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Sustainable production of food products for human consumption is required to reduce negative impacts
on the environment and to consumer’s health. Soybeans are an excellent source of nutritive plant pro-
teins; aqueous extraction yields part of the available oil and protein from the legume. Many studies have
been conducted which detail the various processing parameters and their effects on the extraction yields,
yet there is little data on the localisation of nutritive components such as oil and protein in the fibrous
unextracted by-product. Here we show a novel confocal laser scanning microscopy investigation of soy-
bean processing materials and the physical effects of thermal treatment on the materials microstructure
upon aqueous extraction. Various features, more specifically oil, protein (including protein aggregation)
and cell wall structures, are visualised in the fibrous by-product, soy slurry and soy extract, with their
presence both in the continuous phase and within intact cotyledon cells. Thermal treatment reduced
the protein extraction yield; this is shown to be a result of aggregated protein bodies in the continuous
phase and within intact cotyledons cells. Knowledge of the processing material microstructures can be
applied to improve extraction yields and reduce waste production.
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1. Introduction

In recent years, sustainable food supply has become a prevalent
topic for consumers, industry and the scientific community
(Adams and Demmig-Adams, 2013; Aiking, 2011; Cakmak, 2002;
Leiserowitz et al., 2006; Pimentel and Pimentel, 2003). With the
world population projected to increase by 2.3 billion inhabitants
by 2050, the need to address uncertain food supplies is required
at this moment to prevent malnutrition in coming years
(Bruinsma, 2009). Adams and Demmig-Adams (2013) approach
the topic by considering it not a question of plant- versus meat-
based diets causing the most undesirable environmental and
health issues, but more the methods chosen for animal rearing or
crop production which makes a greater contribution to sustainabil-
ity. However, no consideration is given for the post-processing
during food manufacture. Processing of food sources requires
examination to yield the most value from land available for agri-
culture, which will be limited by urbanisation and water required
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for their production in the near future. To maximise the availability
of nourishment for human consumption, the extraction of health-
promoting components also requires optimisation.

Used for a broad range of products, the soybean crop is versa-
tile, and produces good quality protein for human consumption
(Masuda and Goldsmith, 2009). Aqueous extraction of components
from soybeans is currently undertaken for the production of some
soy-based products, such as soymilk and tofu. The most frequent
aqueous extraction protocol involves the grinding of dried soy-
beans with hot aqueous solution prior to the removal of insoluble
fibrous material, termed okara (Giri and Mangaraj, 2012). The pro-
tein extraction yield of the described process is less than desirable,
with a large fraction, typically 25-40% (dry basis) of soy proteins
being separated into the fibrous by-product, okara (Campbell
et al., 2011; Kasai and Ikehara, 2005; O'Toole, 1999; Rosenthal
et al., 1998). Most commonly usage of the by-product is not widely
employed for human consumption due to the uneconomical resale
value of soy fibre products. More sustainable processing for food
production could result in nutritious material being used for
human sustenance (Jankowiak et al., 2014), rather than exiting
the process within a waste stream, not limited just to soy milk
and tofu preparation.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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The microstructure of the starting material for extraction, the
soybean, has been well studied (Bair and Snyder, 1980;
Horisberger et al., 1986; Lili et al.,, 2013; Rosenthal et al., 1998;
Tombs, 1967). The soybean is mainly comprised of cotyledon cells;
oval in shape, 15-20 pm in diameter and 70-80 um long, and
consisting of lipid and protein bodies, in the size ranges of 0.2-
0.5 pm and 8-20 pum respectively (Rosenthal et al., 1998). The pro-
tein bodies account for 60-70% of the total soybean protein content,
consisting of storage proteins glycinin and B-conglycinin, confirmed
using an immunogold method (Horisberger et al., 1986). Techniques
used to deduce the microstructure of soybeans, including electron
microscopy and fluorescence microscopy, possess limiting factors,
ranging from laborious sample preparation prior to visualisation
and/or poor resolution, which prevent their routine use.

Previously studies to investigate ways to increase the extraction
yields of health-promoting components from soybeans have been
conducted (Giri and Mangaraj, 2012; Rosenthal et al., 1998;
Vishwanathan et al., 2011). Yet there is a lack of understanding of
the microstructure of processing materials which is crucial for
achieving greater extraction yields. With this information, process-
ing which targets the exposed restraints can be employed to improve
their extraction yields. In this paper we show the location of oil and
protein in soy extract, soy slurry and okara, alongside the effects of
heat treatment using confocal laser scanning microscopy (CLSM).

2. Materials and methods
2.1. Materials

All extractions and microstructural investigations were carried
out using commercially available soybeans from the same batch.
Soybeans were stored in an airtight container prior to processing.
All extractions were carried out using demineralised water, and
resulting samples were stored at 4 °C before analysis. Fluorescent
dyes for CLSM were purchased from various suppliers; acridine
orange (Polysciences Inc., Warrington, PA), nile blue A (Janssen
Chimica, Belgium) and rhodamine B (Merck, Germany) were
investigated.

2.2. Sample preparation

To prepare soy processing materials, dried soybeans were coar-
sely ground in demineralised water at a soybean:water ratio of 1:6
(w/w) with a commercial blender (Varoma Thermomix, Vorwerk,
Germany) (10 min, 80 °C (final temperature approximately 85 °C),
levels 2-8 stepwise) and ground finely using a high shear mixer
(Silverson L4RT, Silverson Machines International, UK) (20 min,
3000-6500 rpm stepwise (final temperature approximately
70 °C)) to produce a soy slurry. The resultant soy slurry (pH 6.5)
was immediately centrifuged at 4249 x g for 10 min to separate
the soy extract (pH 6.4) from the fibrous insoluble okara. To pre-
pare soy milk soybeans are commonly extracted at temperatures
between 80 and 100 °C to minimise lipid oxidation by enzymes
and denature trypsin inhibitors (Giri and Mangaraj, 2012). Non-
heat treated protein extraction was also carried out at ambient
temperature as a control. After a total of 30 min grinding, the soy
slurry increased to 41.4°C as no temperature control was per-
formed, which is well below the denaturation temperatures for
the main storage proteins, p-conglycinin and glycinin (74-77 °C
and 92-93.7 °C, respectively; Kinsella, 1979; Wang et al., 2014).

2.3. Determination of protein & moisture contents

Okara, soy extracts and soy slurry samples were analysed for
protein concentration using the Dumas method (Vario MAX CNS,

Table 1
Excitation & emission settings for dye stock solutions used for confocal laser scanning
microscopy.

Dye Excitation Emission Corresponding
wavelength wavelengths colour in
(nm) (nm) micrographs
1% w/v Acridine orange 488 497-556 Green
561 569-646 Red
655-724 Blue
1% wi/v Nile blue 488 520-626 Green
633 662-749 Red
0.5% w/v Rhodamine B 488 492-555 Green
566-631 Red
645-751 Blue

Elementar Analysensysteme GmbH, Germany) and 1(+)-glutamic
acid (VWR International BVBA, Belgium) as a standard (Jung
et al., 2003). From the nitrogen content the protein concentration
was calculated with a protein conversion factor of 6.25 x N. The
extraction yields were determined using Eq. (1.1), where massp se
is the mass of protein in the soy extract and massp, is the mass
of protein found in okara.

Mass se

Protein extraction yield(%) = (Mass, . + mass, )
p.se p,0

x100  (1.1)

Protein concentrations are determined on a wet basis (w.b.).
Moisture content was also determined for all samples using a
microwave moisture analysis system (SMART System5, CEM
GmbH, Germany).

All of the analytical measurements were carried out in triplicate
for each sample, and reported as the mean + standard deviation.

2.4. Particle size analysis

Particle sizes of samples were measured using laser diffraction
techniques, using Mastersizer 2000 Hydro S (Malvern Instruments
Ltd, UK). Refractive indices of 1.33 and 1.45 were used for the dis-
persant and particles respectively.

2.5. Confocal laser scanning microscopy (CLSM)

Soy microstructures were visualised by confocal microscopy
using Leica TCS-SP5 coupled with DMI6000 inverted optical micro-
scope (Leica Microsystems Inc., Germany). Fluorochromes were
selected based on their affinity to associate with various compo-
nents within the samples; acridine orange, nile blue and rhoda-
mine B were shortlisted. The dyes concentrations in the stock
solution, excitation and emission wavelengths, including the user
set colours for emitted light, are shown in Table 1. For all samples,
one drop of dye stock solution was added to 1-1.5 mL of sample
and mixed well before slide preparation, which is less tedious
and time consuming than previously reported techniques. The
microscope is equipped with three lasers for excitation: an
Argon laser (Jexcitation 488 nm), a Diode-Pumped-Solid-State laser
(Jexcitation 561 nm) and a Helium-Neon laser (Aexcitation 633 nm).
For the visualisation of samples using nile blue, emission caused
by the excitation laser is avoided by using sequential scanning. A
40 x oil immersion objective (1.25 NA) was utilised for visualisa-
tion of all materials.

3. Results and discussion

Acridine orange was used to visualise a soy slurry sample using
confocal microscopy; Fig. 1 shows a representative micrograph.
Intact cotyledon cells are present within soy slurry containing
intact intracellular material: areas emitting purple in colour, a
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Fig. 1. Representative confocal laser scanning micrograph of soy slurry sample
obtained after grinding at 80 °C with acridine orange. Examples of intact cotyledon
cells (ICC), protein bodies within cotyledon cells (P, green) and agglomerated
material (AM, green) are annotated on the image. Fibrous material appears as a
combination of blue and red emission, i.e. purple. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

combination of blue and red, are the oleosins around oil bodies and
areas emitting green are protein bodies. Similar structures found
within soybean flour were observed by transmission electron
microscopy (TEM) (Campbell and Glatz, 2009). In the extraction
medium (outside the intact cells), agglomerated material depicted
in green was observed within the size range approximately
5-20 pm. The wavelength at which the material in the aqueous
medium emits fluorescence (497-556 nm, green), and also their
size both suggest that the material consist of aggregated protein
bodies. To confirm that the agglomerated material in the continu-
ous phase were not starch granules; iodine solution was used in
conjunction with light microscopy. No significant purple-black
staining of the observed extracellular features occurred when
examined using light microscopy, confirming the material was
not starch (data not shown). However, it is important not to
neglect that starch grains are present within the soybean (He
et al.,, 2007), and subsequently starch should be present in the
soy slurry. A number of extracellular materials can be visualised
in the aqueous medium and within intact cotyledon cells using
acridine orange.

To verify the composition of agglomerated material observed in
the soy slurry using acridine orange (Fig. 1), a dye specifically used
to label proteins was explored; rhodamine B. Agglomerated mate-
rial was visualised in soy slurry when rhodamine B was employed
for protein localisation, shown in Fig. 2. Protein within intact coty-
ledon cells was also revealed using rhodamine B; rhodamine B
associated with aggregated material in the aqueous medium was
shown to emit fluorescence at the same wavelength as dye associ-
ated with protein bodies located within the cells. The use of rhoda-
mine B further confirms the agglomeration of protein in- and
outside the cotyledon cells when the soy slurry was thermally
processed.

Nile blue is primarily used as a lipid stain; lipids are also consid-
ered an important substituent of soybeans when performing an
extraction (Rosenthal et al., 1998), which are not visualised using
acridine orange or rhodamine B due to their poor solubility in oil.
In Fig. 3, lipids are depicted green and other apolar material red
or orange in the soy slurry prepared at room temperature. Clusters
of cell wall material were present in the soy slurry which appears

Fig. 2. Confocal micrograph of soy slurry with preparation including thermal
treatment (80 °C), stained using rhodamine B. Examples of agglomerated material
(AM) and intact cotyledon cells (ICC) are labelled in the figure. Proteinaceous
material is highlighted using this fluorochrome.

Fig. 3. Confocal micrograph of soy slurry prepared at ambient temperature, stained
with fluorochrome nile blue. Oil is represented in the colour green and other apolar
material, including protein, in red or orange (a combination of red and green).
Examples of cotyledon cell wall material (CW, black lines) are annotated on the
image. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

to contain only aqueous media; protein and oil were extracted.
During grinding of the soybeans, the cell wall is disrupted which
exposes the intracellular components from within the cell to the
aqueous medium for diffusion of the internal components into
the extraction medium (Campbell and Glatz, 2009). The agglomer-
ated material in the size range 5-20 pm presented in Figs. 1 and 2
are absent using nile blue in the soy slurry when extraction was
performed at ambient temperature (Fig. 3).

Agglomerated material (most likely protein bodies) as shown in
Figs. 1 and 2 are also visible in Fig. 4 (depicted in red), which is
obtained by CLSM of a soy slurry prepared at 80 °C and visualised
with nile blue. The agglomerated material is surrounded by green
dots which are most likely liberated oil bodies. It has been sug-
gested before that heating whilst grinding aqueous soy slurry
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Fig. 4. A representative confocal micrograph of soy slurry with preparation
including thermal treatment (80 °C) visualised with nile blue. Oil is presented in
green and agglomerated material within the heat treated sample (also labelled AM),
is depicted in red. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

causes proteinaceous material to aggregate due to denaturation
(Nishinari et al., 2014). Thermal denaturation of the main storage
proteins B-conglycinin and glycinin occurs in the ranges 74-77 °C
and 92-93.7 °C respectively, which accounts for aggregation when
soybeans were ground at 80 °C (Kinsella, 1979; Wang et al., 2014).
Aggregation of supernatant protein of a size less than 40 nm occurs
upon heating of soymilk to increase the concentration of protein
particles in the size range 40-110 nm (Ono et al., 1991). The pres-
ent study suggests that the protein bodies already aggregate prior
to protein solubilisation in the aqueous phase at 80 °C, as their size
did not change.

Approximately 26% more protein is extracted into the soy
extract when no thermal treatment is applied compared to extrac-
tion at 80 °C in this present study (Table 2), which has also been
observed in the literature (Campbell et al., 2011; Johnson and
Synder, 2014; Rosenthal et al., 1998). The difference in protein
extraction yields is not due to differences in particle sizes (D43
and Ds,) as the efficiency of grinding is not extensively affected
by thermal treatment (Table 3). One may assume that only cells
which are broken release their (protein) content. Campbell et al.

Table 2

Fig. 5. Representative confocal micrograph of soy extract obtained at 80 °C
visualised using fluorochrome acridine orange. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

(2011) suggested that for complete extraction to occur, the particle
size needs to be in the size range of individual cotyledon cells,
which assumes all cells are broken. It was assumed that only soy-
bean cells on the outside of milled flour are disrupted resulting in a
lower extraction yield with larger particle sizes of the milled flour.
This was not the case when observing soy slurry in the present
study; intact cotyledon cells were normally found singularly (see
Figs. 1-4 and 6). With combined flaking and pin milling of soy-
beans approximately 95% of cotyledon cells were disrupted when
57% of the total flour volume was made up of particles smaller than
55 pm, as confirmed using microscopy (Campbell and Glatz, 2009).

The soy extract obtained after the removal of okara did not con-
tain the aggregated protein bodies. Fig. 5 shows the presence of
only small (<5 pm) colloidal material homogenously dispersed
throughout the aqueous environment, with fragmented fibrous
material also visible. The absence of the agglomerated material
in the soy extract after separation of insoluble material could be
used to explain the reduced protein extraction upon thermal treat-
ment (Table 2). However, aqueous extraction from soybeans at an
elevated temperature is essential for the production of a

Summary of protein extraction yield, protein solubility and predicted yields by "Campbell and Glatz (2009) and ‘Rosenthal et al. (1998).

Processing conditions Protein extraction yield

Total protein solubilised

Predicted protein extraction yield” Predicted protein extraction yield®

(%) (%) (%) (%)
Ambient temperature 673+1.9 89.7+1.9 703 2.2 743+ 0.1
grinding
80 °C grinding 415+0.2 64.9+0.2 70.9£2.2 63.8+0.6

2 The total protein solubilised was calculated assuming all moisture within okara has the same protein content as soy extract.

> Volume-weighted mean diameter (D4 3) from Table 3 was used for calculations.

Table 3

Soy slurry processing conditions and resulting extraction yield and concentration of protein within the by-product, okara.

Processing conditions Particle size Soy extract

Okara

D43 (um) D3, (um) Protein content (w.b.) (%) Water content (%) Protein content (w.b.) (%) Water content (%)
Ambient temperature grinding 330.8+16.6 17.5+1.0 3.6+03 90.0 +0.1 4.7 £0.04 81.2+0.1
80 °C grinding 267.8+24.3 209+1.9 3.4+0.02 91.7+0.6 73103 79.7 0.6
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Fig. 6. CLSM micrograph of fibrous by-product of soy extract production at 80 °C,
okara, visualised using acridine orange. Intact cotyledon cells (ICC), cell walls of
disrupted cells (CW) and agglomerated material (AM in green, most likely protein
bodies) are annotated on the image. Fibrous material appears as a combination of
blue and red emission, i.e. purple. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

flavoursome and safe final product due to the prevention of the
enzyme lipoxygenase and trypsin inhibitors actions (Nik et al.,
2009).

Fig. 6 depicts the microstructure of okara produced using ther-
mal processing and stained with the fluorochrome acridine orange.
Cell wall material and intact cells are observed that were present in
the soy slurry prior to separation. Agglomerated material can be
observed in the micrograph which have the same size and colour
as seen in Fig. 1 in the continuous phase. Next to the removal of
the protein aggregates during separation of the fibrous by-product
okara, the loss in protein extraction yield can also be caused by the
high moisture content of okara, approximately 80%; the cell walls
of disrupted cells possess a robust difficult to compress network
(see Table 3).

Campbell and Glatz (2009) proposed a model based on particle
size and assuming that only soybean cotyledon cells on the outside
are disrupted (discussed above). Another model by Rosenthal et al.
(1998) was built up from the mass balance, where it was assumed
that the protein concentration at equilibrium can be related to the
one in the ‘solid’ phase by a partition coefficient. Despite the differ-
ences in models and our finding that we could not confirm the
assumption of Campbell and Glatz (2009) that only the outside of
soybeans cells are disrupted (see above), the calculated yields of
the proteins using these two models and our values were similar
to these found experimentally at ambient temperature (see Table 2).
When examining the predicted yields for processing at 80 °C
(between the denaturation temperatures of the main storage pro-
teins), the calculated yields were much larger than actually found,
as insolubility due to protein aggregation was not considered within
either model. Table 2 shows indeed that the solubilities of 90%
versus 65% for ambient and 80 °C processing respectively, is mainly
responsible for the differences in extraction yield.

Okara produced using thermal treatment contains 2.6% more
protein than when no thermal treatment was employed. The pro-
teins located within okara after thermal treatment are found to
possess good nutritive value, therefore could be extracted for
human consumption (Stanojevic et al., 2012). The aqueous phase
within the okara may have the same composition as the soy
extract; if more of it is removed from okara, the protein extraction
yield will be increased.

SEM was a technique investigated for this study as well; yet
limited information was obtained from it. Similar SEM images as
already published of frozen soybeans (Bair and Snyder, 1980) were
obtained (data not shown). Intact protein bodies were observed
which coincides with findings from CLSM. SEM with energy disper-
sive spectroscopy (EDS) was also used to confirm the composition
of aggregated material found in the continuous phase. Nitrogen
was difficult to detect using this technique due to its low atomic
number, especially with the concentrations found within the soy
slurry; however it was detectable for some images of okara (data
not shown). Although our SEM images in combination with EDS
confirmed the composition of the aggregated material, it provided
less informative insights and overall view relevant for the extrac-
tion process than CLSM. Moreover, SEM is a more tedious and time
consuming technique than CLSM and the structures might also be
affected by the freezing prior to SEM analysis.

Localisation of protein within the by-product is important for
looking at methods for protein recovery; the avoidance of protein
insolubility is one method to target increased protein extraction.
Enzymatic treatment to reduce rigidity of the disrupted cell wall
matrix has shown promising results for improved oil and protein
extraction yields, and could be one approach to target extraction
from the by-product okara (Kasai et al., 2004; Rosenthal et al., 2001).

4. Conclusions

In this novel study we have shown the microstructures of soy
slurry, soy extract and the fibrous waste material okara, including
localisation of oil and protein using CLSM in combination with
carefully selected fluorochromes. Agglomerated protein bodies
caused by thermal treatment were found in- and outside intact
cotyledon cells in the soy slurry, and after separation in the okara
only. Protein aggregation can be used to explain why a higher pro-
tein extraction yield was obtained upon processing at ambient
temperature than after processing at 80 °C (67% versus 42% respec-
tively). Treatments to disrupt the complex okara microstructure
and/or achieve lower water content will be investigated in further
studies with the aim of increasing the protein extraction yield.
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