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Characterization of Mealworm (7enebrio molitor) Extract Using Sub- and

Supercritical Fluids

Sol-Ji Chae

Department of Food Science and Technology, The Graduate School, Pukyong National

University

Abstract

Tenebrio molitor is known as a yellow mealworm or mealworm. It is mass-cultured
worldwide as a pet insect and is used for food or feed purposes. The mealworm has a high
content of fat and protein, and the fat is composed of high amounts of unsaturated fatty
acids, e.g., oleic acid (C18:1) and linoleic acid (C18:2) which make it potential to use
widely in the food industry. The lipids and proteins are usually extracted by organic
solvents or other physical methods which are hazardous for the consumers and the
environment. So, at present there is attention for the safe and environmentally friendly
process. In this regard, supercritical carbon dioxide (SC-CO2) and subcritical water
hydrolysis processes are considered to be a preferable method to extract the lipid and
hydrolysis of protein of deoiled mealworm residue. This study was aimed to optimize the
SC-CO2 extraction parameters of lipids from meal worm ranging temperature 40~50°C
and pressure 15~30 MPa. The extraction yield and a number of physicochemical and
stability parameters of extracted oil at different SC-CO2 conditions were compared with

organic solvent extracted oil. In SC-CO2 extraction, the extraction yield was found

iX



maximum at 45°C and 25 MPa pressure. The oxidation stability of oil was evaluated by
acid value, peroxide value, p-anisidine value and free fatty acid value. The stability of lipid
extracted by SC-CO2 was higher than that of organic solvent extracted lipid. Among the
various lipid extraction conditions, lipid stability was found to be the highest at 45°C and
250 bar. The SC-CO2 extraction is capable to extract only nonpolar lipids and co-solvents
like ethanol can be added to extract amphiphilic compounds like phospholipids. The
phospholipids contained in the extracted oil were analyzed by Stewart (1980). The de-oiled
mealworm powder was hydrolysed by using sub-critical water and the properties of the
hydrolysate was evaluated. The hydrolysis was performed at conditions of temperature 150
to 225°C, pressure 3 MPa, stirring speed of 200 rpm. The protein content, sugar content,
antioxidant ability, water soluble protein content and reducing sugar content were showed
to increase in hydrolysate with increasing temperature. The radical scavenging activity of
produced hydrolysates such as DPPH, ABTS and FRAP were measured. The phenolic
compounds and flavonoids related to antioxidant activity were also high in the high

temperature produced mealworm proteins extracted by subcritical water hydrolysis.



Introduction

Yellow mealworm, Tenebrio molitor is commonly called mealworm and is
cultivated in large quantities and used as a human food material. The mealworm
contains 45% protein, 35% lipid and 10% carbohydrate. Mealworm oil can be used
as food due to its high content of unsaturated fatty acid. Mealworm oil contains
more than 70% of unsaturated fatty acids such as linoleic acid and oleic acid. Many
countries of the world including European are producing and developing products
using mealworm oil. Low level of trans-fat and good flavor of mealworm oil make
it use as food. In particular, foods and feeds with high protein and lipid content
using insect proteins and lipids have been developed [1]. Recently, in Korea,
mealworms have been using as a food ingredient and are emerging as future food
resource. Currently, the insects that can be used as food in Korea are Tenebrio
molitor larva, Protaetia brevitarsis seulensis larvae, Gryllus bimaculatus, and
Allomyrina dichotoma larvae. The insect industry is expected to expand globally,
the number of farmers are increasing, and the growth potential of edible insects is
highly appreciated. The domestic edible insect industry is expected to grow to 159
billion won in 2020 from 2011 and 2015, and the global market size is estimated at
38 thousand billion won. As of 2014, the insect industry occupied 696 people and

the number of production farms were 464 [2].

In particular, foods and feeds by insect proteins and lipids are being developed.
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Insect protein is healthy, nutritious alternatives to chicken, pork, beef and even fish.
Mealworm protein is rich in various amino acids and supplies nutritional
supplements to the diet. The absorption of amino acid is rapid and it is necessary
unit for human body metabolism to grow and maintain the body. Efficient
separation of protein and lipids of mealworm can make their use easier. Oil can be
extracted by organic solvents and physicochemical methods, but these methods are
expensive and require long time; so an alternative process may render the use
profitable and applicable for industrial use in the food and feed sectors. So, an
alternative method which is green, economical and eco-friendly is required for lipid
extraction from mealworm. De-oiled mealworms have a relatively high protein
content and can be used directly, but hydrolysis is an effective way to increase their
value as a food product. Usually, the hydrolysate is obtained by acid or alkali
treatment, hydrothermal treatment and conventional methods. In this study,
supercritical carbon dioxide extraction (SCO;) and subcritical water hydrolysis
(SWH) technique which is an eco-friendly and alternative extraction technology
was used. SC-CO; and SWH have advantages such as short extraction time, non-
toxic, good selectivity. The mealworm has high protein and lipid content and is
highly available as a food, and it needs a proper characterization of its components
to make it potential as food ingredient. Mealworm contains more than 70% of

unsaturated fatty acids, which are highly valuable in terms of linoleic acid, palmitic



acid and oleic acid. Unsaturated fatty acids consist of two or three double bonds in
long chain form and are a healthy fat [3]. The intake of lipids is a source of energy
and essential fatty acid intake is important for various physiological functions.
Mealworm oil can contribute to human nutrition by supplying energy and essential
fatty acids [4] Oil content of mealworm is more than 35% which is highly likely to
be used as food because of its high content of unsaturated fatty acids. It can be used
as an alternative to vegetable oil and can be substitute of fish oil as it has no sensory
difficulty to use as edible oil. Mealworm oil does not have trans fats, is good for
using as food, and can be replaced with fish oil. Approximately 80% of the oil
content in mealworm is in the form of triacylglycerol and the content of
phospholipids in the oil is less than 20% and is widely consumed worldwide [5]. A
new process is needed to utilize a variety of oil-rich mealworms. Currently, organic
solvent extraction for extracting oil requires a new environmentally friendly and
safe extraction method because of the risk of residual solvent and insecurity as a

food.

A superecritical fluid is a fluid that exists at a temperature and pressure condition
above a critical point. It exhibits a medium property between a liquid and a gas.
Because it can change the density continuously through temperature and pressure
changes, viscosity, and diffusion coefficient can be controlled easily. In addition, it

exhibits properties of low viscosity, surface tension, and high diffusion coefficient,



and penetration into the solid material is effective. Therefore, it is advantageous to
extract the active ingredient efficiently, and the extraction efficiency and purity are
excellent. Among supercritical fluids, carbon dioxide is a natural solvent that has a
relatively low critical point (73.8 bar, 31°C) and is nonflammable, non-toxic and
recyclable. It has the advantage of little reactivity or corrosiveness with the extract
and the price is low. Supercritical carbon dioxide has a dielectric constant similar
to that of hexane and is a nonpolar solvent, so it can replace the process of
extracting oil with hexane, and it has less loss because it can selectively extract oil.
Therefore, the extracted oil does not contain the residue of solvent and considered
as preferable technique for oil extraction. Compared to the organic solvent
extraction method, the extraction time is shorter in SC-CO; extraction. The
supercritical carbon dioxide extraction method can also extract polar substances by
using a polar co-solvent as an auxiliary solvent. In general, it is possible to extract
phospholipids in mealworm powder by using ethanol, which is a polar solvent, as

an auxiliary solvent.

The mealworm contains 40 to 45% protein and nutritionally attracts attention as
a substitute for protein source. Cattle farming cause environmental destruction due
to meat production, which is currently a protein source. Figures for greenhouse gas
emissions show a higher greenhouse gas emission than bee (2 ~ 122 g / kg mass)

with beef cattle (2850 g / kg mass) and pork (80 ~ 1130 g / kg mass). Between 2012



and 2050, demand for meat protein is expected to increase by 70-80%, and in this
respect, mealworms are proposed as a sustainable source of protein [5]. Several
authors have proposed mealworm protein as an eco-friendly alternative to meat [6-
9]. From the environmental point of view, the breeding system of mealworms has
been recognized as an eco-friendly food source by emitting less greenhouse gas
compared to livestock [10][11]. Processing methods for using the proteins of such
a source include hydrolysis using acids or bases, hydrolysis using heating, and
hydrolysis using enzymes. Hydrolysis with acid/ bases results in poor yields of the
product and may result in the presence of harmful compounds for human and
environmental contamination. Hydrolysis by heat treatment is low in selectivity
and efficiency, and hydrolysis by enzyme treatment is costly due to high unit cost
of enzyme. Additionally, there is a disadvantage that it is difficult to control the
enzyme activity at the operation process. In order to solve such problems and to
efficiently process hydrolysis, an efficient treatment process is required. A sub-
critical hydrolysis process, which is one of the most eco-friendly processes in
recent years, may be suitable. We have investigated the properties of hydrolysates
containing peptides and amino acids by increasing the absorption of the hydrolysate
by hydrolysis of the residue protein using sub-critical water hydrolysis and by
lowering the protein to low molecular weight. The critical point of water is 374°C

and the pressure is 220 bar. Water existing above the critical point is called



supercritical water, and water of high temperature (100-374°C) and high pressure
to maintain water in liquid state is called subcritical water (Fig 2). Refers to hot
water that maintains a liquid state with pressure applied between the boiling
temperature of water (100°C) and the critical temperature (374°C). In the
subcritical state, water has special characteristics such as dielectric constant,
surface tension, viscosity, and weak intermolecular hydrogen bonding. The
dielectric constant of water at 25°C is about 27 at 80 to 250°C, which is
significantly lower as the temperature increases. This is similar to the dielectric
constant of methanol (¢ = 32.6), ethanol (¢ = 24.3) and acetone (¢ = 20.7) at room
temperature and has both polar and nonpolar properties. The ion product (Kw) of
water is the product of hydrogen ion (H*) and hydroxide ion (OH") concentration,
which can be expressed as ion product of water or the dissociation constant for

water.



Materials and Methods

1. Materials

Carbon dioxide (CO2) gas purity was 99.99% and it was supplied by KOSEM
(Yangsan, Korea). p-Anisidine, DPPH, ABTS+ Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), Gallic acid, Folin-Ciocalteu reagent and
all other chemicals and reagents were purchased from Sigma-Aldrich, St. Luis, Mo.,

USA. All reagents used in this study were of HPLC grade.

(b)

Fig. 1. The pictures of (a) Mealworm and (b) Mealworm powder.

2. Sample collection and preparation

The mealworms used in the experiment was collected from mealworm breeders
in Damyang, Jeollanam-do, South Korea. The mealworms were for 3 days, they
were washed and dried, and then they were vacuum microwave-dried at a

temperature of 45°C. The dried mealworms were crushed using a blender (PN
7



SMKA-4000 mixer, PN Co., Ltd., Korea) and made into powder of uniform
particles using a 1 mm-sized sieve. The powder sample was sealed in plastic bag

and stored at —40°C.

3. Method
3.1. Proximate composition

Crude lipid content was measured by soxhlet apparatus using hexane as solvent
for overnight and protein content was examined with an automatic Kjeldahl
analyzer. Moisture and ash were estimated using the standard AOAC methods [12].
Moisture content was determined after drying in oven at 105°C until a constant
weight was obtained. After moisture removed, ash content was estimated for
overnight heating at 550°C. Carbohydrate content was calculated by the following
equation:

Carbohydrate (%) = 100 - (moisture + crude ash + crude lipid + crude protein)

3.2. Supercritical Fluid Extraction (SFE)

A laboratory-scale supercritical fluid extraction process was used. The
supercritical fluid extraction device consists of a high pressure pump, an extractor,
a collector and a flow controller. This apparatus can be operated at pressure up to

30 MPa. Firstly, 80 g mealworm samples were filled into the stainless steel



extraction vessel (extractor) which was 200 mL in volume. A thin layer of cotton
was placed at the bottom of the extractor. Before plugging with cap another layer
of cotton was used at the top of the sample. The liquefied carbon dioxide
pressurized through the high-pressure pump passes through a heat exchanger and
is heated to the desired extraction temperature and injected into the extractor. The
extraction temperature was maintained by connecting the extractor to a water bath.
Flow rates and accumulated gas volume passing through the apparatus were
measured using a gas flow meter. The effects of temperature and pressure on lipid
extraction from mealworm were studied at 40 to 50°C and 15 to 30 MPa. Extraction
curves were obtained by setting the temperature (40 ~ 50°C) and the pressure (150
~ 300 bar) for 2 hours. The extracted oil and mealworm residues were then stored
at —40°C until further use and analysis. Mealworm residues obtained from the

highest oil yield by SC-CO2 extraction were used for phospholipid isolation.

3.3. Organic solvent Extraction

To compare the characteristics of mealworm oil by SC-CO2 extraction and
conventional organic solvent extraction, Soxhlet extraction techniques was applied
as a conventional extraction. Three gram of the mealworm powder was placed into
the extraction thimble and the extraction was run 12 h until the color of the

condensed solvent at the top of the apparatus was clear. Oil was extracted with 150



mL of hexane for 24 h. Soxhlet extractions were conducted in triplicate. The
extracted oil and mealworm residues were then stored at —20 °C until further use

and analysis.

3.4. Characterization of Mealworm Qil
3.4.1. Acid value

The AV was determined according to AOCS official method (AOCS, 1998). 1 g
of sample was dissolved in 100 mL ether:ethanol (1:1) with shaking. 4 drops of the
indicator phenolphthalein were then added. The solution was titrated with 0.1 N
KOH-ethanol until it becomes a pink color and the acid value was expressed as mg

of KOH per g of sample.

Acid value (AV) = 56.11 A = F/S (1)

Where A is the volume of KOH-ethanol solution used in the titration (mL), F is
the concentration of KOH-ethanol factor, S is the mass of the oil (g) and 56.11 is

the molecular weight of KOH.

3.4.2. Peroxide value

The peroxide value was determined according to the AOCS official method

(AOCS, 1998). One g of sample was dissolved in 6 mL acetic acid-chloroform (3:2)

10



solution. Then 0.1 mL saturated potassium iodide solution was added to the mixture,
which was then allowed to stand with occasional shaking for 1 min. Distilled
water (6 mL) was immediately added to the solution. The solution was titrated with
0.01 N of sodium thiosulfate until the yellow iodine color had almost disappeared.
Next 0.4 mL starch indicator solution was added and the solution was titrated again
until the blue color disappeared. A blank control was obtained following the same
procedure. The peroxide value was expressed as milliequivalents peroxide/1,000 g

sample.

S—B)xXNx1000
Peroxide value (POV) = L )XM ais (2)

Where, S is volume of sample titrant (mL), B is the volume of blank titrant (mL),

N is the normality of the sodium thiosulfate solution and M is the mass of sample

(8)

3.4.3. Free fatty acid value

The free fatty acid value (%) was determine according to AOCS official method.
285 uL of 1% phenolphthalein was to 11 mL of ethanol. After mixing the mixer
was boiled and 0.1 N NaOH was addd to get mild pink color. Then 0.5 g of sample
oil added and titrated with 0.1 N NaOH to get back the previous pink color. The

free fatty acid was calculate as follows:
11



__NaOH (mol)x N x factor
- sample weight (g)

FFA(%) 3)

3.4.4. p-Anicidine value

The p-anisidine value was determined by AOCS official method (AOCS, 2006).
First of all, test oil samples were filtered through a Whatman No. 40 filter paper to
remove moisture and impurities. 1.0g of oil sample was accurately weighed in a 50
mL volumetric flask. The oil samples were dissolved and diluted with 25 mL 2,2,4-
Trimethylpentane (iso-octane). The absorbance of the oil sample was measured at
350 nm using a spectrophotometer (UVmini-1240 UV-Vis Spectrophotometer,
USA). A5 mL sample of oil was pipetted into one test tube and 1 mL of p-anisidine
reagent was added. A 5 mL of iso-octane was added to another test tube and 1 mL
of p-anisidine reagent was added to it and used as a blank. The p-anisidine reagent
was prepared by adding 0.25 g p-anisidine to 100 mL of glacial acetic acid. After
10 minutes, the absorbance of the oil sample with the p-anisidine reagent was
measured at 350 nm. The p-anisidine value was calculated by using following
equation.

25%(1.24s—Ab)

p-anisidine value = " 4)

Where, As = Absorbance of the fat solution after reaction with the p-anisidine

reagent; Ab = Absorbance of the fat solution; W = Weight of oil (g).

12
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3.4.5. Phospholipid content

The phospholipid content of lecithin from anchovies was determined by
colorimetric based on complex formation between phospholipids and ammonium
ferrothiocyanate according to Stewart (1980) [13]. First 0.35 mg of phospholipid
was dissolved in 2 mL of chloroform. Subsequently, 1 mL of a solution prepared
from ferric chloride (27 g/L) and ammonium thiocyanate (30 g/L) was added. After
vortexing, the mixture was centrifuged at 1000 x g for 15 min. The lower phase
was collected and the absorbance was recorded at 488 nm by a UV-
spectrophotometer (BioTek Instruments, Winooski, VT, USA). The phospholipid

content was calculated by constructing a calibration curve of the standard PC.

3.5. Analysis of fatty acid (Gas chromatography)

The fatty acid composition of mealworm oil obtained by SC-CO2 and organic
solvent hexane extraction were determined by GC-flame ionization detector (FID)
using a Agilent Technologies 6890N gas chromatograph ( Agilent Technologies,
CA, USA). The fatty acid methyl esters (FAMEs) were prepared according to
official method and recommended practices of the AOCS (Ce 2-66) and then
separated using an Agilent DB-Wax capillary column (30m length x 0.250 mm
internal diameter, 0.25 um of film). Helium at a flow rate 0.9 mL/min was used as

a carrier gas of fatty acid methyl esters. The split ratio was fixed at 50:1. The oven

13



temperature was programmed starting at a constant temperature of 130°C for 3 min,

and then increased to 240°C at a rate of 4°C/min and hold at 240°C for 10 min.

Injector and detector temperatures were 250°C. Fatty acid methyl esters were
identified by comparison of retention time with standard fatty acid methyl esters

mixture (Supleco, Bellefonte, Pa., USA).

3.6. Subcritical water hydrolysis

The subcritical water hydrolysis was performed using a high-temperature, high-
pressure reactor of 200 cm3 volume made of 276 Hastelloy with thermometer, and
a device including electric heater, agitator, and cooling device. Eight g of deoiled
mealworm powder and 160 mL of distilled water (w/v, 1:20) were mixed and
placed in the reactor. Used distilled water was adjusted pH 7.4. After the reactor
was sealed well, the heater was turned on and heated. After the initial pressure of
30 bar was injected, the hydrolysis reaction was carried out for 15 minutes when
the temperature reached 150°C, 180°C and 210°C. The rotational speed of the
stirrer was 200 rpm. The obtained hydrolysate was separated by centrifugation
(1000 rpm, 15 min) for experiment and stored at 4°C. The precipitated residues

were dried and weighed to calculate the hydrolysis efficiency.
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Fig. 2. The picture of used subcritical water hydrolysis machine.

3.7. Yield of different extraction condition

The hydrolysis yield was calculated using the following equation.

Sample (g)—Residue of hydrolysate (g)
Sample (g)

Yield of Hydrolysis (%) = x 100 (5)

3.8. Conventional Hydrolysis

For comparative experiments, hydrolysate was obtained using conventional
methods. Enzymatic hydrolysis and water hydrolysis with room temperature and
normal pressure. Enzymatic hydrolysis was performed using flavourzyme, which
is a typical protease. Eight g of the sample was mixed with 160 mL of distilled
water adjusted to pH 6.2, and add 2 mL enzyme then the temperature was set at

50°C and the mixture was stirred for 30 hours for enzymatic hydrolysate [14].
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3.9. Antioxidant activity
3.9.1. DPPH radical scavenging activity

The DPPH radical scavenging capacity of hydrolysate was estimated based on
the method described by Miliauskas et al. (2004), Saha et al. (2004), and Cai et al.
(2006) with slight modification [15-17]. 3.9 mL of ethanolic DPPH (60 pM) was
firstly mixed with 0.1 mL of hydrolysate or ethanol (as control) and they were
stored in dark room at ambient temperature for 30 min. Subsequently, the
absorbance of hydrolysate and control was measured against ethanol (as blank) at
517 nm using UV-spectrophotometer (BioTek Instruments, Winooski, VT, USA).
The absorbance measurements of hydrolysate and control were done in triplicate.
Trolox was used for calibration of standard curve and the results were expressed as
mg trolox equivalent antioxidant capacity per g of sample (mg trolox/g of sample).

The calibration equation for trolox was y=-0.0013x + 0.7706 (R?>=0.9975).

3.9.2. ABTS*

ABTS" radical scavenging capacity assay was carried out according to the
procedures described by Cai et al. (2006), Wetwitayaklung et al. (2006), Guimaras
et al. (2007) and Surveswaran et al. (2007) [18-20]. ABTS radical solution was
firstly prepared by mixing 10 mL of 7 mM ABTS solution with 10 mL of 2.45 mM

potassium persulphate solution in a 250 mL amber bottle. Subsequently, the ABTS
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radical solution was allowed to stand in a dark room at ambient temperature for 12-
16 hours to give a dark blue solution. The ABTS" radical solution was diluted with
denature ethanol until its absorbance was equilibrated to 0.7+0.02 at 734 nm before
using. 3.9 mL of ABTS" radical solution was firstly mixed with 0.1 mL of undiluted
hydrolysate or ethanol (as control) and they were allowed to store in dark room at
ambient temperature for 6 min. Subsequently, the absorbance of hydrolysate and
control was measured against ethanol (as blank) at 734 nm using UV-
spectrophotometer (BioTek Instruments, Winooski, VT, USA). The absorbance
measurements of hydrolysate and control were done in triplicate. Trolox was used
for calibration of standard curve and the results were expressed as mg trolox
equivalent antioxidant capacity per g of sample (mg trolox/g of sample). The

calibration equation for trolox was y = -0.0015x + 0.7841 (R?*=0.9979).

3.9.3. FRAP

The FRAP assay was determined by Benzie and Strain (1996) with some
modifications [21]. The stock solutions included pH 3.6, 250 mM acetate buffer,
10 mM TPTZ (2. 4. 6-tripyridyl-s-triazine) solution in acetate buffer, and 20 mM
FeCl3.6H>O solution. The fresh working solution was prepared by mixing 25 mL
acetate buffer, 2.5 mL TPTZ solution and 2.5 mL FeCls.6H>O solution and then

warmed at 37 °C before using. Mealworm hydrolysate (150 pL) were allowed to
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react with 2850 pL of the FRAP reagent for 30 min in the dark room. The
absorbance value of the reaction solution was measured at 593 nm using a
microplate reader (BioTek Instruments, Winooski, VT, USA), and a calibration
curve was prepared using trolox (Sigma Chemical Co., USA). The antioxidant
content of the extract was expressed as mg TE/g dry weight. Additional dilution

was needed if the FRAP value measured was over the linear range of the standard.

3.10. Phenolic compound content
3.10.1. Total Polyphenol content (TPC)

The total polyphenol content (TPC) of hydrolysate was determines by the Folin-
Ciocalteau colorimetric method according to C.R.N. Gereniu (2017) with slight
modification [22]. 0.5 mL of 10 times diluted (v/v) hydrolysate was mixed 2.5 mL
of 1:10 (v/v, in deionized water) diluted Folin-Ciocalteu reagent (FCR). After 4
min, 2.5 mL sodium carbonate solution (7.5%, w/v) was added into the mixture.
Then, the mixture was vortexed for 5 sec and stored at room temperature in dark
room for 2 hours. Blank was also prepared by replacing 0.5 mL of deionized water.
The absorbance of mixture was also measured at 765 nm against blank using UV-
spectrophotometer (BioTek Instruments, Winooski, VT, USA). The measurements
were carried out in triplicate. Gallic acid (Sigma Chemical Co., USA) was used for

calibration of standard curve. Result were expressed as mg gallic acid equivalent
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per 100 g of dry weight sample (mg GAE/100 g DW). The calibration curve

equation for gallic acid was y = 0.0056x + 0.0551 (R?>=0.9994).

3.10.2. Total Flavonoid content (TFC)

Total flavonoid content (TFC) of hydrolysate was estimated using procedures
described by C. Chang et al [23]. 125 pL of undiluted hydrolysate was mixed 75
pL of 5 % (w/v) Sodium nitrite solution. The mixture was allowed to stand for 6min
and 150 pL of 10 % (w/v) aluminum chloride solution was then added. The mixture
was allowed to stand for another Smin and 750 pL of 1 M sodium hydroxide
solution and 1400 pL of deionized water were added, accordingly. Subsequently,
the mixture was vortexed for 5 sec and its absorbance was determined at 510 nm
against blank using UV-spectrophotometer (BioTek Instruments, Winooski, VT,
USA). The measurement were carried out in triplicate. Blank was prepared by
replacing 125 pL of deionized water. Catechin (Sigma Chemical Co., USA) was
used for used for calibration of standard curve. The result were expressed as mg
catechin equivalent per 100 g dry weight sample (mg CE/100 g DW). The

calibration curve equation for catechin was y = 0.0013x — 0.0584 (R*=0.9946)
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3.11. Protein content
3.11.1. Protein content analysis by Lowy’s assay

Soluble proteins were measured using Lowry method [24]. 2 g of sodium
hydroxide and 10 g of sodium carbonate were completely dissolved in 400 mL of
distilled water, and the final volume was adjusted to 500 mL. 0.1 g of potassium
sodium-tartrate and 50 mg of cupric sulfate were added to 8 mL of deionized water
and completely dissolved. The final volume was adjusted to 10 mL. The above
solutions were mixed in a ratio of 50:1. 0.6 mL of 10 times diluted (v/v) hydrolysate
and 3 mL Lowry's solution, and vortex for 5 seconds and store in the darkroom for
20 minutes. Add 0.3 mL of 10 times diluted FC reagent solution and store in a dark
room for 35 minutes. Blank was prepared by replacing 0.6mL of deionized water.
Measure the absorbance of the reaction solution at 750 nm using a microplate
reader (BioTek Instruments, Winooski, VT, USA) (y = 0.0012x + 0.2083, R? =
0.9943) using bovin serum albumin (Sigma Chemical Co., USA). The soluble
protein content of the extract was expressed as g bovine serum albumin equivalent

per 100 g dry weight (mg BSAE / 100 g DW).

3.11.2. Amino acid content

Total and free amino acid quantification of the recovered mealworm hydrolysates

were accimplished with an HPLC (Agilent LC system, Agilent technologies, Inc.,
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CA, USA) fitted with a PDA detector. To quantify the free amino acids in the
hydrolysate sample, it was mixed with water and directly derived using O-
phthaldialdehyde. Sample separations were determined using Sum Capcellpak
UG120 C18 column (4.6 x 250 mm). The derivative samples were eluted using a
40mmol/L NaH,PO4 (pH 7.8) as solvent A and acetonitrile: methanol: water

(45:45:10, v/v/v) as solvent B and a total time of 40 min, at 40°C, and flow rate

was maintained 1.5 mL/min. Each standard amino acid solution (2.5 umol/mL) was

used as an internal standard, while a-amino-z-butyric acid (25 ymol/mL) was used

as an internal standard for each sample. Total amino acid was determined following

the similar method of free amino acids quantification [25].

3.12. Sugar content
3.12.1. Total sugar content

Measurement of total sugar content was carried out using colorimetric method
to date for determination of carbohydrate concentration in aqueous solutions (A.
Meillisa et al., 2015) with slight modification [26]. 0.5 mL of 10 times diluted
hydrolysate was mixed with 0.5 mL of 5% (v/v) phenol solution in a test tube.
Subsequently, 2.5 mL of sulfuric acid was added to the mixture. After vortexed for
10 seconds and placed for 20 min in a water bath at 40°C for 20 minutes. Blank

was prepared by replacing 0.6 mL of deionized water. The absorbance of mixture
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was also measured at 490 nm against blank using UV-spectrophotometer (BioTek
Instruments, Winooski, VT, USA). The measurements were carried out in triplicate.
D-Glucose (Sigma Chemical Co., USA) was used for calibration of standard curve.
Result were expressed as mg glucose equivalent per 100 g of dry weight sample
(mg GE/100 g DW). The calibration curve equation for glucose was y = 0.0061x +

0.1961 (R2=0.9996)

3.12.2. Reducing sugar content

The Reducing sugar content was analyzed by the dinitrosalicylic (DNS)
colorimetric method used by Saqib AAN. (2011) using D-glucose as a standard
[27]. 10 g of dinitrosalicylic acid and 300 g of sodium potassium tartrate (Rochelle
salt) were completely dissolved in 800 mL of 0.5 N sodium hydroxide solution,
and the final volume was adjusted to 1000 mL with distilled water. 1 mL of
undiluted hydrolysate and 4 mL DNS solution, and vortex for 5 seconds and store
in boiling water bath for 5 minutes. After which the mixture was cooled to room
temperature in a water bath. The absorbance was then measured with a

spectrophotometer at 540 nm (BioTek Instruments, Winooski, VT, USA).
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3.13. Physical characterization of mealworm hydrolysate
3.13.1. pH

The pH of the hydrolysates were measured using a pH meter (Mettler Toledo
Five Easy Plus, Switzerland) at room temperature. The equipment was calibrated

using technical buffer solutions of pH 4, 7, 10 prior to the measurements.

3.13.2. Color measurement

The color of the hydrolysates was measured means of reflectance spectra in a
UV-spectrophotometer. For measurement, samples were placed in a clear tube. CIE
L*, a*, b* color coordinates (considering standard illuminant D65 and observer 10)
were then calculated. The color of the hydrolysates was calculated in the CIELab
color space using a Minolta CM- 2600d (Minolta Camera Co., Osaka, Japan). The
following color coordinates were measured: lightness (L*), redness (a*, + red —

green), and yellowness (b*, + yellow—blue).
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Results and Discussion

1. Proximate composition

The proximate composition of dried mealworm is shown in Table 1. The
proximate compositions of mealworm (7rebrio molitor) were 1.58+0.07 for
moisture, 2.87+0.80 for ash, 35.80+0.18 for lipid, and 42.90+0.52 for carbohydrate.
All the data represented in percentage.

Table 1. Proximate composition of dried mealworm

Composition Percentage (%)
Moisture 1.58+0.07
Ash 2.87+0.80
Lipid 35.80+0.18
Protein 42.90+0.52
Carbohydrate 17.23 £1.08

1) Values are expressed as mean = Standard deviation of triplicates.

2. Supercritical carbon dioxide extract yield

Solid-liquid extraction is a separation process involving the transfer of solutes
from a solid matrix to a solvent. Solvents were chosen based on solubility
characteristics of the desired solute. Ideally to achieve as a pure substance as
possible, the solute should have high solubility in the solvent while other
components in the solid matrix should not. Cost and safety are always a

consideration and indeed, safer and less harmful solvents that are easy to remove,
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or recover, are gaining more popularity. There has been much interest in the field
of pressurized fluids, especially supercritical fluid extraction (SFE) with CO; is
gaining more interest. The versatility of pressurized solvents is excellent due to the
physicochemical properties of the solvent, including density, diffusivity, viscosity,
and dielectric constant, which can be controlled by varying the pressure and
temperature of the extraction system. Optimization of the experimental conditions
is a critical step in development of a successful SFE method due to the effect of
various parameters on the extraction yield. Generally, extraction pressure and
temperature is considered as the most important factors. In this study, extraction
pressure and temperature was selected as a factors were used to optimize. Table 2
shows the variation of the extraction yields obtained under different experimental
conditions. The best condition for extraction of oil and phospholipid is 250 bar/

45°C.

Fig. 3. Extracted mealworm oil by different extraction conditions;
45°C/150bar(a), 45°C/200bar(b), 45°C/250bar(c), 45°C/300bar(d),
40°C/250bar(e), 50°C/150bar(f), Soxhlet/n-hexane(g)
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De-oiled

SCO2 45°C 150bar SCO2 45°C 200bar SCO2 45°C 250bar SCO; 45°C 300bar

mealworm

residues

SCO2 40°C 250bar SCO:2 50°C 250bar n-Hexane

Fig. 4. De-oiled mealworm residue by different conditions.

Table 2. Lipid extraction efficiency and phospholipid content of mealworm
powder obtained at different conditions

Extraction condition

Rtregion Pressure - Temperature g of olf” sRuaphalipid content
method (%) (gPCE/100g)
(bar) (°C)
150 45 5.25+£0.05 0.8+£0.01
200 45 28.9+0.52 0.2+0.01
N sCO, 250 45 34.53+0.64 0.7£0.01
Lipid 300 45 27.82+0.12 0.4+0.02
250 40 16.75+0.09 0.6+0.02
250 50 20.62+0.15 0.5+0.01
Soxhlet N/P 47 32.74+0.75 0.5+£0.01
Phospholipid (gi:é)l;) 250 45 10.12+0.64 86.52+1.42
Normal N/P RIT 10.08+1.03 73.88+0.10

1) Values are expressed as mean * Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature, PCE: Phospatidyl choline equivalent.
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3. Characterization of Mealworm Qil
3.1. Acid value and Peroxide value

As you can see in Table 3. Acid value and the Peroxide value of the oil extracted
from the mealworm (7enebrio molitor) using supercritical carbon dioxide are
relatively low compared with the acid value of the oil extracted with the soxhlet
and the result is that the oxidation stability of the oil extracted with supercritical
carbon dioxide is high. It appeared. Here also the best condition was 250 bar/ 45°C.
There is no significant difference in oxidation stability between hexane extraction

and oil extracted with SCO; [28].

27



Table 3. Acid value and Peroxide value of SCO-, and Soxhlet extracted mealworm
lipids and phospholipids

Extraction condition i
Extraction Acid value Peroxide value
method Pressure  Temperature (mg KOH/g) (meg/kg)
(bar) (°O)
150 45 6.83+1.02 2.16£0.27
200 45 6.16+0.52 3.20£0.19
N SCO, 250 45 0.65+0.03 4.10+£0.58
Lipid 300 45 4.13+0.12 3.56+0.23
250 40 6.26+0.05 3.85+0.12
250 50 6.58+0.06 3.19+£0.02
Soxhlet N/P 47 7.61+0.56 7.47+0.21
(gtcooé) 250 45 2.92+0.05 1.18+0.02
Phospholipid
Normal  EtOH RIT 5.61+0.02 4.41+0.18

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature.
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9 . =: Acid value (mg KOH/qg) & Peroxide value (meqg/kg)

150bar/45°C200bar/45°C250bar/45°C300bar/45°C250bar/40°C250bar/50°C|  47°C 250bar/45 EtOH
SCO2 Soxhlet |SCO2 EtOH[ Normal
(LP) (LP) (PLD) (PLD)
Fig. 5. Acid value and Peroxide value of SCO; and Soxhlet extracted mealworm
lipids and phospholipids.
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3.2. Free fatty acid value and p-Anicidine value

The result of free fatty acid value and p-anisidine value confirming the existence
value of oxidation product in oil through free fatty acid and p-anisidine of oil
extracted from mealworm. As you can see in Table 4. The value of oil extracted
with SCO; was lower than that of Soxhlet method. The oils are not significantly
different when the main physi-cochemical parameters are considered, but
saponification, peroxide and iodine values showed a high concentration of
triglycerides in the oil extracted by SFE owing to the higher selectivity of the
supercritical solvent. The main differences between oils are related to the free fatty
acid concentration and the unsaponifiable fraction, whose values are much lower

for carbon-dioxide extracted oil than for hexane-extracted oil [29].
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Table 4. Free fatty acid value and p-Anisidine value of SCO; and Soxhlet extracted
mealworm lipids and phospholipids

Extraction condition FFA val Anisid
Extraction value p-Anisidine
method Pressure  Temperature (2/100g) value
(bar) (°C)
150 45 1.76+0.05 1.07+0.05
200 45 3.14+0.01 0.33+0.01
sCo 250 45 3.42+0.09 0.72+0.01
Lipid 2 300 45 3.13+0.11 1.37+0.08
250 40 2.12+0.02 0.84+0.06
250 50 2.92+0.07 1.35+0.04
Soxhlet N/P 47 3.71+0.09 4.12+0.21
SCO,
+ +
Phospholipid (EtOH) 250 45 1.03+£0.04 0.75+0.02
Normal EtOH RIT 1.93+0.02 6.15+0.12

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature.
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Fig. 6. Free fatty acid value and p-Anisidine value of SCO; and Soxhlet extracted
mealworm lipids and phospholipids.
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4. Analysis of fatty acid (GC)

The content of palmitic acid, oleic acid and linoleic acid in the composition of
the mealworm (7enebrio molitor) oil was higher. You can see in Table 5. Among
the fatty acid composition of mealworm oil, palmitic acid was the most measured
at 18.30 + 0.16% at 45°C at 20 MPa pressure, and 45.53 + 2.86% at 45°C
temperature at 30 MPa pressure. Linoleic acid was the highest measured at 28.65
+ 0.04% at 45°C under 20 MPa pressure. Compared with the previously reported
results of the fatty acid composition of the mealworm, the fatty acids of the wheat
worm were oleic acid (39.71-41.82%), linoleic acid (26.45-29.80%), palmitic acid
(17.59-17.77%), stearic acid (3.20%-3.45%). The content of unsaturated and
saturated fatty acids is 71.14-73.45% and 23.22-24.71%, respectively, similar to

the results of the previously reported in mealworm [30].
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Table 5. Fatty acids composition of mealworm lipids extracted by SCO; and Soxhlet extraction

Lipid
Fatt id SCO, Extraction Soxhlet
Ay ad 15 MPa 20 MPa 25 MPa 30 MPa 25 MPa 25 MPa .

/45°C /45°C / 45°C /45°C /40°C /50°C n-Hexane
(Lglf;%f cid 5000028 02140008 1.50£0.03%  0.32+0.03% 0324000 03340000  0.3+0.01
Tridecanoic .

ghi g h f 1 1 m

Acid (Cl3:0) 0112001 ND ND 0.82+0.08 ND ND ND
?gzt%‘)’ Acid 48140190 24450017  226+0.047 3.80+025%  378£022°  3.68£0.01°  3.3+0.00°
Mpyristoleic fighi E b £ ; ; X
Adid (Cla) 0312001 ND ND 0.22+£0.02°  0.20£0.000  021£0.000  0.2+0.00
Pentadaecanoi ¢\ 01ah  016£0.00°  0.16£0.00°  0.1540.01°  0.1340.00  0.1420.00°  0.10.00
¢ Acid (C15:0)
fgllrg?g)c Acid 160420.61°  1830:0.16°  17.64£0.23  9204626°  1531£0.01°  15.50:0.01°  14.9:0.00¢
Palmitoleic 1.41£0.05"  1.56+0.04"  1.48+0.03¢  2.26+0.19%"  2.37£0.01F  2.39+0.00°  2.3+0.00f
Acid (C16:1)
Heptadecanoic 1o, 01c 01520000 0.1540.00¢  0.1740.01°  0.1540.00°  0.15£0.00°  0.240.00¢
Acid (C17:1)
(Séelag ,lg)A“d 1.5040.06  2.93+0.01°  2.9740.05¢  1.96£0.14  1.73+0.012  1.704£0.00¢  2.0+0.00¢

1) Values are expressed as mean * Standard deviation of triplicates.

2) ND Not detected.
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Table 5. Fatty acids composition of mealworm lipids extracted by SC-CO> and Soxhlet extraction (continue)

Lipid
Fatt id SCO, Extraction Soxhlet
Ay ad 15 MPa 20 MPa 25 MPa 30 MPa 25 MPa 25 MPa .

/45°C /45°C /45°C / 45°C / 40°C /50°C n-Hexane
?Cl‘{lgc ﬁfgldc) 43.0240.09° 39.57+0.04° 39.67+0.50° 45.53+2.86" 42.61£0.07° 42.50+0.04*  42.6+0.01°
Linolelaidic
Acid 0.10£0.01¢"  0.11£0.00¢  0.11£0.00"  0.23£0.02f  0.21£0.01i  0.210.01i 0.2+0.00
(C18:2n6t)
(Lg;%l_zl;gz;‘d 27.9941.01° 28.65+0.04> 28.33+0.36" 28.62+1.81"  27.55+0.10° 27.45+0.06°  28.1::0.02
?Cr;f)l.l(lf)hc Acid ND' 0.12+0.00¢  0.120.00" ND' 0.09+0.014 ND! ND"
Eicosenoic efeh . L " -k " m
Acid (C201) ND 0.15£0.00¢  0.16+0.00 0.14£0.01°  0.1240.00%  0.1120.00 0.10.00
(Léricélgrrlg)ACld 1.36£0.06"  1.59+0.00°  1.57+0.03¢  1.42+0.10°  1.36£0.00"  1.34£0.00"  1.3+0.00"
Heneicosanoic .

ghi g h f 1 1 m

Adid (Ca1:0) 0-06£0.06 0.05+0.00 ND ND ND ND ND
Eicosadienoic hi : b i 1 | m
Acid (C20:2)  0-13£0.02 ND ND 0.18+0.01 ND ND ND
Behenic Acid 16, 1gem (2020012 ND" NDf ND' ND! ND™
(C22:0)
Tricosanoic 0.14+0.012h ND¢ ND" NDf ND! ND! ND™

Acid (C23:0)

1) Values are expressed as mean * Standard deviation of triplicates.

2) ND Not detected.
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Table 5. Fatty acids composition of mealworm lipids extracted by SCO, and Soxhlet extraction (continue)

Lipid
Fattv acid SCO; Extraction Soxhlet
Ay ad [5MPa  20MPa  25MPa _ 30MPa  25MPa 25 MPa .
/45°C /45°C /45°C /45°C /40°C /50°C n-tiexane
Docosadienoic ; . b f | | -
Acid (C22:2) 0.12+0.01 ND ND ND ND ND ND
Docosahexanoic ;
i g h f 1 1 m
Acid (C22:6n3) ND ND ND 0.14+0.01 ND ND ND
Total 100 100 100 100 100 100 100

1) Values are expressed as mean + Standard deviation of triplicates.
2) ND Not detected.
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Table 6. Fatty acids composition of mealworm Phospholipid extracted by SCO»
and Soxhlet extraction

Fatty acid Phospholipid
SCO; (EtOH) Solvent extract

Butyric Acid (C4:0) ND 2.12+0.02
Caproic Acid (C6:0) ND 0.44+0.13
Lauric Acid (C12:0) 0.15+0.01 3.86+0.24
Tridecanoic Acid (C13:0) ND 0.44+0.03
Mystric Acid (C14:0) 2.05+0.02 ND
Mpyristoleic Acid (C14:1) ND 0.73+0.06
Pentadaecanoic Acid (C15:0) ND ND
Palmitic Acid (C16:0) 14.74+0.06 11.56+0.26
Palmitoleic Acid (C16:1) 1.23+0.02 0.51+0.25
Heptadecanoic Acid (C17:0) 5.95+0.03 10.53+0.65
Stearic Acid (C18:0) 3.85+0.01 7.16+0.27
Elaidic Acid (C18:1n9t) ND ND
Oleic Acid (C18:1n9C) 35.3940.12 24.43+1.02
Linolelaidic Acid (C18:2n6t) 0.27+0.01 0.26+0.06
Linoleic Acid (C18:2n6c¢) 32.81+0.06 36.77+£2.03
Arachidic Acid (C20:0) 0.16+0.00 ND
Eicosenoic Acid (C20:1) 0.16+0.00 ND
Linolenic Acid (C18:3n3) 1.224+0.00 0.98+0.23
Heneicosanoic Acid (C21:0) 0.37+0.00 ND
Eicosadienoic Acid (C20:2) 0.15+0.00 0.22+0.05
Behenic Acid (C22:0) 0.25+0.01 ND
Tricosanoic Acid (C23:0) 0.38+0.02 ND
Docosadienoic Acid (C22:2) 0.34+0.01 ND
Eicosapentanoic Acid (C20:5n3) 0.14+0.02 ND
Nervonic Acid (C24:1) 0.17+0.01 ND
Docosahexanoic Acid (C22:6n3) ND ND

Total 100 100

1) Values are expressed as mean + Standard deviation of triplicates.

2) ND Not detected.



5. Subcritical water hydrolysis
5.1. Yield of subcritical water hydrolysis (with conventional method)

The hydrolysis efficiency of mealworm (7. molitor) at different temperatures
after SWE is shown in Table 7. The residual mealworm (7. molitor) powder
recovered after SWH was weighed [W (g)], Conversion yield of mealworm (7

molitor), X, was evaluated from the weight change of mealworm (7. molitor), as:

x=2 W, 100 (6
1 i (6)

Where, W, is the total amount of mealworm (7. molitor) introduced in reactor,
which is approximately 8g. As you can see in Table 7. It was found that the
hydrolysis yield increased with the increase in temperature in the vessel. The
highest hydrolysis yield in mealworm (7. molitor) was 82.90+19 % after hydrolysis
of the mealworm protein with SWE at 210°C after removing the oil with SCOo.
However, the solubility of new substances in water, such as water-soluble proteins
except monosaccharides, increases at higher temperature. In addition, hydrolysis
yield was increased due to increased hydrolysis rate as the water ionization constant

increased at high temperature.
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Table 7. Hydrolysis efficiency of mealworm hydrolysates obtained at different
SWE conditions

_ Extraction Recovery Condition Yield of hydrolysate
De-oil method method Pressure  Temperature %)
(bar) (°C)
SWE 30 150 65.62+1.03
SWE 30 180 70.38+0.59
Soxhlet SWE 30 210 72.09+2.03
Water extract N.P R.T 19.15+0.56
Enzyme N.P RT 30.59+1.21
SWE 30 150 67.67+2.03
SWE 30 180 75.83+1.36
SCO; SWE 30 210 82.90+1.89
Water extract N.P R.T 23.03+£0.68
Enzyme N.P R.T 33.93+0.64
SWE 30 150 63.46+0.96
SWE 30 180 65.01+0.35
Raw SWE 30 210 74.10+1.36
Water extract N.P R.T 28.67£0.24
Enzyme N.P R.T 31.40+1.21

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature.
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7. Antioxidant activity

The antioxidant values of hydrolysates extracted from mealworms are
represented in Table 8. Antioxidant activity was measured by DPPH, ABTS +,
FRAP method, and the results were compared using Trolox as a reference material.
As a result of the measurement, subcritical hydrolyzed extracts showed the highest
activity at high temperature. Especially, de-oiled with SCO2 showed higher
antioxidant. On the other hand, the high antioxidant activity of the 210°C water
extracts is likely related to the presence of Maillard reaction compounds produced
by thermal degradation of the sample. Moreover, the contribution of other
compounds such as caramelization and Maillard reaction products on the

antioxidant activity of the SWE extracts cannot be ruled out [31].
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Table 8. Antioxidant activity of mealworm hydrolysates obtained at different SWE

conditions
_ _ Recovery Condition DPPH ABTS FRAP
Decoll — Bxtraction e Temperature  (MYTE/g (mgTE/g (Mg TE/g
method method . . .
(bar) (°C) dried mass) dried mass)  dried mass)
SWE 30 150 51.40+£0.23¢9  54.28+0.4" 4.38+0.01%
SWE 30 180 60.17+.0.38" 89.88+0.07° 8.74+0.06°
Soxhlet ~ SWE 30 210 62.17+0.69%  94.55+0.07% 9.32+0.05"

Water extract N.P R.T 53.68+0.24°"  26.55+4.73% 4.93+0.01)
Enzyme N.P R.T 54.09+0.31%"  24.28+0.20' 5.14+0.02'

SWE 30 150 54.86+0.15%  66.28+0.10° 6.03+0.03¢

SWE 30 180 57.78+0.92°  80.28+0.10° 6.86+0.02°

SCO; SWE 30 210 63.78+1.08% 93.61+0.27% 9.92+0.01*
Water extract N.P R.T 55.37+1.77%  31.75+0.08" 4.88+0.06’
Enzyme N.P R.T 55.78+1.38¢ 53.21+0.20¢ 4.91+0.02)

SWE 30 150 52.48+0.08™ 56.68+0.80" 5.35+0.01"

SWE 30 180 55.55+1.46¢ 71.21+0.20° 6.39+0.05f

Raw SWE 30 210 59.63+0.01° 92.68+0.13* 8.27+0.08°
Water extract N.P R.T 55.40+1.38%  29.48+1.00' 4.10+0.02'
Enzyme N.P R.T 55.07+1.46% 52.01+0.13¢ 3.48+0.02™

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature, TE: Trolox Equivalent.
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Fig. 8. DPPH of mealworm hydrolysates obtained at different SWE conditions.
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. 9. ABTS" of mealworm hydrolysates obtained at different SWE conditions.
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Fig. 10. FRAP of mealworm hydrolysates obtained at different SWE conditions.
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8. Phenolic compound contents (TPC+TFC)

In the hydrolysis method using SWE, the results of phenolic and flavonoid
contents in the hydrolysates of mealworm powder extracted under various
conditions were higher than those of other hydrolysis methods in terms of phenol
and flavonoid content as shown in Table 9. below. Phenol and flavonoid contents
were higher in the mealworm protein powder removed by SCO> and higher in SWE
hydrolysis products. The mealworm powder with oil removed with SCO, showed
the highest content of phenolic compounds. Polyphenol (25.50 + 0.07 mg / g) and
flavonoid (1.63 £+ 0.04 mg / g) were measured. 210 °C/ 30 bar showed higher
activity in hydrolyzed products by SWE. In high temperature, the phenolic
compounds were produced in higher amount. At a high temperature, phenolic
compounds could dissolve in subcritical water as much as they dissolve in the

organic solvents [32].
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Table 9. Phenolic and flavonoid contents of mealworm hydrolysates obtained at
different SWE conditions

) ) Recovery Condition Polyphenol Flavonoid content
n?:thocii Enx:(;?ﬁggn Pressure Temperature (mg GE/ g dried (mg CE /g dried
(bar) (°C) mass) mass)

SWE 30 150 10.82+0.01" 0.42+0.02"
SWE 30 180 23.10+0.14°¢ 1.34+0.01°
Soxhlet SWE 30 210 23.69+0.02¢ 1.53+0.03°
Water extract ~ N.P RT 8.48+0.16' 0.42+0.04"
Enzyme N.P R.T 19.26+0.63¢ 0.80+0.08"
SWE 30 150 15.84+0.12' 1.16+0.05¢
SWE 30 180 19.48+0.13¢ 0.99+0.02¢
SCO, SWE 30 210 25.50+£0.072 1.63+0.04%
Water extract ~ N.P R.T 7.94+0.02% 0.43+0.13"
Enzyme N.P R.T 18.68+0.29¢ 0.54+0.05¢
SWE 30 150 11.71+0.119 0.64+0.03¢
SWE 30 180 16.53+0.18f 0.86+0.10
Raw SWE 30 210 24.01+0.20° 1.36+0.02¢
Water extract  N.P R.T 6.12+0.13' 0.58+0.06°
Enzyme N.P R.T 15.96+0.46f 0.68+0.02¢

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature, GE: Gallic acid equivalent, CE: Catechin equivalent.
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Fig. 11. Polyphenol contents of mealworm hydrolysates obtained at different SWE
conditions.
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Fig. 12. Flavonoid contents of mealworm hydrolysates obtained at different SWE
conditions.
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9. Protein content
9.1. Lowry’s assay

The water-soluble protein contents of the hydrolysates of the mealworms
extracted under the various conditions is shown in Table 10. As you can see in
Fig.13, The protein content of the hydrolysate gradually increased as the subcritical
temperature increased. The highest content of hydrolysates extracted at high
temperature of 210 °C was the highest in the hydrolysates by Subcritical hydrolysis.
Generally, the increase in protein with increasing temperature in pressurized SWE
is due to a change in polarity of water in the subcritical region [33]. This was in
agreement with previous work [34] which reported that protein increased with
increasing temperature up to 210 °C for rice bran by SWE. Hydrolysates of
mealworm protein powder hydrolyzed with oil removed by SCO> showed a higher
water soluble protein content than mealworm powder that did not remove oil and

with oil removed by soxhlet.
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Table 10. Protein content of mealworm hydrolysate obtained at different SWE

conditions
e ) Recovery Condition Protein
De-oil method r);t;?ﬁggn Pressure  Temperature (g BE / g dried mass)
(bar) (°O)

SWE 30 150 207.57+3.00f

SWE 30 180 282.57+11.00¢

Soxhlet SWE 30 210 344.57+3.002
Water extract N.P RT 80.57+2.33"

Enzyme N.P R.T 236.57+3.33¢

SWE 30 150 290.57+2.00%

SWE 30 180 325.23+0.67%

SCO; SWE 30 210 341.57+8.33
Water extract N.P RT 70.79+0.84"

Enzyme N.P R.T 215.23+1.33¢f

SWE 30 150 238.57+4.00¢

SWE 30 180 275.90+1.00¢

Raw SWE 30 210 334.07+1.832
Water extract N.P R.T 37.79+0.51!

Enzyme N.P R.T 179.23+2.00¢9

1) Values are expressed as mean + Standard deviation of triplicates.

2) N.P: Normal pressure, R.T: Room temperature, BE: Bovin serum equivalent.
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Fig. 13. Protein content of mealworm hydrolysate obtained at different SWE

conditions.
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9.2. Amino acid content

Total Amino Acids and Free Amino Acids increased the amount of amino acids
as the SWE hydrolysis temperature increased. As you can see in Table 11. In the
de-oil method, total amino acid (858.65 mg / 100g) and free amino acid (167.76
mg / 100g) were found in the mealworm protein powder from which the oil was
removed by SCO», and Total amino acid (375.95 mg / 100g) and free amino acid
(6.40mg / 100g) were found in the mealworm protein powder without oil removal.
In the hydrolysis method, especially the enzymatic hydrolysates more amino acids
due to the added enzyme. The amino acid content of the mealworm hydrolysate
was different depending on the type of mealworm oil removed. Moreover
hydrolysates of mealworms with oil removed using SCO> had more amino acids
measured at higher temperatures. In particular, the hydrolysates of mealworm using
enzymes showed the highest amino acid measurement because of the protein

component of the enzyme.
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Table 11. Total amino acids profile of mealworm hydrolysate samples on different conditions

Conditions (De-oil method / °C)

SCO; SCO, SCO, Soxhlet Raw SCO, SCO,

/150°C /180°C /210°C /150°C /150°C /Water Extraction /Enzyme
Essential amino acids (EAA)

Histidine 47.21 55.89 51.18 35.93 46.58 13.74 39.62
Isoleucine 44.50 52.17 55.81 38.96 16.52 20.61 131.79
Leucine 70.92 86.06 105.05 67.16 25.45 24.04 137.40

Lysine 59.06 60.95 49.84 41.33 27.04 14.08 54.05

Methionine 10.46 12.69 16.86 12.65 5% 1 1.99 9.03
Phenylalanine 34.84 42.87 52.72 33.78 17.95 5.35 26.67
Threonine 41.40 46.97 27.82 34.05 17.76 12.07 79.77
Valine 65.12 79.89 92.96 58.37 20.90 32.15 135.88
Total 373.51 437.48 452.23 322.23 177.92 124.01 614.21

Non-essential amino acids (NEAA)

Arginine 73.90 77.38 58.36 24.56 70.82 2.41 17.82

Aspartic acid 89.40 99.32 47.27 37.36 60.47 18.85 93.51

Serine 4291 51.42 36.90 30.02 17.85 12.07 64.61
Glutamic acid 154.37 169.08 203.77 212.18 138.96 55.67 186.68
Proline 163.09 176.82 148.72 97.94 17.79 128.76 178.34

Gycine 52.56 67.88 109.87 45.81 23.42 15.34 69.81
Alanine 69.69 90.38 154.39 65.74 2248 33.68 156.03
Tyrosine 64.36 77.61 96.54 67.14 21.93 15.10 99.95

Cystine 1.19 0.13 2.84 1.50 2.24 0.73 1.23
Total 711.49 810.00 858.65 582.24 375.95 282.61 867.97

Values are expressed as mean + SD and in mg/100g. N.D, not detected.
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Table 12. Free amino acids profile of mealworm hydrolysate samples on different conditions

Conditions (De-oil method / SWE °C)

SCO; SCO; SCO; Soxhlet Raw SCO; SCO2
/150°C /180°C /210°C /150°C /150°C /Water Extraction /Enzyme
Essential amino acids (EAA)
Histidine 9.03 9.81 6.62 RS |l N.D. N.D. N.D.
Isoleucine 6.24 6.90 6.74 10.61 0.86 12.27 90.00
Leucine 6.96 8.76 13.30 18.97 N.D. 12.75 71.20
Lysine 6.35 6.28 0.11 N. D. N.D. N.D. N.D.
Methionine N.D. N.D. 3.00 471 N. D. N.D. N.D.
Phenylalanine 4.10 5.83 9.21 10.24 4.88 N.D. N. D.
Threonine 2.09 3.09 2.35 8.45 N. D. 4.15 40.76
Valine 12.00 15.57 14.25 16.64 N. D. 16.43 68.49
Total 46.76 56.23 55.58 77.13 5.74 45.59 270.45
Non-essential amino acids (NEAA)

Arginine 24.32 22.73 13.62 N.D. 40.25 N. D. 3.66
Aspartic acid 3.61 13.34 11.43 1.34 6.27 3.57 29.20
Serine 2.64 5.05 8.51 1.49 N.D. 4.35 28.43
Glutamic acid 9.94 2.34 1.18 8.56 52.16 24.71 58.91
Proline 90.03 97.16 62.75 47.92 N.D. 82.21 91.68
Gycine 3.99 7.08 22.63 7.13 N.D. 4.24 20.45
Alanine 13.53 18.83 44.14 21.35 1.97 17.94 74.93
Tyrosine 14.68 16.06 17.12 26.79 N. D. 5.72 39.45
Total 138.41 159.87 167.76 114.58 60.40 142.74 343.04

Values are expressed as mean + SD and in mg/100g. N.D, not detected.
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10. Sugar content

The sugar content of the hydrolysates extracted from mealworms is described in
Table 11. The content of polysaccharides decreased and the amount of reducing
sugar monosaccharides increased with increasing temperature. Especially, the
sugar degradation rate of subcritical hydrolysates was higher than general water
extraction and enzyme hydrolysates of mealworm. The higher the temperature at
the SWE extraction, the more reducing sugar production and the lowering of the
glycogen content of polysaccharide as shown in Fig.14. As shown in Fig.15, the
higher the hydrolysis temperature, the more the degradation into monosaccharide.
These results may be attributed to the increase of ionization constant (also called
dissociation constant or ion product constant) of water (KW) at elevated
temperature, namely the concentrations of hydronium and hydroxide ions increase
so as to break glycosidic bonds in glycogen. Glycogen can be hydrolyzed in pure
water with attack by electrophilic hydrogen atoms on the glycosidic bonds, but this
is a very slow reaction at ambient temperature and pressure. The rate of hydrolysis
can be increased by the use of elevated temperatures and pressures or by acid
catalysis. The acid hydrolysis of cellulose proceeds via the protonation of the
polysaccharide, which slowly breaks down to give a cyclic carbenium ion. After

rapid addition of water, free sugars (glucose) are liberated [35] [36].
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Table 13. Glycogen and reducing sugar content of mealworm hydrolysate obtained
at different SWE conditions

) ) Recovery Condition Glycogen Reducing Sugar
De-oil Extraction Pressure  Temperature (mgGE/gdried (mgGE/qgdried
method method
(bar) (°C) mass) mass)
SWE 30 150 40.08+0.89" 7.29+0.28
SWE 30 180 72.20+1.09° 19.82+0.80¢
Soxhlet SWE 30 210 47.01+0.89¢ 25.78+1.28°
Water extract N.P RT 32.98+0.20" 16.32+0.48"
Enzyme N.P RT 40.84+0.04%"  14.03+0.61%"
SWE 30 150 75.36+0.85? 13.13+0.32"
SWE 30 180 74.06%0.202 13.62+0.43"
SCO; SWE 30 210 41.26+0.12¢ 24.58+1.41°
Water extract N.P R.T 29.45+0.05' 15.03+0.01¢
Enzyme N.P RT 36.32+0.819 14.03+0.53"
SWE 30 150 33.11+0.40" 18.78+0.01°
SWE 30 180 53.36+0.41° 17.64+0.56°
Raw SWE 30 210 19.79+0.27X 27.53+1.03¢%
Water extract N.P RT 12.13+0.06' 13.42+0.08"
Enzyme N.P RT 22.79+0.81) 11.93+0.37!

1) Values are expressed as mean + Standard deviation of triplicates.

2) N.P: Normal pressure, R.T: Room temperature, GE: Glucose equivalent.
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Fig. 15. Reducing Sugar content of mealworm hydrolysate obtained at different
SWE conditions.
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11. Physical characterization
11.1. pH

pH of the hydrolysates were measured using a pH meter (Mettler Toledo Five
Easy Plus, Switzerland) at room temperature. The equipment was calibrated using
technical buffer solutions of pH 4, 7, 10 prior to the measurements. As shown in
Table 14. The pH of the hydrolysates extracted from various conditions was as high
as pH 6-7 of hydrolysates using SWE as a whole. The hydrolysates with general
water extraction and enzymes were at pH 5-6. The low pH at higher temperatures
was due to break down of sugars to organic acids followed by chain reactions of
these acids creating the acidity that enhanced the rate of subsequent reactions as an
auto catalyst process.[37] However, the constant increase in pH with increasing
temperature could be due to decomposition of acidic compounds to other
substances. Moreover, it may also be attributed to the formation of salts and
degradation of organic matter and most probably to the presence of acidic materials

such as phenolic compounds.[38]
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Table 14. pH of mealworm hydrolysates obtained at different SWE conditions

) Recovery Condition
De-oil method Eﬁgﬁgg” Pressure Temperature pH
(bar) (°0)
SWE 30 150 6.46+0.00%
SWE 30 180 6.66+0.02°
Soxhlet SWE 30 210 6.89+0.022
Water extract ~ N.P RT 5.74+0.01"
Enzyme N.P RT 5.65+0.02
SWE 30 150 6.44+0.02°
SWE 30 180 6.68+0.00°
SCO, SWE 30 210 6.89+0.002
Water extract N.P R.T 6.05+0.01¢
Enzyme N.P R.T 5.66+0.01'
SWE 30 150 6.53+0.02°
SWE 30 180 6.49+0.01¢
Raw SWE 30 210 6.88+0.002
Water extract ~ N.P RT 6.10+0.01f
Enzyme N.P R.T 5.28+0.01)

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature.
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11.2. Color

The difference in the lightness (L*), redness (a*), and yellowness (b*) over
hydrolysates is shown in Fig. 7, and Table 13. As shown in Tablel5. The
hydrolysates degraded under various conditions showed a tendency to decrease L
* increase a *, and decrease b *. The hydrolysates extracted by the general
extraction method had higher values of L * and b * and lower values of a * than
SWE hydrolysate. The SWE hydrolysate tended to have lower L * and b * values
and higher a * values at higher temperatures. Browning at pH 7.5. The complexity
of nonenzymatic browning reactions is known to be at least partly due to the sugar
caramelization processes [39]. It therefore seemed to be of interest to determine the
contribution of caramelization and that resulting from the interaction between

amino acids and reducing sugars to the overall nonenzymatic browning [40].
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Table 15. Color properties of mealworm hydrolysates obtained at different SWE
conditions

ool Extract Recovery Condition
c-ol aclion " pracgyre Temperature L* a* b*
method ~ method (bar) C)
SWE 30 150 44.56+0.31° 5.16+0.02"  35.50+0.24°
SWE 30 180 18.22+0.89"  19.04+0.81° 24.07+1.04°
Soxhlet  SWE 30 210 11.03+2.24"  12.37+2.16° 11.30+1.89¢
Water extract N.P R.T 46.44+0.828  -0.13+0.01' 13.67+0.66"
Enzyme  N.P R.T 39.28+£1.32¢ 2.42+0.06" 22.58+0.33“
SWE 30 150 29.48+0.27"  14.05+0.03 36.00+0.50?
SWE 30 180 26.01£0.69¢  16.35+0.46° 28.29+1.94°
SCO; SWE 30 210 9.85+0.20 21.09+0.33%  14.25+0.29°
Water extract N.P R.T 36.12+£0.18%  2.81+0.05%" 22.02+0.79¢
Enzyme ~ N.P R.T 39.18+1.61° 2.42+0.06" 22.58+0.33“
SWE 30 150 43.36£1.11°  -0.14+0.04' 11.46+0.449
SWE 30 180 28.84+0.69"  3.03+0.209" 13.56+0.72"
Raw SWE 30 210 25.00£0.519  3.67+0.05° 14.15+0.72f
Water extract N.P R.T 37.40+0.38°  -0.20+0.06' 13.92+0.75
Enzyme  N.P R.T 34.85+0.34°  2.63+0.10%" 19.44+0.81°

1) Values are expressed as mean + Standard deviation of triplicates.
2) N.P: Normal pressure, R.T: Room temperature.
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Conclusion

The lipids of mealworms was carried out by supercritical carbon dioxide at
temperatures between 40 and 50°C and pressure ranges between 150 and 300 bar.
Extraction of lipids showed the highest lipid mass extracted at 45°C and 250 bar
(34.53+0.64 %). Analysis of the fatty acids of the oils extracted with supercritical
carbon dioxide revealed that the contents of oleic acid, linoleic acid and palmitic
acid were high. Oxidation products such as acid value and peroxide value
measured to estimate oxidative stability of extracted lipid of mealworm, and the
results showed that the oil of the mealworm extracted with SCO2 was much higher
than the oil extracted with organic solvent. Phospholipids was extracted from
mealworm protein powder with lipid removal under the highest lipid extraction
conditions (SCO2, 250bar / 45°C) using ethanol as a co-solvent. Sub-critical
hydrolysis was performed with the de-oiled mealworm protein by SCO,, and
carried out at a stirring speed of 200 rpm under 50 bar and temperature range of
150 to 200°C. For comparative experiments, enzyme hydrolysis and normal water
extraction were performed at ambient temperature. The hydrolysate obtained
different conditions were characterized with antioxidant activity, phenolic
compound and flavonoid content, water-soluble protein content, sugar content, pH
and color. As a result, the antioxidant activity, phenolic compound and flavonoid
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content of the subcritical water hydrolysate (SWH) showed high value than

enzyme hydrolysate (EH) and water extract (WH). At 210°C, SWH showed highest

antioxidant activity, phenolic compound, flavonoid, water-soluble protein, and

reducing sugar content, but total sugar was decreased above 180°C. This result

verified subcritical water hydrolysis could be decompose high molecular

compounds.

65



A SHE o|2st ZMAHKXE|(Tenebrio molitonZEE 3|4

K- =

H od o g o <k % E]
n ~— —t i E
m < M o D o oo 5 O =T
T W s o W RO < o = )
T o w5 % F of R oo o4 <
=T mﬁ ol < o w8 % oWw K
T . S - -~ A SO
- ol I o o 10 . ©
=} E o 3 ® = ¥ m ~ oo g
< mﬁ ° W o U o 5 = o
; ' w g T xo o oo d
o = B TR T
Hia T el G, O @\ O o~
- ol oy K < < S 0| L oon R O
= I TR T - N L
% o & WS 5 w Moo Ko 3
- = H § & . g @l O g oz F
R 0 £ H U 3 o ol o = Kq
E| Q < o2 | — il
g 0 L s T . R T
il o H 1m0 T B % o._ﬂ K- o =
. TEHEER = Kl K =)
[ 1
S AT W ok Y xoam TG
0 50 ik s o Ul
" S = m = N ol = o T g
o- L e D T
T o M XD g e = B ogp T
- T = = ofl od o afl oI
K RS O oqn . by O
TE oa ok 3 0 KX oo £ ow
AR TR
co= R A B
ol o X o e o W W B
ol W our 5 X0 fmw of I <+ N

66



H o = & mwm ¥ X ,
L N Y I & K © <K ow o o © O o
o 0 g T QL M T SR _E .L me ﬂﬂ__ g & ww ﬁ
ol R oo K 0~ o o o [ © R W ooe
ol = ~ © X — ] = - nr - il = o ™ —
o 2 g o ° o F X 3 & > 5 .. F
D/ R S ok = = _ E o v w o W 3§ o RN
< _ L KW E s S ¥ = m §F ool oz ®
= & o & 5 O & =T o = 5 A
oo D O e - O O & R g o 5 X 9 M g Z
Kk 3 < O " ol A Gz TYICs ol =, c ol S 3 = o
oll . »n O En_vﬁ of = ..Aro ¥ < = ol © m-mu murg K
= o T o o ] " oo o5 om MR
qoor B o g T B AU o 2 F K o 0= g oy
< {0 K ._A_l =5 0 _ o _uI P Q_O 0 _|_ﬁ bt X0
o % o = iaD) ™ S\ 2w ol
o = 2 K w2 oom L K 5 I = 3 ur -+
ol =X ® _ 8 I w H o T \oay = 2 L
o Y TRy wnd /B3 or 0 T B = = o %
- 1o S /82 FoE—— T = o K w
7 Ml oo M _ ol ™~ g ° o &2 = o 2
T oo mh K 5 X H o ® o gy fr ! w_M kI S © = O
= < K0 i T — e E R 10
R T e KO f O = % M___m S = .A_..b
— N~ P o w
o ™ LU ble=| C @ KF WE F K S A - W
& g OF N 2 Yo 2% x g 2 oo o § & w 2
o ; OF o X0 oo = H & Mmoo o< K <]
F g <) Mo > W o gu ol Kb o < . ol &
s T £ g T B 5§ o 8 G o ML g @R
M 8 = w oy o S o o5 o@m i oo KT B2 ot
o £ 30 O o o — < T u o 2 == o
0 X v o N D S » & T H & © S|
A = < K Sl <™ 5 o > < o 5 O
> & S o W 2 X oo o T 2 T oo
31 2 = O ol Ta N Y - o 5
0 M I_/_Ir O_H ryll] . m_._._ nru O_H M Q OM L_._ o.__._._ m — HI H_I
g o A T &2 s om o2 2% 3
R SR S b s s RN
o A X 2 A8 K- ﬂ_ S % X 5 frw - T T w
o1 & T o B = S S K oW = K OB 1B
o . L2 % K B o ™S K D sl do oo R
Muu_“__._ m HUL A_n _ % w o} ._A_._._._ _An_ m m O__._._ ._A_I uu.w ﬂ m m _._.___._._
<+ < Q @™ © T o K fw O <€ kU W T B W W T

AFESHO] A|B H|mE gL}

67



14

o
Pl
Ed

—

ud

nERENE

1 30 bar, w8t £& 200 rpm, & 150

=
=

LHX| 225°C2 310 7t+23l =9

oIr

4

OfAAZ 7t

-
o
T

-
St

Klo

-
ot

CC

g

, OFYA 4 FHAEdle 2RI FOIRAE

)

L+Ef

M2
o=

o
o
4

oI = AL Of

k=1 4O
2!

tSICt SCO,2 K|

7}

==
o

2o 2tk

=13
<]

t7F LIEFSECY.

68



Reference

[1] Ravzanaadii N, Kim SH, Choi WH, Hong SJ, Kim NJ. Nutritional value of
mealworm, Tenebrio molitor as food source. Int. J. Indust. Entomol. 25: 93-98

(2012)

[2] Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, et al. Livestock’s
Long Shadow. Environmental issues and options.: 319 pp(2006).

[3] Steinfeld H Sustainability Issues in Livestock Production. Exploratory
Workshop Sustainable Protein Supply. Amsterdam. 26pp(2012).

[4] DeFoliart G., An overview of the role of edible insects in preserving biodiversity.

Ecology of Food and Nutrition 36: 109-132(1997).

[5] Meijer-Rochow VB., Can insects help to ease the problem of world food
shortage Search 6: 261-262(1975).

[6] Mercer CWL, Sustainable production of insects for food and income by New

Guinea villagers. Ecology of Food and Nutrition 36: 151-157(1997).

[7] RamosElorduy J., Insects: a hopeful food source. Ecological Implications of
minilivestock Potential of insects, rodents, and frogs (Ed: MG Paoletti)
Science Publishers, Inc Enfield, New Hampshire, USA ISBN 1-57808-339-7
Chapter 14: 263-291(2005).

[8] Van Huis A., Insects as food in sub-Saharan Africa: Insect Science and its

Application. 2003 July—September; 23(3):163—-185(2003).

[9] DeFoliart G., An overview of the role of edible insects in preserving biodiversity.

Ecology of Food and Nutrition 36: 109—132(1997).

[10] RamosElorduy J., Insects: a hopeful food source. Ecological Implications of
minilivestock Potential of insects, rodents, and frogs (Ed: MG Paoletti)

Science Publishers, Inc Enfield, New Hampshire, USA ISBN 1-57808-339-7
69



Chapter 14: 263-291(2005).

[11] Van Huis A., Insects as food in sub-Saharan Africa: Insect Science and its

Application. 2003 July—September; 23(3):163—185(2003).

[12] W. Hortuntzed (Ed)., Association of Official Analytical Chemistry (AOAC).
Official Methods of Analysis of the Assosciation of Official Analytical
Chemists (17th ed). Washington, USA,(2000).

[13] Stewart. Colorimetric determination of phospholipids with ammonium

ferrothiocyanate. Analytical Biochemistry. 101(1), 10-14(1980).

[14] Yu MH, Lee HS, Cho HL and Lee SW, Enzymatic Preparation and Antioxidant
Activities of Protein Hydrolysates from Tenebrio molitor Larvae (Mealworm).

Journal of food science and nutrition. 435-441(2017).

[15] G. Miliauskas, P.R. Venskutonis and T.A. van Beek. Screening of radical
activity of some medicinal and aromatic plant extracts. Food Chemistry. 85(2),

321-327(2004).

[16] K. Saha, N.H. Lajis, D.A. Israf, A.S. Hamzah, S. Khozirah, S. Khamis and A.
syahida. Evaluation of antioxidant and nitric oxide inhibitory activities of
selected Malaysian medicinal plants. Journal of Ethnopharmacology. 92(2-3),
263-267(2004).

[17] Y.Z. Cai, M. Sun, J. Xing, Q. Luo and H. Corke. Structure-radical scavenging
activity relationships of phenolic compounds from traditional Chinese medical
plants. Life Science. 78(5), 2872-2888(2003).

[18] P. Wetwitayaklung, T. Phaechamud, C. Limmatvapirat and S. Keokitichai. The
study of antioxidant capacity in various parts of Areca catechu L. Naresuan
University Journal. 14(1), 1-14(2006).

[19] C.M. Guimaras, M.S. Gido, S.S. Martinez, A.l. Pintado, M.E. Pintado, L.S.
70



Bento and F.X. Malcata. Antioxidant activity of sugar molasses, including
protective effect against DNA oxidative damage. Journal of Food Science.

72(1), 39-43(2007).

[20] S. Surveswaran, Y.Z. Cai, H. Corke and M. Corke. Systematic evaluation of
natural phenolic antioxidants from 133 Indian medicinal plants. Food

Chemistry. 102(3), 938-953(2007).

[21] K. Thaiponga., U. Boonprakoba., K. Crosbyb., L. Cisneros-Zevallosc., and D.
H. Byrne., Comparison of ABTS, DPPH, FRAP, and ORAC assays for
estimating antioxidant activity from guava fruit extracts, Journal of Food

Composition And Analysis, 19, 669-675(2006).

[22] C. R. N. Gereniu., P. S. Saravana., A. T. Getachew., and B. S. Chun.,
Characteristics of functional materials recovered from Solomon Islands red
seaweed (Kappaphycus alvarezii) using pressurized hot water extraction,

Journal of Applied Phycology, 1-13(2017).

[23] C, Chia Chi., Y, Ming Hua., W, H.M., Chern, J.C. Estimation of Total
Flavonoid Content in Propolis by Two Complementary Colorimetric Methods,

Journal of Food and Drug Analysis. Philadelphia Vol. 10, Iss. 3(2002).

[24] O. H. Lowry., N. J. Rosebrough., A. L. Farr and R. J. Randall., Protein
measurement with the Folin phenol reagent, J biol Chem, 193, 265-275(1951).

[25] H. J. Lee, P. S. Saravana, Y.N. Cho, M. Haq and B. S. Chun. Extraction of
bioactive compounds from oyster (Crassostrea gigas) by pressurized hot water
extraction, The Journal of Supercritical Fluids, (2018)

[26] A. Meillisa., H. C. Woo., and B. S. Chun., Production of monosaccharides and
bio-active compounds derived from marine polysaccharides using subcritical
water hydrolysis, Food Chemistry, 171, 70-77(2015).

[27] A. A. N. Saqib.,, and P. J. Whitney.,, Differential behaviour of the

71



dinitrosalicylic acid (DNS) reagent towards mono- and di-saccharide sugars,
Biomass and Bioenergy, 35(11), 4748-4750(2011).

[28] Friedrich, J. P., List, G. R., Characterization of soybean oil extracted by
supercritical carbon dioxide and hexane. J. Agric. Food. Chem., 30, 192—
193(1983).

[29] A. Molero Gbmez, C. Pereyra L6pez, E. Martinez de la Ossa., Recovery of
grape seed oil by liquid and supercritical carbon dioxide extraction: a
comparison with conventional solvent extraction., The Chemical Engineering
Journal 61., 227-231(1996).

[30] Jeon, YH., Son, YJ., Kim, SH. et al., Physicochemical properties and oxidative
stabilities of mealworm (Tenebrio molitor) oils under different roasting
conditions., Food Science and Biotechnology., 25(1)., 105-110(2016).

[31] . Rodriguez-Meizosom, L. Jaime, S. Santoyo, F.J. Seforans, A. Cifuentes, E.
Ibaniez, Subcritical water extraction and characterization of bioactive
compounds from Haematococcus pluvialis microalga., Journal of
Pharmaceutical and Biomedical Analysis., 51(2), 456-463(2010).

[32] L. He, X. Zhang, H. Xu, C. Xu, F. Yuan, 7. Knez, Z. Novak, Y. Gao, Subcritical
water extraction of phenolic compounds from pomegranate (Punica granatum
L.) seed residues and investigation into their antioxidant activities with HPLC—
ABTS+ assay., Food and Bioproducts Processing., 90(2)., 215-223(2012).

[33] Gereniu, C.R., Saravana, P., Getachew, A. et al., Characteristics of functional
materials recovered from Solomon Islands red seaweed (Kappaphycus
alvarezii) using pressurized hot water extraction., Journal of Applied
Phycology., 29(3), 1609—-1621(2017).

[34] Ketmanee W., Motonobu G., Mitsuru S., Artiwan S., Value-added subcritical
water hydrolysate from rice bran and soybean meal., Bioresource Technology.,
99(14)., 6207-6213(2008).

72



[35] V. Jollet, F. Chambon, F. Rataboul, A. Cabiac, C. Pinel, Green Chem., 11,
2052-2060(2009).

[36] G Zhu, X Zhu, Q Fan, X Wan, Production of reducing sugars from bean dregs
waste by hydrolysis in subcritical water., Journal of Analytical and Applied
Pyrolysis., 90(2)., 182-186(2011).

[37] M. Sasaki, B. Kabyemela, R. Malaluan, S. Hirose, N. Takeda, T. Adschiri, K.
Arai, Cellulose hydrolysis in subcritical and supercritical water., The Journal
of Supercritical Fluids., 13(1-3)., 261-268(1998).

[38] O. Pourali, F. S.Asghari, H. Yoshida, Production of phenolic compounds from
rice bran biomass under subcritical water conditions., Chemical Engineering
Journal., 160(1), 259-266(2010).

[39] D.V Myers, J.C Howell, Characterization and specifications of caramel
colours: An overview, Food and chemical toxicology, 30(5), 359-363(1992)

[40] EL. H. Ajandouz, A. Puigserver, Nonenzymatic, Browning Reaction of
Essential Amino Acids: Effect of pH on Caramelization and Maillard Reaction

Kinetics, J. Agric. Food Chem, 47(5), 1786-1793(1999).

73



	Introduction
	Materials and Methods
	1. Materials
	2. Sample preparation
	3. Method
	3.1. Proximate composition
	3.2. Supercritical Fluid Extraction (SFE)
	3.3. Organic solvent Extraction
	3.4. Characterization of Mealworm Oil
	3.4.1. Acid value
	3.4.2. Peroxide value
	3.4.3. Free fatty acid value
	3.4.4. p-Anicidine value
	3.4.5. Phospholipid content

	3.5. Analysis of fatty acid (Gas chromatography)
	3.6. Subcritical water hydrolysis (SWH)
	3.7. Yield of different extraction condition
	3.8. Conventional Hydrolysis
	3.9. Antioxidant activity
	3.9.1. DPPH
	3.9.2. ABTS+
	3.9.3. FRAP

	3.10. Phenolic compound content
	3.10.1. Total Polyphenol content (TPC)
	3.10.2. Total Flavonoid content (TFC)

	3.11. Protein content
	3.11.1. Lowy’s assay
	3.11.2. Amino acid content

	3.12. Sugar content
	3.12.1. Total sugar content
	3.12.2. Reducing sugar content

	3.13. Physical characterization of mealworm hydrolysate
	3.13.1. pH
	3.13.2. Color measurement


	Results and Discussion
	1. Proximate composition
	2. Supercritical carbon dioxide extract yield
	3. Characterization of Mealworm Oil
	3.1. Acid value and Peroxide value
	3.2. Free fatty acid value and p-Anicidine value

	4. Analysis of fatty acid (GC)
	5. Subcritical water hydrolysis (SWH)
	5.1. Yield of subcritical water hydrolysis (with conventional method)

	7. Antioxidant activity
	8. Phenolic compound contents (TPC+TFC)
	9. Protein content
	9.1. Lowry’s assay
	9.2. Amino acid content

	10. Sugar content
	11. Physical characterization
	11.1. pH
	11.2. Color

	Conclusion
	Reference


<startpage>15
Introduction 11
Materials and Methods 17
1. Materials 17
2. Sample preparation 17
3. Method 18
 3.1. Proximate composition 18
 3.2. Supercritical Fluid Extraction (SFE) 18
 3.3. Organic solvent Extraction 19
 3.4. Characterization of Mealworm Oil 20
  3.4.1. Acid value 20
  3.4.2. Peroxide value 20
  3.4.3. Free fatty acid value 21
  3.4.4. p-Anicidine value 22
  3.4.5. Phospholipid content 23
 3.5. Analysis of fatty acid (Gas chromatography) 23
 3.6. Subcritical water hydrolysis (SWH) 24
 3.7. Yield of different extraction condition 25
 3.8. Conventional Hydrolysis 25
 3.9. Antioxidant activity 26
  3.9.1. DPPH 26
  3.9.2. ABTS+ 26
  3.9.3. FRAP 27
 3.10. Phenolic compound content 28
  3.10.1. Total Polyphenol content (TPC) 28
  3.10.2. Total Flavonoid content (TFC) 29
 3.11. Protein content 30
  3.11.1. Lowy’s assay 30
  3.11.2. Amino acid content 30
 3.12. Sugar content 31
  3.12.1. Total sugar content 31
  3.12.2. Reducing sugar content 32
 3.13. Physical characterization of mealworm hydrolysate 33
  3.13.1. pH 33
  3.13.2. Color measurement 33
Results and Discussion 34
1. Proximate composition 34
2. Supercritical carbon dioxide extract yield 34
3. Characterization of Mealworm Oil 37
 3.1. Acid value and Peroxide value 37
 3.2. Free fatty acid value and p-Anicidine value 40
4. Analysis of fatty acid (GC) 43
5. Subcritical water hydrolysis (SWH) 48
 5.1. Yield of subcritical water hydrolysis (with conventional method) 48
7. Antioxidant activity 51
8. Phenolic compound contents (TPC+TFC) 56
9. Protein content 58
 9.1. Lowry’s assay 60
 9.2. Amino acid content 63
10. Sugar content 66
11. Physical characterization 70
 11.1. pH 70
 11.2. Color 72
Conclusion 74
Reference 79
</body>

