

Figure 6 shows SEM micrographs of RBG gels at 100
and 500mM NaCl concentrations. The two micrographs are
all show a granular mesh-like structure. An intensive cross-
linked network was observed. Mesh-like structure of gel is
attributed to the protein type and intermolecular force. Com-
paring the difference between 100mMand 500mM, the latter
seems to be composed of larger structures than those of for-
mer.This structural heterogeneity is more explored in higher
NaCl concentrations. The micrograph reveals the higher
density particle structures present in higher ionic strength.
These results in combination with SEM micrographs proved
that the fibrils from linear to clustered aggregates with
increasing ionic strength. In addition, the structural change
is accompanied by an increase in gel strength at equal protein
concentrationwith increasing ionic strength. Effect of various
NaCl concentrations on earlier aggregated processes includes
the fibrils formation and properties, which is conducive to
understanding the fibrils structure and application of fibrils
and gels as soft materials.

4. Conclusion

Electrostatic screening affected significantly the formation
and characteristics of RBG fibrils. The fibrils reveal linear
beads structure and periodic changes at lower ionic strength,
whereas the voluble and clustered fibrils are prominent in
higher ionic strength.The structure andmorphology of fibrils
at the initial period plays a key role in gels network and gel
strength. The percolation model 𝐺 ∼ (𝐶 − 𝐶𝑝)

𝑛 fit for RBG
gels and can calculate RBG gels critical concentrations. The
presence of fibrils can modify textural properties of RBG
gel system, which are suitable for application as a natural
nanoscale gelling material.
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