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1. Abstract
Utilization of insects as a source of protein is an attractive alternative. Proteins play
a key role in physical properties of food and in order to develop a product containing
insect proteins it is necessary to exploit their techno-functional properties.
Gelification is very important due to its great potential to be applied in the fabrication
of novel structured food products. Coagulum formation can be induced in several
ways; by heat, acids, enzymes or salts. In this study salt induced coagulation was
explored. The type and properties of gels are affected by several factors such as
protein concentration, pH, type of salt and its concentration. The aim of this study
was to investigate coagulation behavior of calcium induced lesser mealworm
(Alphitobius diaperinus) protein solutions starting from different raw materials.
Protein solutions were coagulated by addition of CaCl2 at different concentrations
and the characteristics (water binding capacity, protein content, pH) of the
coagulums obtained were compared. As insect proteins is a relatively new field, the
coagulation of soybean proteins was selected as a base to define the coagulation
procedure and interpret the results obtained. The results revealed that CaCl2
addition and its concentration affects pH of the solutions. A negative correlation was
found between yield and CaCl2 concentration and water binding capacity.
Differences between different starting materials were found, which results in
differences at the coagulums obtained that are discussed in this study.
Key words: insect protein, coagulation, salt addition, CaCl2 concentration,
pH, yield, water bind capacity.
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2. Introduction
During the last decades, human population has grown up to 7 billion people
transformed human diets, in which animal derived products play a dominant role.
Meat is very important for protein source for the majority of western countries, and
its demand is expected to double by 2050.
However, its production has numerous negative consequences for the environment,
and the fact that in some years there would not be enough land to grow all the crops
and animals for the demanded meat production, the awareness over meat
production and consumption, and the necessity of introducing meat replacers is
raising. Meat replacers are foods with protein content, commonly from vegetable
origin and have the function of substituting meat. The main meat substitutes are
made out of soy, cereal or fungus protein, however, recently the utilization of other
sources such as insects and seaweed had been explored (hoek et al., 2011).
The utilization of insects as a source of protein is an attractive alternative because
they appear to be environmentally friendly, they have high protein conversion rates
and year-round breeding (van huis et, al 2013). Besides all the above-mentioned
benefits, insects are considered very nutritious, as they are rich in high quality
protein, mealworm (tenebrio molitor), for example, contains up to 50% of protein in
dry weight (Siemianowska et al., 2013).
Entomophagy is the habit of eating insects and approximately 113 countries already
practice it, most of the located in Asia, Africa and Latin America (Rumpold & Schluter,
2013; van Huis, 2013). Nevertheless, even when insects have many advantages to
consider them as important meat replacers; food neophobia, that is the fear and
rejection to unknown or novel foods is a big disadvantage of this protein alternative.
In addition, in the majority of developed countries insects are associated with a “dirty
image” (Feng, & Chen, 2009). However, according to Caparros Megido et al., 2013
the invisible inclusion of insects in food or the association of insects with known food
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or flavors apparently triggers less aversion than when insect are seen entirely in the
food or the product is completely new.
Proteins play a key role in physical properties of food such as texture, colour,
structure and rheological and interfacial properties, and can be used to enhance
sensory properties. In order to be able of developing products containing insect
proteins it is necessary to exploit the techno-functional properties of these proteins.
Some of the most studied techno-functional properties include solubility, water/lipid
binding capacity, emulsion formation, foamibility and gelification. In this case the
techno-functional property of interest is gelification, which is very important due to
its great potential to be applied in the fabrication of novel structured food products.
Gels are structural matrixes with the capacity of holding water and other compounds
and at the same time provide a desirable texture and mouth feel. Proteins form gels
when they polymerize into a three-dimensional network that transforms viscous
liquids into viscoelastic matrixes (Phillips, Whitehead and Kinsella, 1994). The
formation of gels involves two steps; the first one is a change in conformation due to
protein denaturation, and the second step is gradual aggregation of the denatured
proteins in which an exponential increase in viscosity takes place.
The second step should be slow compared to the first one in order to contribute to
the formation of an organized gel network. In case the second step occurs too fast,
a random network will be formed, which is unable to hold water and is known as a
coagulum (Phillips, Whitehead and Kinsella, 1994). Coagulum formation can be
induced by different factors: heat, acids, enzymes or salts. In this study salt induced
coagulation, it is going to be explored. In this type of coagulation, calcium ions
promote hydrophobic coagulation of the denatured protein after the heating step.
Calcium ions are responsible of neutralizing the net charge of the protein leading to
aggregation. As the aggregation occurs randomly the result is the formation of a
coagulum instead of a gel (Liu, 1997).
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Figure 1. Scheme of coagulation induced by calcium ions.

The type and properties of gels are affected by several factors such as protein
concentration, pH, type of salt and its concentration, gelation temperature, etc. In
this thesis, some of these factors will be studied with the aim of finding the most
suitable conditions to create a coagulu from insect protein that can be used as a
meat replacer.
At the moment, most edible insects are collected from their habitat. Nonetheless, in
order to ensure the safety of insects used as food and feed, quality monitoring of
rearing is needed (Rumpold & Schlüter, 2013). Insect species to be reared under
controlled conditions are chosen based on reproductive and survival potential,
safety, nutritional factors and size (Schabel, 2010). Lesser mealworm (Alphitobius
dioperinus) is frequently used as animal feed, it is high in protein content and it is
available in The Netherlands, therefore, was selected for this study.
During this study, lesser meal worm proteins from different raw materials were
coagulated by salts addition and the characteristics (water binding capacity, protein
content, pH) of the coagulums obtained were compared. As the study of techno-
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functional properties of insects is a relatively new field, the coagulation of a soybeans
protein was selected as a base to define the coagulation procedure and the results
interpretation of this thesis.
Soymilk can be obtained after soaking and grinding soybean and is used to make
tofu, which can be obtained by boiling soymilk followed by a coagulant addition. Tofu
making consists of two main stages: soymilk preparation, and the coagulation of this
milk to form a bean curd that is used to make different types of tofu (Chang, 2005).
Tofu manufacturing requires a serie of steps: cleaning, washing and grinding of
soybeans in order to obtain soymilk. Once the soymilk is obtained the process
continues with a heating and a separation step previous to the coagulant addition,
which leads to curd formation. Finally, the curd is broken, pressed and cutted into
cubes. This process with the modification of some steps and parameters was used
to coagulate lesser mealworm proteins in this study, however, due to the scope of
the project, the process was stopped after curd formation and the coagulums
obtained were evaluated.
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3. Objective
The purpose of this study was to investigate/ observe the coagulation behaviour of
calcium induced lesser mealworm protein solutions starting from different raw
materials.

4. Research Questions and Hypothesis
J Does calcium and its concentration coagulate insect protein?

Hypothesis: The amount of calcium influences the network formation and type of
coagulum obtained.
J Does protein concentration influence insect protein gelification?

Hypothesis: Protein concentration influences the network formation, the highest
the concentration, the easiest the network formation
J Does coagulant agent affect pH?

Hypothesis: If phytates are present, coagulant addition will cause a decrease in
pH, the higher the calcium concentration, the higher the pH change.
J Does coagulation behaviour differ with raw materials?

Hypothesis: Coagulation behaviour is similar if protein composition of both
materials is similar. If protein composition differs or coagulation procedure is
different, also coagulation behaviour may present some variations.
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5. Materials and Methods
5.1 Material
5.1.1 Insects Protein
Lesser mealworm (Alphitobius diaperinus ) protein powder, Lesser mealworm
protein isolate and living larvae of Lesser mealworm were purchased from a
comercial supplier (Proti-Farm Holding NV, Ermelo, the Netherlands). The protein
powder and protein isolate were stored at room temperature, while larvae were
treated with liquid nitrogen and stored at -20°C until use.

5.2 Methods of Preliminary Experiments
Before starting with the main experiments it was necessary to set the appropriate
conditions to obtain the highest solids recovery. PH was set as a variable and
suspensions with different pH values were prepared and processed to evaluate
which pH was the best to obtain the highest solids recovery. After the new pH value
was set, suspensions were prepared at different initial solids content to evaluate
which initial solids content allowed the highest recovery.

5.2.1 Solids Extraction at different pH values
Suspensions of lesser mealworm powder and lesser mealworm protein isolate
powder were prepared at 10% solids content using demineralized water. 7 ml of
suspension were poured into 12 ml centrifuge tubes, pH was adjusted to different
values (3,4,5,6,7,9,11 and to 11 mixed for 30 minutes and adjusted back to 7), using
NaOH and HCL at 2M. After desired pH was reached, demineralized was added to
reach 10ml. Experiments were carried out in duplicate.
The samples were mixed for 30 minutes, subsequently were filtrated using a
cheesecloth and finally were centrifuged during 5 minutes at 1000xg. The sediments
and supernantants were separated, and supernatant was used for the analysis of
solid extraction percentage.
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5.2.2 Determination of Solids (%)
In order to determine the solid content, 1ml of the supernatants obtained after solids
extraction was poured into Eppendorf tubes and dried overnight at 100°C for 24
hours. Subsequently, eppendorf were collected and weighted in order to calculate
solids and water content.

5.2.3 Determination of Protein (%)
To determine protein recovery, protein of the supernatants was quantified using BCA
method. A calibration curve was obtained according to BCA protocol (Pierce BCA
Protein Assay Kit). Samples were diluted 100 times before BCA sample preparation,
absorbance was measured at 562nm using in a spectophotometer, and protein
content was calculated using the calibration curve previosly obtained (Appendix,
Figure 1).

5.2.4 Solids extraction at different initial solid content
Suspensions of lesser mealworm powder and lesser mealworm protein isolate
powder were prepared at 10%, 15% and 20% solids content using demineralized
water. 7 ml of suspension were poured into 12 ml centrifuge tubes. pH was increased
to 11, samples were mixed for 30 minutes and adjusted back to 7, using NaOH and
HCL at 2M. After pH of 7 was reached, demineralized was added until 10ml were
completed. Each sample had its duplicate. The samples were mixed during 30
minutes, subsequently were filtrated using a cheesecloth and finally were
centrifuged during 5 minutes at 1000xg. The sediments and supernantants were
separated, and supernatant was used for the obtention of solid extraction
percentage.
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5.3 Methods of Main Experiments
5.3.1 Mother Solution Preparation
In order to obtain lesser mealworm proteins solutions lesser mealworm protein
powder and lesser mealworm protein isolate were mixed with demineralized water
in a ratio 1:4. The pH of the resultant solution was adjusted to 11 using NaOH 2M
and the solutions were mixed during 30 min in (blender model). Subsequently the
pH of the solutions was adjusted back to 7 using HCL 2M and the solutions were
mixed for another 30 minutes. Afterwards the solutions were filtered using a
cheesecloth in order to remove big particles followed by a centrifugation at 1000xg
during 5 minutes using Centrifuge Heraeus Multifuge X3R. Finally, the supernatant
was recovered and stored frozen.
On the other hand, solutions made with fresh larvae were prepared by mixing
demineralized water with frozen insect in a ratio 1:1. The mixture was blended using
(blender model) during 1 minute at low speed and 1 minute at high speed. Aferwards
the solution obtained was filtered using a cheesecloth in order to remove big particles
followed by a centrifugation at 1000xg during 5 minutes using Centrifuge Heraeus
Multifuge X3R.

5.3.2 Coagulation of Mother Solutions Trial
The protein content of the mother solution was measured using BCA protocol. 7ml
of 6.33% (previosuly determined by BCA) protein solution were poured into 12ml
centrifuge tubes. The tubes were heated in a water bath during 30 minutes at 85C
in order to denature the protein. Afterwards the tubes were cooled down at 4C in an
ice bath and their pH was measured. CaCl2 solutions at 9.14M and .914M were
added to the tubes in order to reach different CaCl2 final concentrations (0mM, 5mM,
10mM, 30mM, 50mM and 80mM). The tubes were heated in a water bath during 30
minutes at 75C in order to coagulate the protein. Subsequently the tubes were let to
set 30 minutes followed by a centrifugation at 1000xg during 5 minutes
using Centrifuge Heraeus Multifuge X3R.
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5.3.3 Coagulation of Mother Solutions
at Different Protein Concentrations
The protein content of the mother solution was measured using BCA protocol. The
ml required of the mother solution, CaCl2 and water to obtain 5ml of a 3%, 4% and
5% protein solutions at different CaCl2 concentrations were calculated. The required
ml of mother solution and water were poured into 12ml centrifuge tubes and heated
in a water bath during 30 minutes at 85C in order to denature the protein. Afterwards
the tubes were cooled at 4C in an ice bath and their pH was measured.
CaCl2 solutions at 9.14M and .914M were added to the tubes in order to reach
different CaCl2 final concentrations (0mM, 5mM, 10mM, 30mM, 50mM, 80mM and
200mM). The tubes were heated in a water bath during 30 minutes at 75C in order
to coagulate the protein. Subsequently the tubes were let to set 30 minutes followed
by a centrifugation at 1000xg during 5 minutes using Centrifuge Heraeus Multifuge
X3R. Supernatants were discarded while the coagulums remained at the bottom of
the tubes.

5.3.4 Coagulation of Mother Solution of Frozen Lesser
Mealworm at Different Protein Concentrations Trial
The protein content of the mother solution was measured using BCA protocol. The
ml required of the mother solution, and water to obtain 20ml of a 1%, 2% 3%, 4%
and 5% protein solutions were calculated. The required ml of mother solution and
water were poured into glass beakers of 30ml and heated in a water bath during 30
minutes at 85C in order to denature the protein. Afterwards the beakers were cooled
down at room temperature to let set the coagulums and stored over night at 4°C.
Next morning samples were evaluated visually and beakers were turned
upsidedown to observe if coagulation occured.

5.3.5 Coagulation of Mother Solution
The protein content of the mother solution (MS) was measured using BCA protocol.
The ml required of the mother solution and water to obtain 5ml of a 3% protein
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solution were calculated and poured into 12ml centrifuge tubes and were heated in
a water bath during 30 minutes at 85C in order to denature the protein. Afterwards
the tubes were cooled down at 4C in an ice bath and their pH was measured. CaCl2
solutions at 9.14M and .914M were added to the tubes with the objective of reaching
different CaCl2 final concentrations (0mM, 5mM, 10mM, 30mM, 50mM, 80mM and
200mM). The tubes were heated in a water bath during 30 minutes at 75C in order
to coagulate the protein. Subsequently the tubes were let to set 30 minutes followed
by a centrifugation at 1000xg during 5 minutes using Centrifuge Heraeus Multifuge
X3R. Supernatants were discarded while the coagulums remained at the bottom of
the tubes.

5.3.6 pH Measurement
In all the samples pH was measured two times using Xequipment. The first pH
measurement was taken when the samples were cooled (4ºC) after the first heating
step. The second measurement was taken to the supernatant once the protein
coagulated, the samples were centrifuged and the supernatant discarded.

5.3.7 Yield of Coagulation Procedure
After coagulation and the discard of supernatants, the coagulum obtained for all the
samples was weighted and the yield of the coagulation process was calculated using
Equation 1.
Equation 1. 𝑌𝑖𝑒𝑙𝑑 =

( )* +),(-.-/
( )* 0)1234 5).-16)7

5.3.8 Protein Content Quantification (BCA)
Proteins were quantified using BCA method. A calibration curve was obtained
according to BCA protocol (Pierce BCA Protein Assay Kit). Samples were diluted
100 times before BCA sample preparation, absorbance was measured at 562nm
using a spectophotometer, and protein content was calculated using the calibration
curve previosly obtained (Appendix, Figure 1).
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5.3.9 Determination of Solids and Moisture Content
In order to determine solids content 300µl of the supernatant obtained after
coagulation were poured into Eppendorf tubes and dried overnight at 100ºC.
Subsequently, eppendorf were collected and weighted in order to calculate solids
and water content.

5.3.10 Determination of Coagulated Proteins
To determine the percentage of proteins that coagulated starting from a mother
solutions of 3% protein content; the proteins present at the supernatant discarded
after coagulation were measured by BCA. The proteins present at the coagulum
were obtained by subtraction between the initial grams present in the 3% mother
solutions and the grams present in the supernatant. The percentage of coagulated
proteins was calculated using Equation 2.
Equation 2. 𝐶𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠 % =

( )* C4)13675 67 +),(-.-/
( )* C4)13675 67 DE

∗ 100

5.3.11 Water binding capacity of the coagulum
The water binding capacity of all the samples coagulated at 3% protein content was
determined. In order to calculate it, was necessary to know the moisture content of
the coagulum and the grams of protein in the coagulum (values that were previously
obtained). The water binding capacity was calculated based on Equation 3.
Equation 3. 𝑊𝑎𝑡𝑒𝑟 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

( )* M,134 67 +),(-.-/
( )* C4)1367 67 +),(-.-/

5.3.12 SDS-PAGE
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was
used to determine the molecular weight distribution of the insect protein mother
solutions and coagulums formed at 30mM and 200mM. Mother solutions were
diluted 50 and 20 times sample preparation. In order to prepare the samples 2µl of
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mother solutions and coagulums were pipeted into an ependdorf tube. To each
sample 5µl of NuPAGE LDS sample buffer 4X concentrated, 2µl of NuPAGE sample
reducing agent 10X concentrated and 13µl of water were added. Tubes were
centrifuged during 1 min at 2000rpm, heated in a heating block at 70C during 10
minutes and centrifuged again 1 min at 2000rpm.
For the preparation of the running buffer 40ml of MOPS buffer were diluted 20 times
to 800ml. The running buffer and 0.5ml of antioxidant agent were added to the buffer
chamber. Finally, 5µl of protein marker was added to one well, and 10µl of each
sample were added to the other wells. The electrophoresis was run during 100
minutes at 200V. After the run ended the gel was rinsed with miliQ water 3 times and
stained with Coomassie brilliant blue R-250 staining solution for 1 hour at room
temperature under slowly shaking.
Afterwards the gel was rinsed 3 times with miliQ water and washed with washing
buffer at room temperature under slowly shaking. After 2 hours, the gel was rinsed
again with miliQ water, the washing buffer was changed and the gel was shaked for
2 more hours. Finally, the gel was rinsed again with miliQ water and scanned to be
interpreted.

6. Results and Discussion
6.1 Preliminary Experiments
6.1.1 Solids and protein recovery
A solid extraction was performed using suspensions of both; lesser mealworm
protein powder suspension (GI) and lesser mealworm protein isolate suspension
(PI). Solid extraction procedure at different pH values and solid recovery was
determined as stated in methods of preliminary experiments (refer to section 5.2.2).
The graphic of the solids recovery of all samples is shown in Figure 2, as it is
indicated dark green bars correspond to GI and light green bars to PI. It can be
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observed that solid recovery changed with pH. In particular, the lowest recovery was
observed at pH of 5 for GI and at pH of 4 for PI. After reaching the lowest value a
positive correlation can be observed between solids recovery and pH value. The
highest solids recovery for both suspension was at a pH of 11. The obtained results
are consistent with other studies performed in yellow mealworm suspensions.
According to Ye in 2001, the isoelectric point of some proteins from Yellow
mealworms (Tenebrio molitor) is around 5.8. At the moment there is no information
in literature about the isoelectric point of lesser mealworm proteins, however, both
species are closely related as they belong to the family of tenebrionidae. Assuming
that the protein composition of both species is similar, this can explain why the lowest
solids recovery is at a pH value of 5 and the highest at pH of 11. Proteins are
described as amphoteric molecules as they have basic and acid groups located at
their surfaces, when proteins are present on a solution, the pH of the solution affects
the net charge of the protein. When the solution is away from the isoelectric point,
proteins acquire charges; positive or negative depending if pH is above or below the
isoelctric point, these charges favour the repulsion between molecules and
therefore, protein solubility increases. On the contrary when pH is near the isoelectric
point, the net charge of proteins is cero, consequently, there is no repulsion between
them, causing aggregation and decreasing its solubility (Mu, Tan, Chen & Xue,
2009). Protein content for GI is 58% and for PI around 90% (refer to appendix, table
1), therefore, proteins are a majoritary part in lesser mealworm solids. In fact, as it
can be seen in Figure 3, the lowest protein solubilty is near its suspected isoelectric
point. This was a expected behavior, as solubility of proteins reaches its minimum
value near the isoelectric point and increases with the absolute value of the net
charge (Cohn, 1943). In Ye experiments the minimum recovery was at a pH range
of 4 to 6.5 and the maximum between a range of 10-12, results of her experiment
and this study are similar and the small differences in pH range could be attributed
to the differences in species.
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Even if with a pH of 11 the highest recovery was obtained, this pH was too high for
the development of a novel food product, therefore, a strategy was implemented in
order to increase solids recovery % when pH was set at 7. From the graphic (Figure
2) the results can be observed at the last bar (at the left) labelled 11 to 7, these
samples received a different treatment, pH was first increased to 11 and after 30
minutes brought back to 7 (see methods of preliminary experiments). As it can be
seen, with this treatment, the percentage of solid recovery increased 34% for GI and
45% for PI that when the solution of pH was just set at 7 and the extraction was
carried at this condition, therefore, it was decided to use this strategy for the
preparation of the mother solutions of further experiments. It can also be observed
that there is no bar for PI at a pH of 11, the reason is that when the suspension was
prepared at this pH value, a gel was formed during the waiting time before filtration,
which made difficult to continue and the procedure was stopped before filtrating.

Figure 2. Solids recovery at different pH values.
The graphic shows the solids recovery percentage after solid extraction of lesser
mealworm protein powder (GI)and lesser mealworm protein isolate (PI) at different pH
values.
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Protein recovery of all the samples of GI and PI was determined in the supernatants
using BCA method. The graphic is shown in Figure 3, as it indicated light green bars
correspond to GI and dark green bars to PI. It can be observed that the lowest
recovery was at pH of 5 for both supernatants. After reaching the lowest value a
positive correlation can be observed between protein recovery and pH value. The
highest protein recovery for PI suspension was at a pH of 11. This results are similar
to the ones obtained for solids recovery %, which is logical, as the majority part of
solids of GI and PI is composed of proteins. At the same time, these results are
consistent with those from literature. Jiang, Xiong and Chen (2010) argued that
proteins in soy exhibit U-shape solubility, presenting the lowest solubility at a pH
near their isoelectric point. In Figure 3, the u-shape can be observed, for both GI and
PI, and the lowest point is at a pH of 5, which is near the isoelectric point that is
assumed some lesser mealworm proteins have.

Figure 3. Protein recovery at different pH values. The graphic shows proteins recovery
percentage after solid extraction of lesser mealworm protein powder (GI) and lesser
mealworm protein isolate (PI) at different pH values.
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6.1.2 Solids Recovery at Different Initial Solids Content
A solid extraction was performed using suspensions of both; lesser mealworm
protein powder suspension (GI) and lesser mealworm protein isolate suspension
(PI). The extraction was performed at three different initial solid contents (10%, 15%
and 20%), with a pH adjustment from 11 to 7 (refer to methods of preliminary
experiments). The solids recovery was calculated dividing the grams of solids
remaining after drying the sample by the grams of suspension that was dried
overnight. The graphic of the solids recovery of all samples is shown at Figure 4, as
it is indicated light green bars correspond to GI and dark green bars to PI. The results
have a clear trend, a positive correlation between the initial solid content and solids
recovery, however, the increase in solids recovery is not proportional. The lowest
solids recovery (3.37%) was obtained from GI at 10% initial solids content, while the
highest value (6.26%) was obtained from GI at 20% initial solids content. As it can
be observed the standard deviation bar of PI at 20% initial solid content is large, this
can be explained by experimental errors, as suspension at this solid concentration
and with the set pH conditions was too thick and hard to manipulate, therefore it was
easy that this type of errors occurred. Watanabe et., al (2005) stated that in order to
make tofu, the best water to bean ratio is 10:1, resulting in a soymilk with 6 to 6.3%
solids and 3% proteins, however, a range between 3 and 5% proteins is appropriate
to make different kinds of tofu (Sam K.C Chang, 2005). As tofu process involves
coagulation of soymilk proteins, and in this study coagulation of lesser mealworm is
explored, tofu was used as a reference. GI and PI have a protein content of 58%
and 87% respectively (refer to appendix 1, Table 1 and 2). Therefore, only with the
20 % initial solid content suspension; a solid concentration around 6% and a protein
concentration around 3% can be reached, hence it was decided to use this
suspension for the preparation of the mother solutions of further experiments.
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Figure 4. Solids recovery at different initial solids content.
The graphic shows solids recovery percentage after solid extraction of lesser mealworm
protein powder (GI) and lesser mealworm protein isolate (PI) at different initial solids
content.

6.2 Main Experiments
6.2.1 Coagulation of Mother Solution
After obtaining the mother solutions from the two different powders; lesser mealworm
protein powder (GI) and lesser mealworm protein isolate powder (PI), their protein
content was measured using BCA. For GI a proteint content of 5.43% was
measured, while the protein content for PI was 7.24% (Table 1). The objective of this
experiment was to observe if lesser mealworm proteins from the different mother
solutions could coagulate, therefore the protein content of both solutions was not
standarized and coagulation protocol was performed without any dilutions of the
mother solutions. After the coagulation procedure, the yield was calculated dividing
the grams of coagulum obtained by the grams of the mother solution coagulated
(Equation 1). Figure 5 shows the graphic of the yield of all the samples. It can be
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observed that the yield of coagulation of GI (light green bars) is lower than yield from
PI (dark green bars) and that there is no clear trend for none of the mother solutions.
Results are not consistent with the ones found at literature from tofu. Sun and Breene
(1991) found a negative correlation between CaCl2 concentration and yield of tofu.
The inconsistency of the results with the ones from studies of tofu can be explained
by the differences in protein composition as soybean protein originates from a
vegetable source and lesser mealworm proteins are from an animal source,
however, more experiments were performed in order to find some possible
explanations. It is also needed to mention that in the case of samples treated with
lower CaCl2 concentrations (0mM to 10mM) not all the supernatant was discarded.
After centrifugation, separation of two layers was observed, however, when the
coagulum was recovered it was difficult to do it without recovering part of the
supernantant due to the softeness of the coagulum. This error caused some yield
increase in those samples.
It can also be seen that highest yield of GI (28.77%) obtained from the sample
without CaCl2 addition, is lower than the maximum yield obtained by PI (41.56%),
which value corresponds to the sample treated at a CaCl2 concentration of 80mM.
The yield differences between both mother solutions can be attributed to the
difference in protein content. Skurray, Cunich and Carter (1980) stated that yield is
affected by several factors such as processing methods and starting material.
In this case the processing method was the same for both raw materials (GI and
PI), however, they had different treatments from their process company which can
also contributed to the yield differences. GI powder is obtained by blanching larvae
of Alphitobius diaperinus reaching 85ºC during this process and subsequently was
lyophilized. On the other hand, PI powder is obtained by a solvent extraction process
followed by a lyophilisation. In the first case (GI) some of the proteins are denatured
during the heat treatment, while for PI proteins are in their native form, which can
also explain the variations in yield within the two mother solutions.

22

In order to determine which factor was responsible of these variations within the
mother solutions some other experiments needed to be performed, nevertheless, it
was decided to discard PI and continue the rest of the study just with GI. There are
two main reasons behind this decision, the first one is that there is no large difference
between yield of PI samples treated at different CaCl2 concentration, with the
exception of sample treated at 30mM. One of the main objectives of this research
was to study the influence of CaCl2 concentration in coagulation of lesser mealworm
proteins, and with PI no many differences were observed, therefore, its suitability for
the purpose of the study was questioned. The second reason was that some health
problems were observed and related to the use and exposure to this lesser
mealworm protein isolate powder, including irritation of respiratory tract and allergy
symptoms at skin and eyes, therefore, PI was excluded from this study.
Table 1. Protein content of mother solutions

Mother solution

Protein content

Protein powder

5.43

Protein isolate powder

7.24
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Figure 5. Cogulation of mother solution form Lesser MealWorm proteins.
The graphic represents the yield % of cogulation procedure from the two different mother
solutions. At 5.43 % for GI and 7.24 % for PI.

6.2.2 Coagulation of Mother Solutions
at Different Protein Concentrations
Coagulation protocol was performed at GI mother solution at 3%, 4% and 5% protein
content (refer to coagulation of mother solution a different protein contents). The
objective of this experiment was to observe coagulation behavior of lesser mealworm
protein powder (GI) at different protein concentrations that were between the range
of protein content of soymilk for tofu elaboration (3-5%) (Sam K.C Chang, 2005).
After coagulums were obtained, the yield was calculated. Yield was calculated
dividing the grams of coagulum obtained by the grams of the mother solution to be
coagulated (Equation 1). Figure 6 shows the graphic of the yield of all the samples.
A positive correlation between yield and a protein concentration can be observed.
Samples containing 5% protein (lighter green bars) resulted in the highest yield with
a minimum value of 19.61 % at a CaCl2 concentration of 5mM and a maximum yield

24

of 33.28 % at a CaCl2 concentration of 200mM. On the other hand, samples
containing 3% protein (darker green bars) resulted in the lower yield with a minimum
value of 11.44 % at a CaCl2 concentration of 5mM and a maximum yield of 17.29 %
at a CaCl2 concentration of 200mM. This results coincided with the ones from Wang
and Cavins (1989) and de Man et. Al (1987), where a positive correlation was found
between protein content and yield of tofu, where Wang reported an average of 52.2%
of solids from the original soybeans.
It can also be seen that when excluding the samples that were not treated with CaCl2
(0mM), yield increases as CaCl2 concentration increases, this observation is not
consistent with results found at literature from tofu. In tofu making yield increases as
CaCl2 is added, however when a threshold is reached, yield starts decreasing and
that is why according to Sun and Breene (1991) a negative correlation was found
between CaCl2 concentration and yield. Differences can be attributed to the different
protein composition between soymilk and lesser mealworm mother solutions,
however, more experiments need to be performed to explain the results obtained
from this experiment. On the other hand, a possible explanation for the higher yield
when CaCl2 was not added compared to yield at a CaCl2 concentration of 5mM is
that when no coagulant was added the gel was not firm and entrapped more water
resulting in higher yield. From Figure 7 it can be observed that tube 1, which
corresponds to the coagulum obtained at no CaCl2 addition looks less firm than the
coagulums obtained when CaCl2 was added (tubes 2-7).At lower CaCl2
concentrations, bridging of protein molecules is not sufficient to form firm gels,
however, at higher concentrations, the bridging increases resulting in compaction of
protein matrix, which causes syneresis, and loss of whey protein and other solubles
resulting in lower yields (Sun and Breene, 1991).
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Figure 6. Coagulation of mother solution from lesser mealworm protein powder.
The graphic represents the yield % of coagulation procedure at different protein contents
(3-5%).

Figure 7. Coagulation of mother solution from lesser mealworm
protein powder at 5% protein content. The figure shows coagulums
obtained at different CaCl2 concentrations.
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By obtaining these results, it was clear that the set conditions and the coagulation
protocol were appropriate for protein denaturation, agglomeration and induction of
protein coagulation, therefore, it was decided to determine rheological properties of
the mother solutions using CaCl2 at different concentrations performing an
oscillatory strain test. Nevertheless, while performing the experiment it was found
that the coagulum formed during the test was heterogeneous. As a consequence, it
was not possible to continue with the test as the equipment needs the coagulum to
be homogenous in order to detect and measure the right values. When CaCl2
concentration is too high, too many cross linkages are formed, resulting in a porous
and compact structure, which tend to be less homogenous and uniform than when
low CaCl2 concentration are used (Kao, Su and Lee, 2003). However, the oscillatory
strain test was performed at 5mM, 30mM and 200mM and with any of the samples
was possible to form a coagulum, therefore, further experiment need to be performed
to explain why the formation of a coagulum under the experiment conditions was not
possible.
After this finding, the technofunctional properties of lesser mealworm protein powder,
in specific its capability to form gels, started to be questioned. Kreca, the supplier
company gives the larvae a blanching treatment before lyophilisation and turning
them into protein powder. In case of soybean proteins, blanching denatures and
limits its solubility (Rekha and Vijayalaksmi, 2011). In this case, solubilisation was
not consider as a problem because at this stage only soluble proteins were used,
therefor the lack of coagulation was attributed to proein denaturation during
blanching process. Once proteins are denatured they can coagulate easily, and this
could be the explanation why samples were not coagulating in the oscillatory strain
test. To answer if blanching treatment affected the gelification/coagulation of lesser
mealworm protein powder, a simple test was performed. Mother solution of lesser
mealworm protein powder and mother solution of frozen lesser mealworm were
prepared at 20% of solids (refer to preparation on mother solutions) and exposed to
heat (95ºC during 30 minutes). It was observed that the mother solution from frozen
lesser mealworm formed a gel, that when turned upside down remained at the tube.
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On the other hand, mother solution from frozen lesser mealworm did not formed a
gel, and only agglomeration was observed. For this reason, it was decided to
continue with this study using both mother solutions, the right conditions for the
experiments were set and the coagulums further obtained were evaluated and
compared.

6.2.3 Coagulation of Mother Solution of Frozen Lesser
Mealworm at Different Protein Concentrations Trial
It was suspected that lesser mealworm protein powder lost its technofunctional
properties, therefore, it was decided to perform coagulation protocol using frozen
lesser mealworm mother solutions. However, due to the coagulation of frozen lesser
mealworm mother solutions (refer to above experiment) during heating step it was
needed to found which was the maximum protein content that the samples could
have without coagulating in the heating step, otherwise the protocol needed to be
interrupted before CaCl2 addition. Samples were prepared using 1% to 5% of protein
content (refer to protocol of this experiment in section 5.3.4), and results can be seen
in Figure 8. As it can be seen from the picture only 4 beakers are positioned. The
reason is that the sample of 1% protein content was too liquid and when it was turned
upside down it was lost, nevertheless, for this reason was immediately discarded. It
can also be observed that samples at 4% and 5% protein completely coagulated,
therefore these protein concentrations were also discarded. Finally, both 2% and 3%
could be suitable for coagulation protocol. Due to the fact that the range of protein
content for soymilk coagulation is from 3-5%, and that coagulation at 3% protein
content was already tried for the other mother solution, it was decided to continue
the study using 3% protein content for both mother solutions.
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Figure 8. Coagulation of mother solutions from frozen lesser
mealworm mother solutions at different protein concentrations.

6.2.4 pH changes
During coagulation of lesser mealworm pH was measured twice in order to compare
the values and see if pH changed after the addition of the coagulant agent (CaCl2).
In Figure 9 can be observed that pH changes after CaCl2 addition. The pH value
decreases as CaCl2 concentration increases. Before CaCl2 addition all the samples
had a pH value of 7, however, after the addition of the coagulant agent and the
coagulation of the proteins, the pH of the supernatant went from 7 to 5.83 at the
highest CaCl2 concentration (200mM), and remain at 7 when no CaCl2 was added,
which suggest that the change in pH was caused by the addition of the coagulant
and that this pH variation increases as the CaCl2 concentration increases. This is
consistent with the results obtained from soy protein coagulation studies. According
to Saio et al., (1969) a decrease of pH is observed when CaCl2 is combined with
soymilk.
Ono, Katho and Mothizuki (1993) explained the pH decreases as a result of the
presence of phytic acid in soybeans, which reacts after calcium salts are added and
causes a drop in pH. Once calcium is added, phytate-calcium salts are formed, this
salts formation liberates hydrogen ions, that are originally bound to the phosphate
groups in phytate, but after calcium addition and bound to the phytates are released,
causing a pH drop (Chang, K.C., 2005). O.T et al., (2012) reported that some
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antinutrients such as oxalates, tannins and phyates are sometimes present in edible
insects, which could be an explanation for the pH decrease in lesser mealworm
protein solutions after the CaCl2 addition.
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Figure 9. Changes in pH after addition of CaCl2.
The figure shows how pHchanges as CaCl2 concentration increases.

One of the research questions was to study if the addition of a coagulant agent
affected the pH of the solution. From the obtained results, it can be concluded that
the addition of CaCl2 affects the pH of the insect protein solutions. Once this was
clear it was also of interest to investigate if coagulation occured as a result of pH
drop or if the pH dropped because of proteins coagulation. In order to investigate
this, it was necessary to make the pH of the mother solutions stable and carry out
the coagulation procedure to observe if proteins still coagulated even when the pH
remained at 7. The chosen buffer to set pH at 7 was phosphate buffer at a
concentration of 100mM, however, as it can be seen in Figure 10, this buffer was
not able to keep pH at 7. The pH of the supernatant went from 7 to 5.07 at the highest
CaCl2 concentration (200mM).
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After realizing that this buffer did not exert its function a trial with two other buffers
was performed. The two new buffers were Hepes and Bis-Tris, and solutions of both
of them were prepared at their maximum solubilities. For Hepes a molarity of 1.67M
was reached and for Bis-Tris a molarity of 2.389M was reached. Table 1 shows the
results of this trial and it can be seen that pH continues dropping. When using buffer
Bis-Tris the best results were obtained as pH juts decreased from 6.9 to 6.27 at
CaCl2 maximum concentration (200mM).
When Ono, Katho and Mothizuki (1993) studied the influence of calcium in protein
solubility, Bis-tris buffer was used and the pHs of the solutions changed slightly after
calcium was added, therefore, this effect of a buffer not being able exert its function
also happened in tofu before. In order to investigate the influence of pH in
coagulation it was required that pH remained without changes. However, none of the
tested buffers was suitable for this purpose and due to time constraints, it was
decided that the study was going to continue without using a buffer.
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Figure 10. Changes in pH after addition of CaCl2.
The figure shows how pH changes as CaCl2 concentration increases when
phosphate buffer was used.
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Table 1. Trial for Hepes and Bis-Tris Buffers at different Calcium concentrations.

BUFFER

pH before CaCl2
addition

pH after CaCl2
addition

CaCl2
concentration

Hepes

6.86

6.05

30

Hepes

6.86

5.77

80

Hepes

6.86

5.33

200

Bis-Tris

6.9

6.9

30

Bis-Tris

6.9

6.70

80

Bis-Tris

6.9

6.27

200

6.2.5 Coagulation of Mother Solution
of Lesser Mealworm Protein
After conducting the coagulation protocol of the two mother solutions at 3% protein
content (lesser mealworm protein powder and frozen lesser mealworms), their yield
was calculated. The yield was calculated dividing the grams of coagulum obtained
by the grams of the mother solution coagulated (Equation 1). Figure 11 shows the
graphic of the yield of all the samples. It can be observed that the yield of coagulation
of the mother solutions from lesser mealworm protein powder (light green bars) is
approximately four times lower than the yield of the mother solution from frozen
lesser mealworms (dark green bars). The maximum yield obtained for insect powder
solution was 13.92% and corresponds to the sample treated at a CaCl2 concentration
of 200mM. On the other hand, the maximum yield obtained for frozen lesser
mealworm solution was 58.7% and corresponds to the sample treated at a CaCl2
concentration of 50mM. For the insect powder solution, a trend can be described, as
CaCl2 concentration increases, yield increases. Nevertheless, in the frozen
mealworm solutions this trend is not found.
As it was already mentioned lesser mealworm protein powder received a heat
pretreatment, it is possible that with this treatment proteins already agglomerate and
even coagulate before preparing the mother solution for this study, loosing their

32

functionality. This can explain the differences in yield when comparing the two
different mother solutions. As the frozen mealworms used for the other mother
solutions did not receive a heat pretreatment, proteins were still in their native form
and could be denatured, causing agglomeration and coagulation. On the contrary in
the protein powder, that received a heat treatment proteins were possibly already
denatured, affecting the coagulum formation and therefore the yield of the process.
According to Ono, Katho and Mothizuki (1993) particulate proteins precipitate at
lower calcium concentration than soluble proteins, with this statement can be
explained why the samples with no CaCl2 addition of protein powder solution
coagulated and the sample at this same condition from the frozen insect solution did
not form a coagulum. The samples from protein powder mother solution contained
particle proteins as a result of protein aggregation caused by heat pretreatment
(blanching step). These proteins coagulate easier, therefore, coagulum may be
formed without calcium presence, and probably that is why a coagulum was obtained
at 0mM CaCl2 concentration with this mother solution.
As it can be observed in Figure 13, the coagulums obtained from protein powder
mother solution seems more like a sediment and has a lower moisture content (see
water content results). Cai and Chang (1998) argued that the higher the moisture
content, the higher the yield of tofu, with this observation can also be explained why
yield is 4 times lower for protein powder samples, as it moisture content was also
much lower (see water content results). As it was mentioned before, in the samples
from insect protein powder mother solutions a trend can be found, as CaCl2
concentration increases, yield increases. This contradicts the results from Sun and
Breene (1991) in tofu samples, where a negative correlation was found between
CaCl2 concentration and yield, the contradiction can be attributed to the damage in
technofunctional properties of the protein powder as a consequence of the heat
treatment it received from the process company.
When using this frozen lesser mealworm mother solution, a coagulum was not
obtained without CaCl2 addition. It can also be observed that the yield increases until
CaCl2 concentration reaches 50mM, however, as CaCl2 concentration continues
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increasing, yield starts decreasing reaching a value of 51.91% when CaCl2
concentration was 200mM, which is just slightly higher than the yield obtained
(51.81%) when CaCl2 concentration was 5mM. DeMan, J.M; de Man, L; and Gupta,
S, (1986) reported that with an increase in coagulant agent concentration, the
moisture content in tofu decreases.
As coagulant concentration increases, the structure of tofu becomes porous, which
separates more whey and facilitates water syneresis, therefore, moisture in tofu
decreases (DeMan, J.M; de Man, L; and Gupta, S., 1986). This can be an
explanation for the fact that after certain CaCl2 concentration (50mM), yield
decreases in the samples of frozen lesser mealworm mother solution. It can be
hypothesized that first CaCl2 contributed to the formation of the coagulum matrix,
until reaching a point, with a CaCl2 concentration of 50mM, where the microstructure
of the coagulum could be more porous, which, decreasing the capability of retaining
water. Ass measured in our experiments, the coagulums were smaller (also visual
observation from picture) and, therefore, when calculating the yield %, the values
were also smaller for those samples coagulated at high CaCl2 concentration (above
50mM), due to water lost. Cai and Chang (1998) correlated high moisture content
with higher tofu yield, this correlation, together with Deman et al, findings support
why samples coagulated with lower CaCl2 concentration (below 50mM), and which
contain a higher water content (see water content results), also present higher yield
% values.
In his study, Obatolu (2007) observed that tofu with higher moisture content
appeared to be smoother than tofu with lower moisture content, which had a coarser
texture when examined visually. These outcomes are also consistent with the results
obtained in this experiment, where coagulums obtained at CaCl2 concentration of
5mM, 10 mM, 30mM and 50mM, which at the same time are higher in water content
(see water content results and Figure 12), also appeared to be smoother than the
coagulums obtained at CaCl2 concentration of 80mM and 200mM, which had lower
moisture (see water content results and Figure 12). Yield is affected by several
factors including processing methods and starting material (Skurray, Cunich and
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Carter, 1980), however, because the processing method was the same for all the
samples of each mother solution, the differences in yield within the same mother
solution and different CaCl2 concentrations can be attributed to the coagulant agent
concentration as it was the only variable. One reason for this is that CaCl2 addition
affected pH of the solutions (see pH graphic, Figure 10), and pH at the same time
may affect protein precipitation which is reflected in the yield of coagulation process.
On the other hand, the differences in yield within different mother solutions can be
attributed both to the starting raw material and to the difference in CaCl2
concentrations.
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Figure 11. Coagulation of mother solution from lesser mealworm proteins. The graphic
represents the yield % of coagulation procedure for the different mother solutions at 3%
protein content.
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Figure 12. Moisture of mother solution from lesser mealworm proteins.
The graphic represents the mosture content of the coagulation procedure for the different
mother solutions at 3% protein content.

Figure 13. Coagulation of mother solution from lesser mealworm
protein powder 3% protein content.
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Figure 14. Coagulation of mother solution from frozen lesser
mealworm at 3% protein content.

6.2.6 Solid Content
After coagulums were obtained, the supernatants (whey) were analysed for their
solid content. Figure 15 shows the solid content present in the whey of all the
samples. As it can be seen, solid content was higher in samples from lesser
mealworm protein powder (light green bars) than in samples from frozen lesser
mealworms (dark green bars). The highest solid content (4.36%) was obtained from
mother solution of lesser mealworm protein powder using a CaCl2 concentration of
200mM, and the lowest solid content for this mother solution was 3.19%, reported at
a CaCl2 concentration of 30mM. For the mother solution from frozen lesser
mealworms, the highest value was 3.14% corresponding to a CaCl2 concentration
of 200mM and the lowest value 1.32% from 5Mm CaCl2 concentration. It can also
be observed that there is no clear trend for the samples from lesser mealworm
protein powder.
On the other hand, there is a clear trend from the samples of the mother solution
from frozen lesser mealworms; a positive correlation between CaCl2 concentration
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and solid content in whey. This trend contradicts the results obtained by DeMan, J.M;
de Man, L; and Gupta, S., (1986), where a general trend towards the decrease in
solids in the whey was found with an increase in coagulant concentration. However,
the results obtained in this study can be explained as a consequence of a decrease
of soluble proteins and other low molecular weight molecules in the coagulums as
CaCl2 concentration increases. Kao, Su and Lee (2003) explains that as
CaCl2 concentration increases, the bridging between protein molecules and calcium
increases, which compacts coagulum matrix increasing syneresis and loss of whey
protein and other solubles in tofu. Sun and Breene (1991) had also reported an
increase in syneresis and loss of whey from the curd as more bonding occurs making
the protein matrix denser when CaSO4 content increases. These results are
sufficient to attribute the increase in solids content in the whey to the loss of soluble
molecules and low molecular weight proteins (non aggregated proteins) from the
coagulum due to matrix tightening as a result of CaCl2 increase.
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Figure 15. Solid content in whey.
The graphic represents solid content % of whey after coagulation procedure for the
different mother solutions at 3% protein content.

6.2.7 Coagulated Protein
Once the coagulums were obtained by the coagulation protocol of the two mother
solutions at 3% protein content (lesser mealworm protein powder and frozen lesser
mealworms), the percentage of coagulated proteins was calculated using Equation
2. Figure 16 shows the graphic of the percentage of proteins that coagulated in each
sample. It can be observed that coagulation percentage for all the samples was
above 97.5% of proteins coagulated, and that the percentage of coagulation was
lower for the samples from the mother solutions of lesser mealworm protein powder
(light green bars) than for the samples from the mother solution of frozen lesser
mealworms (dark bars). The lowest value was 97.73% of coagulated proteins, and
correspond to the sample of lesser mealworm protein powder mother solution using
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a CaCl2 concentration of 30mM, on the other hand the highest value was 99.57% of
coagulated proteins and correspond to the sample of frozen lesser mealworm
mother solution using a CaCl2 concentration of 5mM. This means that almost all the
protein contained in both mother solutions incorporated in the formed coagulums
and suggested that conditions of heat treatment are adequate to coagulate
successfully insect’s proteins. This coagulation percentage is higher than the one
obtained by Wang in her experiments, where 90.2% of the protein contained in
soymilk incorporated into tofu (Wang and Cavins, 1989). It can also be noted that
the bar for fresh insect at 0mM of CaCl2 is missing and the reason is that no
coagulum was obtained. For the protein powder mother solution, no clear trend can
be observed, however, for the frozen lesser mealworm mother solution there is a
trend; a negative correlation is found between CaCl2 concentration and the
percentage of protein coagulation. This results are consistent with the ones obtained
by Sun and Breene (1991), where this same negative correlation was found between
yield and protein percentage in tofu. The protein percentage in tofu decreased as
the coagulant concentration increased. As it was already mentioned when coagulant
agent concentration increases, also syneresis increases. A possible explanation for
the decrease in protein content in the coagulum (coagulation percentage) when
CaCl2 concentration increases, is that syneresis results in loss of soluble protein
along with water (Sun and Breene,1991), therefore, there is a slightly decrease in
coagulation percentage of the samples with the higher CaCl2 concentration
compared to the samples of lower CaCl2 concentration in frozen lesser mealworm
mother solutions coagulums.
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Figure 16. Protein content in coagulum. The graphic represents protein content % of
coagulum obtained after coagulation procedure for the different mother solutions at 3%
protein content.

6.2.8 Water Binding Capacity
After coagulating the two mother solutions at 3% protein content (lesser mealworm
protein powder and frozen lesser mealworms), and obtained the values of the
moisture and protein content of all the samples, the water binding capacity was
calculated (WBC). It was calculated dividing the grams of water in the coagulum
divided by the grams of protein in the coagulum (Equation 3). Figure 17 shows the
graphic of the water binding capacity of all the samples. It can be observed that the
WBC of the coagulums obtained from lesser mealworm protein powder mother
solutions (light green bars) is around four times lower than the WBC of the
coagulums obtained from frozen lesser mealworms mother solution (blue bars). The
maximum WBC obtained for insect powder solution was 4.07 and corresponds to
the sample treated at a CaCl2 concentration of 200mM. In other words, one gram of
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proteins from dry insect powder can bind 4.07 grams of water in the coagulum. On
the other hand, the maximum WBC obtained for frozen lesser mealworm solution
was 18.53 and corresponds to the sample treated at a CaCl2 concentration of 50mM.
For the coagulums from insect powder mother solution a trend can be observed, as
CaCl2 concentration increases, WBC increases. However, this trend is not observed
in the coagulums obtained from frozen lesser mealworm mother solution. For these
samples, no coagulum/precipitate was found formed without CaCl2 addition and it
can be observed that first WBC increases until CaCl2 concentration reaches 50mM,
however, as CaCl2 concentration continues increasing, WBC starts decreasing
reaching a value of 16.11 when CaCl2 concentration was 200mM, which is slightly
lower than the WBC (16.55) obtained when CaCl2 concentration was 5mM. When
comparing the graphic of WBC (Figure 17) with the graphic of coagulation of mother
solution from lesser mealworm proteins (Figure 11) it can be noticed that the trends
of yield in each mother solutions and the corresponding coagulum WBC are very
similar.
According to Cai and Chang (1998) yield and moisture content are positively
correlated, as WBC at the same time is related to moisture content, it is expected
that graphics show similar trends. In tofu when the coagulant agent concentration
increases, its porosity also increases, therefore, syneresis occurs and the moisture
content of the coagulum decreases. As more Calcium-bonding occurs, the protein
matrix becomes denser and more packed expelling whey and water (Sun and
Breene,1991), which can explain why at certain CaCl2 concentration (above 50mM)
WBC decreases in the coagulum from frozen lesser mealworm mother solution.
(DeMan, J.M; de Man, L; and Gupta, S., (1986). argument that the denser and
compact the structure of the coagulum is, the less WBC it has. Coagulum structure
compacts due to calcium-protein bridges and hydrogen bonds (Cai and Chang,
1998), as CaCl2 concentration increases, the more calcium is available to form
calcium-protein bridges. As it can be seen in Figure13 and Figure14, the structure
of the coagulums obtained from lesser mealworm protein powder mother solution is
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more compact than those coagulums obtained from the other mother solution, which
can justify why their WHC is lower.
This same argument can support the result that WHC of coagulums from frozen
lesser mealworm mother solution decreases at the highest CaCl2 concentration (80
mM and 200mM). Coagulums obtained at this CaCl2 concentrations were tighter
than those obtained at CaCl2 concentration below 80mM (Figure 17), and therefore,
their WHC is lower.
All of these variations in the WBC of the different samples are consistent with
literature. Hardness of coagulum and WBC are affected by coagulant concentration
and type of anion (Li Tay, Yao Tan and Perera, 2006; Sun and Breene, 1991). As
coagulant concentration varies in all the samples it is expected that WBC presents
some variation as well.
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Water Binding Capacity
G OF H20 /G OF PROTEIN IN COAGULUM

25

20
18.37
16.55

15

18.53

17.11

18.00
16.12

10

5
2.34

3.20

3.19

3.24

3.03

3.59

4.07

0
0mM

5mM

10mM
Insect Powder

30mM

50mM

80mM

200mM

Fresh insect

Figure 17. Water binding capacity of the coagulums obtained from protein powder
lesser mealworm mother solution and frozen insect mother solution at 3 % protein
content.

6.2.9 SDS-PAGE
The SDS-PAGE shows a range of protein bands of the mother solutions and the
supernatants after lesser mealworm protein coagulated by adding CaCl2 at
concentrations of 30mM and 200mM (Figure 18). The marker was located at the first
position and ranges from 9kDa to 170kDa. The second and third wells contained the
mother solution out of lesser mealworm protein powder and the mother solution out
of the frozen mealworm respectively, both of them diluted 50 times. Fourth and fifth
positions show the bands of the mother solution out of lesser mealworm protein
powder and the mother solution out of the frozen mealworm respectively, both of
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them diluted 20 times. The last four positions show the bands of the supernatants;
sixth and seventh protein powder and frozen mealworm supernatants when CaCl2
at a 30mM was added and eight and ninth protein powder and frozen mealworm
supernatants when CaCl2 at a 200mM was added.
In Figure 18 can be noticed that proteins with a molecular weight of 93KDa, 70KDa,
41KDa, 9KDa and a group of proteins between 30 and 22KDa are constantly present
in all the samples. It can also be observed that the groups of proteins from the mother
solutions of protein powder (positions 2 and 4) and the mother solutions of frozen
insects (positions 3 and 5) present some differences. Mother solution of protein
powder clearly presents a wider variety in its proteins raging from 170KDa to 9KDa
than those present in mother solution of frozen insect that range from 93KDa to
9KDa. The samples of mother solution of protein powder contain proteins of higher
molecular weight than those samples of the mother solutions from frozen
mealworms. This can probably be due to the heat pretreatment that the protein
powder received from the process company before being purchased by the
university. According to Ono et al (1991) protein particles are formed by aggregation
of proteins subunits during heating of soy protein. As lesser mealworm protein
powder was treated with heat it is possible that protein aggregation and the formation
of protein particles occurred before the samples were prepared for this study. The
molecular weight of protein particles (aggregated proteins) is larger than the size of
soluble proteins (Ono et al, 1991). Following this theory, the mother solution from
lesser mealworm protein powder should contained bigger size of proteins than those
found at the mother solution from frozen lesser mealworm. This can explain why
bands of higher molecular weight were detected in positions 2 and 4 and not in
positions 3 and 5. Another explanation for the differences in protein composition
between the samples from the two mother solution is that different proteins were
extracted due to variations during mother solutions preparation. Mother solution of
protein powder was obtained by raising pH to 11 and then adjusting it back to 7,
while the pH pf mother solution from frozen insect was just adjusted to 7 (refer to
methods of main experiments, section 5.3.1). It is possible that the increase of pH at
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11 allowed the extraction of proteins with higher molecular weight, which can be
seen in bands 2 and 4.
Furthermore, when comparing the samples containing the supernatants obtained at
30mM CaCl2 concentration (position 6 and 7) can be seen that the supernatant of
protein powder has high intensity bands in proteins that range from 30KDa to 9KDa
suggesting that proteins of low molecular weight are abundant in the sample. On the
other hand, in the supernatant of frozen mealworm all the higher molecular weight
proteins (170KDa to 41KDa) are still present, while most of the low molecular weight
(below 22KDa) are no longer present. This means that the previous treatment of the
proteins affect the coagulation behavior, and different proteins of different sizes are
present on the coagulums depending on the pretreatments of the mother solutions
and the origin of the raw material.
Finally, when observing the last two positions (8 and 9) it is clear that most of low
molecular weight proteins are not present anymore, implying that proteins of low
molecular weight tend to coagulate faster than those of higher molecular weight. In
the case of the supernatant of frozen mealworm also some proteins of higher
molecular weight (170 and 53KDa) coagulate, which can probably be explained by
the increase in CaCl2 concentration. This observation can be explained by a soymilk
protein coagulation model proposed based on Kohyama studies. The model
suggests that after Ca2+ addition, the small negatively charged molecules present in
soymilk are neutralized and once they are neutral, Ca2+ induce coagulation of soluble
proteins that start to aggregate and form protein particles. At the same time these
particles continue aggregating to each other and incorporating lipids and larger
protein particles until a gel matrix is formed (Peng, Ren and Guo, 2016). This model
can justify the fact that proteins of small molecular weight are not present in positions
6 and 7 (because they already coagulated), and as CaCl2 increased, which means
that more Ca2+ were available, also proteins of higher molecular weight disappeared
from the SDS-PAGE (positions 8 and 9) suggesting that these proteins also
coagulated at higher CaCl2 concentration.
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Figure 18. SDS-PAGE of mother solutions and coaguluma at 30mM and 200mM of
CaCl2 concentration. Band number 1 corresponds to the marker, bands 2 and 3 correspond
to the mother solution out of lesser mealworm protein powder and the mother solution out
of the frozen mealworm, diluted 50 times. Bands 4 and 5 correspond to mother solution out
of lesser mealworm protein powder and the mother solution out of the frozen mealworm
diluted 20 times. Bands 6 and 7 correspond to the supernatants of protein powder and frozen
mealworm when 30Mm of CaCl2 were added. Finally, bands 8 and 9 correspond to protein
powder and frozen mealworm supernatants when CaCl2 at 200mM was added.
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7. Conclusion & Recomendations
In this research was found that lesser mealworm protein solutions coagulate by
CaCl2 addition and that the coagulums obtained from different raw materials have
some variations. The study showed that following a protocol similar to the one used
for coagulation of soybean protein is suitable for coagulating insect protein.
For solids extraction, it was found that the lowest solid recovery is obtained around
pH of 5, while the highest recovery is obtained at pH of 11. In addition, the strategy
of raising pH to 11 and decreasing it again to 7 seem to increase the solid recovery
at an acceptable pH value for a food product. It was also observed that there is a
negative correlation between CaCl2 addition and yield and it was attributed to
coagulum tightness due to syneresis. Yield was much lower for protein solutions
from the protein powder than from the ones of frozen insect.
The coagulated protein was always higher than 97.5% in all the samples,
nevertheless, the coagulums obtained from different raw materials looked
completely different, and these differences were attributed to the loss of
technofunctional proteins due to a heat treatment of one of the raw materials. It was
found that pH is affected by CaCl2 addition and its concentration, however, the
research question about pH and coagulation was not answered. Therefore, it is
recommended to set pH at 7 with a buffer and evaluate coagulation process, the
coagulums obtained and compare them with the ones obtained without a fixed pH.
In addition, it was observed that CaCl2 concentration plays an important role in the
characteristics of the coagulums. Nevertheless, it is necessary to perform further
experiments to understand clearly how CaCl2 concentration affects coagulum
formation and coagulum properties. It is known that lipids play and important role in
coagulation, therefore, is suggested to pay attention in lipids; if they are present in
the coagulum and how CaCl2 concentration affects its presence and incorporation.
Finally, rheology tests are necessary to observe the differences in coagulation at
different CaCl2 concentration and to find which conditions are better to obtain
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coagulums with better characteristics that make them suitable for the development
of a food product rich in protein that can be used as a meat replacer.
Finally, as a continuation of this research project is suggested to find an appropriate
buffer in order to set the suspensions at a neutral pH and compare the results
with the ones obtained from the experiments previous done. All of this with
the objective to answer the question if pH has an influence in the coagulum
formation. Another important factor to study is the role of lipids in the
coagulum formed, therefore, is also suggested to design some experiments
that allow to investigate the influence that the presence of lipids has during
the formation of the coagulum and the type of coagulum obtained.
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9. Apendix
BCA Calibration curve
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Figure 1. Calibration curve. Calibration curve obtained using BCA protocol.
Table 1. Nutritional composition of lesser mealworm protein powder

Composition

Percentage (%)

Protein

58.6

Fat

24.7

Saturated fat
Mono-Unsaturated fat
Poly-unsaturated

8
9.5
7

Carbohydrates

6.7

Fiber

5.2

Salt

.36

Others

4.44
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Table 2. Nutritional composition of lesser mealworm protein isolate powder

Composition

Percentage (%)

Protein

85.9

Fat

2.1

Fiber

10

Others

2
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