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Abstract

Background and Aims: Natural products are widely used in the pharmaceutical and

cosmetics industries due to their high‐value bioactive compounds, which make for

“greener” and more environmentally friendly ingredients. These natural compounds

are also considered a safer alternative to antibiotics, which may result in antibiotic

resistance as well as unfavorable side effects. The development of cosmeceuticals,

which combine the cosmetic and pharmaceutical fields to create skincare products

with therapeutic value, has increased the demand for unique natural resources. The

objective of this review is to discuss the biological properties of extracts derived

from larvae of the black soldier fly (BSF; Hermetia illucens), the appropriate

extraction methods, and the potential of this insect as a novel active ingredient in

the formulation of new cosmeceutical products. This review also addresses the

biological actions of compounds originating from the BSF, and the possible

association between the diets of BSF larvae and their subsequent bioactive

composition.
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Methods: A literature search was conducted using PubMed and Google Scholar to

identify and evaluate the various biological properties of the BSF.

Results: One such natural resource that may be useful in the cosmeceutical field is

the BSF, a versatile insect with numerous potential applications due to its nutrient

content and scavenging behavior. Previous research has also shown that the BSF has

several biological properties, including antimicrobial, antioxidant, anti‐inflammatory,

and wound healing effects.

Conclusion: Given the range of biological activities and metabolites possessed by

the BSF, this insect may have the cosmeceutical potential to treat a number of skin

pathologies.
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1 | INTRODUCTION

The use of natural products in disease treatment and in cosmetics

has been ubiquitous throughout human history. Mesopotamian

civilization possessed the earliest known records of natural products

used to relieve ailments such as inflammation, colds, and coughs,

utilizing oils from cypress (Cupressus sempervirens) and myrrh

(Commiphora sp.); the Ancient Egyptians extracted henna from

Lawsonia inermis, a flowering shrub tree, and used it to dye their

hair, fingernails, and toenails; the Chinese have long been practising

traditional medicine using natural products, its records carefully

documented in the Chinese Materia Medica (Wu Shi Er Bing Fang),

Shennong Herbal, and the Tang Herbal.1,2 To this day, natural

products remain an attractive commodity owing to their diverse

range of bioactive compounds with unique chemical structures

compared to their synthetic counterparts, generating opportunities

for researchers to find novel candidates for the pharmaceutical and

cosmetic industries.2,3 On top of that, there is no denying the

emerging overlap between both the pharmaceutical and cosmetic

sectors, giving rise to the term “cosmeceutical” as coined by an

American dermatologist, Albert Kligman, defined as cosmetic

products that can be used for both cosmetic and therapeutic

purposes.4–6 Despite the lack of recognition of the term by the

Federal Food, Drug, and Cosmetic Act (FD&C Act), the word

“cosmeceutical” is being actively used in the personal care sector to

describe beauty products whose natural ingredients provide a

plethora of skin benefits such as promoting healthy and youthful

skin as well as relieving the effects of photodamage by ultraviolet

(UV) radiation.5,6

Due to the rising global concern about antibiotic resistance and

side effects during antibiotic therapies, as well as the demand for the

use of more “natural” raw materials to develop safer and more

sustainable cosmeceutical products, it is no wonder that the world is

turning to the Earth's most varied group of organisms as a natural

resource: insects.7–11 With more than two times the number of

species compared to plants, insects are a reservoir of important

bioactive compounds with various applications in the health sector.12

One such promising insect species is Hermetia illucens Linnaeus, or

the black soldier fly (BSF). Belonging to the order Dipterans and the

Stratiomyidae family, the 20‐mm‐long insect is widely distributed in

the tropics, subtropics, and temperate regions.13,14 Its 45‐day life

cycle is comprised of four stages–egg, larva, pupa, and

adult–whereby at the larval stage, they feed on a wide variety of

decaying organic matter such as animal manure and vegetable

waste.9,15,16 Furthermore, BSF larvae have earned their place as an

animal feed alternative to fish meal and fish oil due to their lipid‐ and

protein‐rich biomass.17,18 The fatty acid profile of the BSF bears

great resemblance to that of palm kernel oil and coconut oil, both of

which are popular plant oils in skincare, with the most abundant

shared component being lauric acid.9,19,20 Lauric acid is a potent

antimicrobial and is commonly used in cosmetic formulations as

stabilizers and emulsifiers.9 The insect also possesses a host of amino

acids which can be incorporated into various cosmetic products,

namely arginine, glycine, and proline, all of which play a role in

moisturizing the skin.9 To fully utilize the BSF as an active

cosmeceutical ingredient, this insect's diverse biological properties

and bioactive compounds should be explored further in the hopes of

developing a multifaceted product that would tackle the various

factors contributing to common skin pathologies. Hence, this review

will discuss the antimicrobial, antioxidant, and anti‐inflammatory

properties of the various extracts derived from the BSF in past

literature, identify the most appropriate extraction method used to

process BSF biomass, as well as present the bioactive compounds

that contribute to the aforementioned biological effects. Further-

more, the possible impact of nutrition on the bioactive composition

of the BSF will also be addressed. Ultimately, the aim of this review is

to establish a link between the biological properties of the BSF and

potential cosmeceutical applications based on the existing literature.

An overview depicting these applications of the BSF is shown in

Figure 1.

2 of 22 | LAI‐FOENANDER ET AL.



2 | BSF AS A POTENT ANTIMICROBIAL

To date, there is more than one million described species of

insects, making them the most diverse group of organisms in the

world.21 Their pervasiveness is owed to their high level of

adaptability and broad‐spectrum resistance against pathogens.21

Due to the absence of an adaptive immune system that allows

some organisms such as mammals to produce antibodies, insects

have instead an innate immune system which comprises cellular

and humoral immunity.10,22 Cellular immunity encompasses

phagocytosis, nodule formation, and encapsulation, while

humoral immunity involves the production of proteins and

peptides in the fat body that act against infection, and their

secretion to the hemolymph.10,22 The larvae of BSF are synony-

mous with scavengers, as they feed on animal waste, plant waste,

and even carrion, and thus can survive in incredibly harsh

environments rife with pathogenic microorganisms.23 This unique

behavior indicates that BSF larvae may be able to produce

antimicrobial substances to combat infections by microorganisms

present in manure and compost.23 Previous studies have shown

that BSF larvae managed to reduce the pathogen load in animal

manure, for example in chicken manure, whereby Escherichia coli

O157:H7 was reduced by 6 log CFU/g after 3 days and Salmonella

enterica serotype Enteritidis was reduced by 4 log CFU/g after

2 days.24 In addition, BSF larvae were also able to diminish the

concentrations of Salmonella spp., thermotolerant coliforms,

bacteriophage, and viruses in a mixture of pig manure, human

feces, and dog food.25

2.1 | The antimicrobial capacity of whole BSF
extracts

In the past decade, many solvents have been used to prepare BSF

larvae extracts to study the insect's antimicrobial effects, such as

methanol, chloroform, ethyl acetate, and even acetic acid.10,23,26–30

Out of the various conventional extraction methods for natural

products, only maceration and reflux extraction have been applied for

the BSF. Maceration involved soaking the BSF larvae in a solvent at

room temperature for a period of time, after which the resulting

extract was filtered and concentrated.26,28 Reflux extraction requires

the introduction of heat by boiling the larvae.10,30 Comparing the

yields from different extraction methods, 306 g of extract was

obtained from 1.5 kg of larvae after refluxing, bringing the yield to

20.4%; on the other hand, the yield of product from maceration was

only 2% (12 g of extract from 600 g of larvae).26,30 The higher yield

achieved by refluxing compared to maceration was also observed in

other publications.31,32 This difference in yield may be due to the

high temperatures during refluxing that increases the kinetic energy

of solute molecules, thereby improving diffusion of the solute from

the insect material to the solvent.31,33 The presence of acetic acid in

the aqueous solution used to reflux the BSF larvae may have also

contributed to the greater yield.10,30 A possible explanation for this is

that acids may facilitate cell membrane disruption, thus smoothening

the process of bioactive compound isolation.34

Upon reviewing the past literature on BSF extraction, it is evident

that there is an association linking the extraction process with the

antimicrobial activity of the resulting BSF extract. Extracts from

F IGURE 1 An overview summarizing the potential applications of black soldier fly (BSF) in cosmeceutical products. First, extracts and the
desired bioactive compounds are derived from the insect using the appropriate solvents as well as fractionation and purification methods. The
extract and/or bioactive compounds with promising therapeutic effects, such as antimicrobial, antioxidant, anti‐inflammatory, and wound
healing properties, may then be used as novel active ingredients in cosmeceutical products. (Created with BioRender. com).
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refluxing appear to be the stronger microbial inhibitors when

compared to extracts produced from maceration. For example, the

extract of Lactobacillus casei‐immunized BSF larvae, prepared by

refluxing the powdered larvae in 20% acetic acid solution, managed

to inhibit the growth of both Gram‐positive and ‐negative bacteria,

that is S. aureus KCCM 40881, E. coli KCCM 11234, and Salmonella

spp. at 1–2mg/mL, unlike the methanol extract produced by

maceration that could only inhibit Gram‐negative bacteria.10,26

Furthermore, at approximately 3mg/mL, the refluxed extract has

been shown to restrict the growth of the drug‐resistant strains

methicillin‐resistant S. aureus (MRSA) and multidrug‐resistant

P. aeruginosa (MDRPA), as well as the AMP‐resistant strains Serratia

marcescens and Pseudomonas tolaasii.30 Aside from antibacterial

activity, this extract also possessed antifungal activity as it inhibited

the growth of Candida albicans at an MIC value of 10mg/mL.30 These

results are in contrast to those obtained with a BSF larvae extract

prepared by maceration using acidified methanol (methanol/water/

acetic acid; 90/9/1; v/v/v).23 Despite being active against both

Gram‐positive and ‐negative bacteria, as well as against C. albicans,

the activity of the extract was less intense, with the MIC against

E. coli KCCM 11234 being 12.5mg/mL and the MIC against both

MRSA and C. albicans being 25mg/mL.23

Based on the aforementioned advantages of refluxing over

maceration (higher yields with higher antimicrobial activities) along

with other benefits such as requiring a shorter extraction time and

less solvent, refluxing should be considered for its potential

application in the development of BSF‐based cosmeceutical products

that tackle pathogen‐related skin disorders, especially if the practice

were to be upscaled for commercialization.35

2.2 | Antimicrobial peptides (AMPs)

As mentioned before, the humoral immune response involves the

production of AMPs, and the BSF possesses the largest AMP gene

family among insects.10,36 AMPs are small, cationic, evolutionarily

conserved molecules of 10–100 amino acids that are found in all

living organisms, including plants, bacteria, fungi, and insects.21,37

Their most notable property is inhibitory activities against micro-

organisms such as bacteria, viruses, fungi, and even parasites, though

they have also been found to have anticancer effects.21,38 In

response to the epidemic of antibiotic‐resistant strains as a result

of conventional antibiotic overuse, AMPs are gaining attention as

potential alternatives due to their low production costs, antimicrobial

activity against a wide variety of microorganisms, high heat tolerance,

and low toxicity to eukaryotic cells.7,10,39 In general, the mechanisms

of action of AMPs can be categorized into two groups: firstly, the

membranolytic mechanism, whereby pores are formed in the lipid

membranes of the target microorganism, leading to membrane

disruption and ultimately cell lysis, and secondly, the non‐

membranolytic mechanism, which involves the direct interaction

between the AMP and the microbial proteins, DNA, and RNA.21,40,41

Among insects, there are four families of AMPs, namely cysteine‐rich

peptides (e.g., defensins), α‐helical peptides (e.g., cecropins), glycine‐

rich peptides, and proline‐rich peptides.21

Transcriptomic analysis of larval and adult forms of the BSF

revealed that the vast majority of identified putative AMPs belonged

to the family of defensins.21 These AMPs contain around 34–51

amino acids, are rich in cysteine, and inhibit the growth of mainly

Gram‐positive bacteria, but they have also shown activity against

Gram‐negative bacteria.21 One such defensin successfully isolated

from the BSF is defensin‐like peptide 4 (DLP4).42 This peptide was

shown to exhibit inhibitory actions against Gram‐positive bacteria

Bacillus subtilis KCCM 11316, S. aureus KCCM 40881, S. aureus

KCCM 12256, and Staphylococcus epidermidis KCCM 35494, with

minimum inhibitory concentration (MIC) values of 0.1–0.2 µg/mL,

2.5–5 µg/mL, 5–10 µg/mL, and 2.5–5 µg/mL respectively.42 How-

ever, when tested against Gram‐negative bacteria, DLP4 did not

show any antimicrobial effects.42 On the other hand, another

defensin‐like peptide, DLP3, was reported to be a potent inhibitor

with broad‐spectrum activity, demonstrating antimicrobial effects

against both Gram‐positive and ‐negative bacteria.37 Nevertheless,

when comparing the strengths of both peptides, DLP4 appears to be

the stronger inhibitor, as the MIC values of DLP3 against the same

bacterial strains were relatively higher (5 µg/mL for S. aureus KCCM

40881, 10 µg/mL for S. aureus KCCM 12256, and 10 µg/mL for S.

epidermidis KCCM 35494).37,42

Cecropins are α‐helical AMPs that act against both Gram‐

positive and Gram‐negative bacteria.21,41,43 Cecropin‐like peptide 1

(CLP1), isolated from BSF larvae, restricted the growth of Gram‐

negative bacteria E. coli KCCM 11234, Pseudomonas aeruginosa

KCCM 11328, and Enterobacter aerogenes KCCM 12177 with MIC

values of 2.5–5 µg/mL, 5–10 µg/mL, and 5–10 µg/mL respectively.43

The same minimum bactericidal concentration (MBC) values were

also achieved. Despite cecropins typically being active against both

Gram‐positive and ‐negative bacteria, CLP1 did not show any effect

against Gram‐positive bacteria.43 Interestingly, when comparing

CLP1 with DLP3 against the same panel of Gram‐negative bacteria,

CLP1 seems to be more potent, as DLP3 only managed to inhibit E.

coli KCCM 11234 and P. aeruginosa KCCM 11328 at 10 µg/mL and

40 µg/mL respectively.37,43

2.3 | The antimicrobial capacity of the BSF against
multidrug‐resistant pathogens

The rapid emergence of various multidrug‐resistant bacterial strains

have made the search for novel drug candidates ever more dire.26

MRSA is a significant contributor to drug resistance in dermatologic

diseases, often presenting as painful red bumps in infected skin or, in

more serious cases, causing diseases such as staphylococcal scalded

skin syndrome in infants.44–46 Due to acquiring the gene mecA which

codes for penicillin‐binding protein 2a (PBP2a), MRSA is resistant to

β‐lactam antibiotics such as methicillin and ampicillin, since PBP2a

reduces the organism's affinity to bind to this class of antibiotics.47–49

For decades, vancomycin has been the antibiotic of choice for MRSA;
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however, the discovery of vancomycin‐resistant S. aureus has urged

researchers to turn to alternative methods for the treatment of

MRSA infections.50

It is worth noting that DLP4 and DLP3 were both capable

of inhibiting the growth of MRSA, with an MIC value of 2.5 to

5 µg/mL for DLP4 and 5 µg/mL for DLP3, while the MICs of

positive controls methicillin and ampicillin were undetected.37,42

So far, only DLP4 has been extensively studied for its mechanism

of action against MRSA, which was reported to involve interfer-

ence with the bacterial plasma membrane, cell cycle, and

macromolecular synthesis.51 It was speculated that DLP4 disrupts

the plasma membrane through pore formation due to the presence

of the charged residues Asp4 and Arg23.51 Similar to vancomycin

and ciprofloxacin, DLP4 may act as an inhibitor of cell wall, DNA,

and RNA synthesis in MRSA.51 When comparing the postantibiotic

effects (PAEs) of this peptide with that of standard antibiotics,

DLP4 displayed a greater PAE than vancomycin.51 No resistance

was observed in MRSA against DLP4 even after 30 serial passages,

as opposed to ciprofloxacin whose MIC increased four‐fold.51 In

light of these results, besides its antimicrobial actions against

conventional bacterial species as detailed in Table 1, it is clear that

the BSF possesses compounds such as DLP4 with antagonistic

effects against multidrug‐resistant bacteria, making this insect an

invaluable resource of potential drug candidates capable of

treating recalcitrant skin diseases.

2.4 | The impact of nutrition on the BSF immune
system and subsequent antimicrobial properties

Nutritional immunology is a multidisciplinary field that investigates

the relationship between dietary components and the intestinal

immune system.55 A well‐nourished body would possess a robust

immune system while malnutrition or unhealthy diets would render

the immune system less capable of effectively combatting infections,

as a result of the influence of nutrition on constitutive and inducible

immune responses.27,56 In the context of the BSF, this association

between nutrition and immunity may be relevant in developing a

better understanding of the mechanisms underlying the insect's

antimicrobial capacity. As mentioned before, BSF larvae derive their

dietary needs from pathogen‐rich organic waste, and this ability to

survive on harmful feedstuff is possibly owed to the AMPs and other

antimicrobial substances within their biomass.23 It is also likely that

the larvae retained certain secondary metabolites, especially from

plants, through sequestration, which is the accumulation of plant

defense compounds simply by ingesting the plant material to increase

fitness.57 Sequestration among herbivorous insects is common, and

the phytocompounds usually taken up by these insects include

glucosinolates, salicinoids, and cyanogenic glycosides.57,58 Although

there has not been any research conducted on the sequestration of

such metabolites by BSF larvae, it is indeed an exciting area to

explore when considering the influence of nutrition on the

antimicrobial capacity of the BSF.

Given that nutrition impacts the expression of immune‐related

genes, and therefore potentially affects AMP expression and

subsequent antimicrobial properties, it was hypothesized that the

diet‐dependent expression of AMPs in the BSF adapts both the BSF

gut microbiota and environmental microbiota (e.g., found in their

diets), to enable the larvae to digest and survive on pathogen‐rich

substrates.27 In a study by Vogel et al. investigating the effect of

different diets on the antimicrobial potential of BSF larvae, the larvae

extract obtained using chloroform was found to be active against

both Gram‐positive and ‐negative bacteria, namely B. subtilis,

Micrococcus luteus, E. coli BL21 (DE3), and Pseudomonas fluorescens

BL915.27 In contrast, the chloroform extract prepared and tested by

Park et al. showed no activity against a variety of Gram‐positive and ‐

negative bacteria, including B. subtilis, M. luteus, and E. coli.23 Based

on the aforementioned hypothesis regarding nutritional immunology,

the diets of the BSF larvae may have been responsible for the

inconsistent antimicrobial effects exerted by the chloroform extracts

observed by Park et al. and Vogel et al., given that different immune‐

related genes may have been expressed in each case based on

diet.23,27 However, to declare that the two studies each fed their BSF

larvae different diets would be considered speculation as Park et al.

did not reveal the type of substrates used to feed their BSF larvae.23

With regard to the bioactive compounds within certain diets that may

have immunomodulatory effects on the BSF larvae, using the study

by Vogel et al. as an example, it was found that brewer's grains and

sunflower oil both generated strong immune responses in the

larvae.27 The protein‐rich brewer's grains may have contributed to

the production of AMPs in the BSF larvae, though the level of AMP

expression did not correlate with the antimicrobial activity, most

likely due to the reduced accuracy of transcriptome de novo analysis

used by Vogel et al. compared to reference genome‐based analy-

sis.27,59 The immune‐regulating properties of sunflower oil may be

owed to its rich sitosterol content, as sitosterol has previously shown

antibacterial effects in several studies.60–62 Overall, nutrition plays a

significant role in BSF immunomodulation, which is reflected in the

diet‐dependent antimicrobial capacities of its larvae extracts that

are composed of an array of high‐value compounds. Understanding

the nutritional immunology of the BSF would help researchers make

informed decisions on the organism's dietary needs to express the

desired bioactive compounds.

3 | A PROTECTIVE AGENT AGAINST
OXIDATIVE STRESS AND INFLAMMATION

Aside from its antimicrobial effects, the BSF has also been reported

to possess scavenging abilities against reactive oxygen species (ROS),

as seen in Table 2. An extract of BSF larvae was tested for its

antioxidant capacity following induction by UV irradiation (257.3 nm,

8W) at a distance of 40 cm for varying durations, that is, 10 min, 20

min, and 30 min.29 Compared to the Nonirradiated BSF larvae, the

extract derived from UV‐treated larvae displayed enhanced DPPH,

ABTS, and hydroxyl radical scavenging activities.29 These data
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te
r
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4
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(v
)
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ra
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gh

er
an
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b
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te
ri
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ti
vi
ty
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ai
ns
t
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so
nn

ei

an
d
N
.
go

no
rr
ho

ea
e
th
an

ag
ai
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t
K
.
pn

eu
m
on

ia
e.

(C
)

T
B
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5
0
;
m
et
ha

no
l
ex

tr
ac
t)
:

(i)
M
et
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l

ex
tr
ac
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o
w
ed

st
ro
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b
it
io
n
fr
o
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2
0
m
g/
m
L;

(ii
)
A
nt
ib
ac
te
ri
al

ac
ti
vi
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hi
gh
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t
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1
2
h
an

d

d
ec

re
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af
te
r
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4
h;

(ii
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2
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•
K
.
pn

eu
m
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2
.3
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m
L;

•
N
.
go

no
rr
ho
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2
1
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m
L;

•
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so
nn

ei
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2
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m
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m
L.

[2
6
]

H
ex
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ed

io
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)
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ae
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er
e
ex
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ac
te
d

(s
o
lv
en

t
no

t
m
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o
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d
)
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r

2
4
h
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ro
o
m

te
m
p
er
at
ur
e.

(B
)

T
he

ex
tr
ac
ts

w
er
e
fi
lt
er
ed
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g
fi
lt
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p
ap

er
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d
va

cu
um

p
um

p
,t
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n
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ap
o
ra
te
d
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d
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re
d
uc

ed
p
re
ss
ur
e
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4
0
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w
it
h
a
ro
ta
ry

ev
ap

o
ra
to
r.

(C
)

E
xt
ra
ct
s
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er
e
p
ur
if
ie
d
to

o
b
ta
in

p
ur
e
he

xa
ne

d
io
ic

ac
id
.

(A
)

In
vi
tr
o
:
Sp

re
ad

p
la
te

m
et
ho

d
.

(B
)

In
vi
vo

:
F
em

al
e

B
A
LB

/c
m
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K
.
pn

eu
m
on

ia
e

K
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T
C
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tr
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5
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d
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eu
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e
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.
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if
ic
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o
n.
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vo
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d
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ro
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ro
te
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io
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m
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ai
ns
t
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pn

eu
m
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ia
e

in
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io
n.

[5
2
]
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ro
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ca
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ac
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ac
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m
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m
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m
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m
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ac
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m
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m
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rh
iz
op
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;
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;
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su
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m
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ae
ro
ge
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P
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ae
ru
gi
no

sa
:
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5
m
g/
m
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•
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ex
tr
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w
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ro
b
ia
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vi
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.

[2
3
]
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o
nt
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p
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.
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b
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b
ac
te
ri
a.

(B
)

D
LP

4
d
is
p
la
ye

d
lo
w
er

M
IC

va
lu
es

ag
ai
ns
t
M
R
SA

th
an

th
e
co

nt
ro
ls

m
et
hi
ci
lli
n
an

d
am

p
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S.
au

re
us

K
C
C
M
1
2
2
5
6
:

1
.1
7
–2

.3
4
µ
M
;

(iv
)
S.

ep
id
er
m
id
is
:

0
.5
9
–1

.1
7
µ
M
;

(v
)
B
.
su
bt
ili
s:
0
.0
2
–
0
.0
4
µ
M
.

[4
2
]

A
M
P
*:

R
ec

o
m
b
in
an

t
T
rx
‐

st
o
m
o
xy

nZ
H
1

*D
er
iv
ed

fr
o
m

la
rv
ae

im
m
un

iz
ed

w
it
h
S.

au
re
us

an
d
E.

co
li
at

O
D

6
0
0
=
1
.5
.

(A
)

T
em

p
er
at
ur
e:

2
8
°C

.

(B
)

H
um

id
it
y:

6
5
%
.
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b
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[3
9
]
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C
M
1
1
2
3
4
,
P
.

ae
ru
gi
no

sa
K
C
C
M
1
1
3
2
8

(A
)

D
LP

3
sh
o
w
ed

p
o
te
nt

in
hi
b
it
o
ry

ac
ti
vi
ty

ag
ai
ns
t
b
o
th

G
ra
m
‐

p
o
si
ti
ve

an
d
G
ra
m
‐n
eg

at
iv
e

b
ac
te
ri
a.

(B
)

M
IC
:

(i)
M
R
SA

:
5
µ
g/
m
L;

(ii
)
S.

au
re
us

K
C
C
M
4
0
8
8
1
:

5
µ
g/
m
L;

(ii
i)

S.
au

re
us

K
C
C
M
1
2
2
5
6
:

1
0
µ
g/
m
L;

(iv
)
S.

ep
id
er
m
id
is
:
1
0
µ
g/
m
L;

(v
)
E.

co
li:

1
0
µ
g/
m
L;

(v
i)

P
.
ae
ru
gi
no

sa
:
4
0
µ
g/
m
L.

[3
7
]

A
M
P
*:

C
LP

1

*D
er
iv
ed

fr
o
m

la
rv
ae

im
m
un

iz
ed

w
it
h
S.

au
re
us

at
O
D

6
0
0
=
2
.4
.

(A
)

T
em

p
er
at
ur
e:

3
2
°C

.

(B
)

H
um

id
it
y:

6
2
%
.

(A
)

Im
m
un

iz
ed

he
m
o
ly
m
p
h
w
as

co
lle
ct
ed

in
ic
e‐
co

ld
tu
b
es
,

th
en

ce
nt
ri
fu
ge

d
at

1
0
,0
0
0
rp
m

fo
r
5
m
in

at
4
°C

.

(B
)

H
em

o
ly
m
p
h
w
as

fr
ac
ti
o
na

te
d

an
d
p
ur
if
ie
d
to

o
b
ta
in

p
ur
e
C
LP

1
.

(A
)

M
IC
.

(B
)

M
B
C
.

G
ra
m
‐p
o
si
ti
ve

:

M
R
SA

,
S.

au
re
us

(K
C
C
M
4
0
8
8
1
,

K
C
C
M
1
2
2
5
6
),
S.

ep
id
er
m
id
is
K
C
C
M
3
5
4
9
4

G
ra
m
‐n
eg

at
iv
e:

E.
co
li
K
C
C
M
1
1
2
3
4
,
E.

ae
ro
ge
ne

s
K
C
C
M
1
2
1
7
7
,

P
.
ae
ru
gi
no

sa

K
C
C
M
1
1
3
2
8

(A
)

C
LP

1
sh
o
w
ed

an
ti
m
ic
ro
b
ia
l

ac
ti
vi
ty

ag
ai
ns
t
G
ra
m
‐n
eg

at
iv
e

b
ac
te
ri
a
b
ut

no
t
ag

ai
ns
t
G
ra
m
‐

p
o
si
ti
ve

b
ac
te
ri
a.

(B
)

A
nt
ib
ac
te
ri
al

ac
ti
vi
ty

o
f
C
LP

1
:

(i)
E.

co
li:

0
.5
2
–1

.0
3
µ
M

(M
IC
);

0
.5
2
–
1
.0
3
µ
M

(M
B
C
);

(ii
)
E.

ae
ro
ge
ne

s:
1
.0
3
–2

.0
7
µ
M

(M
IC
);
1
.0
3
–
2
.0
7
µ
M

(M
B
C
);

(ii
i)

P
.
ae
ru
gi
no

sa
:
1
.0
3
–2

.0
7
µ
M

(M
IC
);
1
.0
3
–
2
.0
7
µ
M

(M
B
C
).

(C
)

C
LP

1
sh
o
w
ed

ac
ti
vi
ty

ag
ai
ns
t

E.
co
li
5
0
‐f
o
ld

gr
ea

te
r
th
an

th
e

co
nt
ro
l
an

ti
b
io
ti
c
am

p
ic
ill
in
.

[4
3
]

A
ci
d
if
ie
d
m
et
ha

no
l
ex

tr
ac
t;

ch
lo
ro
fo
rm

ex
tr
ac
t;
et
hy

l
ac
et
at
e

ex
tr
ac
t

(A
)

T
em

p
er
at
ur
e:

2
4
°C

.

(B
)

D
ie
t:
8
d
if
fe
re
nt

d
ie
ts

to
as
se
ss

th
e
im

p
ac
t
o
f

nu
tr
it
io
n
o
n
th
e

an
ti
b
ac
te
ri
al

ac
ti
vi
ty

o
f

d
if
fe
re
nt

B
SF

la
rv
ae

ex
tr
ac
ts
.

(A
)

La
rv
ae

w
er
e
fr
ee

ze
‐t
ha

w
ed

at
−
2
0
°C

,
th
en

th
o
ro
ug

hl
y

gr
o
un

d
in

m
et
ha

no
l/
w
at
er
/

ac
et
ic

ac
id

(9
0
/9

/1
v/
v/
v)
.

(B
)

T
he

ex
tr
ac
t
w
as

ce
nt
ri
fu
ge

d

at
1
6
0
0
×
g
fo
r
2
0
m
in

at
4
°C

an
d
co

nc
en

tr
at
ed

un
d
er

re
d
uc

ed
p
re
ss
ur
e
us
in
g
a

ro
ta
ry

ev
ap

o
ra
to
r.

In
hi
b
it
io
n
zo

ne
as
sa
y.

G
ra
m
‐p
o
si
ti
ve

:

M
.
lu
te
us
,B

.
su
bt
ili
s

G
ra
m
‐n
eg

at
iv
e:

E.
co
li
B
L2

1
(D

E
3
),
P
.

flu
or
es
ce
ns

B
L9

1
5

(A
)

A
nt
ib
ac
te
ri
al

ac
ti
vi
ty

o
f
ex

tr
ac
ts

w
as

d
ie
t‐
d
ep

en
d
en

t.

(B
)

A
ci
d
if
ie
d
m
et
ha

no
l
ex

tr
ac
t
o
f

la
rv
ae

re
ar
ed

o
n
b
re
w
er
's
gr
ai
ns

an
d
ce

llu
lo
se
:
St
ro
ng

ly
in
hi
b
it
ed

G
ra
m
‐n
eg

at
iv
e
b
ac
te
ri
a.

(C
)

A
ci
d
if
ie
d
m
et
ha

no
l
ex

tr
ac
t
o
f

la
rv
ae

re
ar
ed

o
n
ch

it
in
,c

el
lu
lo
se
,

b
ac
te
ri
a,

an
d
p
la
nt

o
il:

St
ro
ng

ly

in
hi
b
it
ed

G
ra
m
‐p
o
si
ti
ve

b
ac
te
ri
a.

[2
7
]

(C
o
nt
in
ue

s)
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T
A
B
L
E

1
(C
o
nt
in
ue

d
)

E
xt
ra
ct
/b

io
ac
ti
ve

co
m
p
o
un

d
R
ea

ri
ng

m
et
ho

d
E
xt
ra
ct
io
n
m
et
ho

d
A
nt
im

ic
ro
b
ia
l
as
sa
y

M
ic
ro
b
ia
l
st
ra
in
s

A
nt
im

ic
ro
b
ia
l
ac
ti
vi
ty

R
ef
er
en

ce
s

(C
)

P
ro
te
in
s
an

d
lip

id
s
w
er
e

ex
tr
ac
te
d
us
in
g
se
q
ue

nt
ia
l

ex
tr
ac
ti
o
n
w
it
h
ch

lo
ro
fo
rm

an
d
et
hy

l
ac
et
at
e.

(D
)

A
ll
th
re
e
ex

tr
ac
ts

w
er
e
th
en

co
nc

en
tr
at
ed

un
d
er

re
d
uc

ed

p
re
ss
ur
e
us
in
g
a
ro
ta
ry

ev
ap

o
ra
to
r.

(D
)

C
hl
o
ro
fo
rm

ex
tr
ac
t
o
f
la
rv
ae

re
ar
ed

o
n
lig
ni
n,

b
ac
te
ri
a,

an
d

p
la
nt

o
il:

In
hi
b
it
ed

al
l
te
st
ed

b
ac
te
ri
al

sp
ec

ie
s.

(E
)

O
ve

ra
ll,

ac
id
if
ie
d
m
et
ha

no
l

ex
tr
ac
t
d
is
p
la
ye

d
hi
gh

er

in
hi
b
it
io
n
co

m
p
ar
ed

to

ch
lo
ro
fo
rm

ex
tr
ac
t.

(F
)

D
at
a
o
n
et
hy

la
ce

ta
te

ex
tr
ac
t
no

t

re
p
o
rt
ed

.

D
M
SO

‐t
re
at
ed

m
et
ha

no
le

xt
ra
ct

(1
0
,

2
0
,4

0
,
8
0
,1

6
0
,
3
2
0
m
g/
m
L)

–
(A
)

1
5
‐d
ay

‐o
ld

la
rv
ae

w
er
e

ha
rv
es
te
d
,o

ve
n‐
d
ri
ed

at
6
5
°C

fo
r
2
4
h,

th
en

gr
o
un

d
.

(B
)

G
ro
un

d
la
rv
ae

w
er
e
ex

tr
ac
te
d

w
it
h
m
et
ha

no
l

(1
:1
0
b
/v
)
at

ro
o
m

te
m
p
er
at
ur
e
fo
r

2
4
h.

(C
)

T
he

ex
tr
ac
ts

w
er
e
fi
lt
er
ed

us
in
g
fi
lt
er

p
ap

er
an

d
a

va
cu

um
p
um

p
,
th
en

co
nc

en
tr
at
ed

un
d
er

re
d
uc

ed

p
re
ss
ur
e
w
it
h
a
ro
ta
ry

ev
ap

o
ra
to
r
at

4
0
°C

.

In
hi
b
it
io
n
zo

ne
as
sa
y.

E.
co
li,

Sa
lm

on
el
la

sp
p
.

(A
)

M
et
ha

no
l
ex

tr
ac
t
sh
o
w
ed

d
o
se
‐

d
ep

en
d
en

t
an

ti
b
ac
te
ri
al

ac
ti
vi
ty
.

(B
)

A
nt
i‐
E.

co
li
ac
ti
vi
ty

(in
hi
b
it
io
n

zo
ne

s)
:

(i)
1
0
m
g/
m
L
=
0
m
m
;

(ii
)
2
0
m
g/
m
L
=
0
m
m
;

(ii
i)

4
0
m
g/
m
L
=
0
m
m
;

(iv
)
8
0
m
g/
m
L
=
0
m
m
;

(v
)
1
6
0
m
g/
m
L
=
4
.6
7
m
m
;

(v
i)

3
2
0
m
g/
m
L
=
6
.0
0
m
m
.

(C
)

A
nt
i‐
Sa

lm
on

el
la

sp
p
.
ac
ti
vi
ty

(in
hi
b
it
io
n
zo

ne
s)
:

(i)
1
0
m
g/
m
L
=
0
m
m
;

(ii
)
2
0
m
g/
m
L
=
0
m
m
;

(ii
i)

4
0
m
g/
m
L
=
0
m
m
;

(iv
)
8
0
m
g/
m
L
=
0
m
m
;

(v
)
1
6
0
m
g/
m
L
=
4
.3
3
m
m
;

(v
i)

3
2
0
m
g/
m
L
=
6
.3
3
m
m
.

[2
8
]

A
M
P
*:

rH
I‐
at
ta
ci
n

*D
er
iv
ed

fr
o
m

la
rv
ae

im
m
un

iz
ed

w
it
h
E.

co
li
at

O
D

6
0
0
=
2
.4
.

(A
)

T
em

p
er
at
ur
e:

3
2
°C

.

(B
)

H
um

id
it
y:

6
2
%
.

—
In
hi
b
it
io
n
zo

ne
as
sa
y.

E.
co
li
K
C
C
M
1
1
2
3
4
,

M
R
SA

K
C
C
M
4
0
8
8
1

(A
)

C
el
ls

tr
an

sf
o
rm

ed
w
it
h

re
co

m
b
in
an

t
p
ro
te
in

rH
I‐
at
ta
ci
n

sh
o
w
ed

in
hi
b
it
o
ry

ac
ti
vi
ty

ag
ai
ns
t

E.
co
li
an

d
M
R
SA

.

(B
)

St
ro
ng

er
ac
ti
vi
ty

w
as

o
b
se
rv
ed

ag
ai
ns
t
E.

co
li
co

m
p
ar
ed

to
M
R
SA

.

[2
2
]

A
M
P
*:

P
ep

ti
d
e
H
P
/F

9

*D
er
iv
ed

fr
o
m

la
rv
ae

im
m
un

iz
ed

w
it
h
L.

ca
se
i.

–
(A
)

Sm
al
l
sc
is
so
rs

w
er
e
us
ed

to

cu
t
o
p
en

th
e
re
ar

p
ar
t
o
f

6
0
0
g
o
f
im

m
un

iz
ed

la
rv
ae

to

co
lle
ct

1
0
μL

o
f
he

m
o
ly
m
p
h

fr
o
m

ea
ch

la
rv
a.

(B
)

H
em

o
ly
m
p
h
w
as

fr
ac
ti
o
na

te
d

an
d
p
ur
if
ie
d
to

o
b
ta
in

p
ur
e

p
ep

ti
d
e
H
P
/F

9
.

(A
)

In
vi
tr
o
:
Sp

re
ad

p
la
te

m
et
ho

d
.

(B
)

In
vi
vo

:
F
em

al
e

B
A
LB

/c
m
ic
e.

K
.
pn

eu
m
on

ia
e

A
T
C
C
1
3
8
8
3

(A
)

In
vi
tr
o
:

(i)
H
P
/F

9
in
hi
b
it
ed

th
e
gr
o
w
th

o
f
K
.
pn

eu
m
on

ia
e
(d
o
se
‐

d
ep

en
d
en

t)
.

(ii
)
1
.2

µ
g/
5
0
µ
L:

Si
gn

if
ic
an

t

re
d
uc

ti
o
n.

(ii
i)

6
o
r
1
2
µ
g/
5
0
µ
L:

C
o
m
p
le
te

in
hi
b
it
io
n.

[5
3
]
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T
A
B
L
E

1
(C
o
nt
in
ue

d
)

E
xt
ra
ct
/b

io
ac
ti
ve

co
m
p
o
un

d
R
ea

ri
ng

m
et
ho

d
E
xt
ra
ct
io
n
m
et
ho

d
A
nt
im

ic
ro
b
ia
l
as
sa
y

M
ic
ro
b
ia
l
st
ra
in
s

A
nt
im

ic
ro
b
ia
l
ac
ti
vi
ty

R
ef
er
en

ce
s

(B
)

In
vi
vo

:

(i)
B
o
d
y
w
ei
gh

t
ch

an
ge

s:

•
1
.2
,6

,a
nd

1
5
µ
g
o
f
H
P
/F

9

re
d
uc

ed
w
ei
gh

t
lo
ss

in

m
ic
e
at

2
d
ay

s
p
.i.

(ii
)
M
ic
e
lu
ng

K
.

pn
eu

m
on

ia
e
lo
ad

:

•
6

an
d

1
5
µ
g:

C
o
m
p
le
te

in
hi
b
it
io
n.

(ii
i)

H
is
to
p
at
ho

lo
gy

:

•
B
ot
h

lu
ng

s
an
d

ki
dn

ey
s
of

m
ic
e
tr
ea
te
d
w
ith

H
P
/F
9

sh
ow

ed
no

si
gn

s
of

in
fla
m
m
at
io
n
in
du

ce
d
by

K
.

pn
eu
m
on
ia
e.

E
xt
ra
ct

o
f
La
ct
ob

ac
ill
us
‐i
nf
ec

te
d

H
.
ill
uc
en

s
la
rv
ae

*

*D
er
iv
ed

fr
o
m

la
rv
ae

im
m
un

iz
ed

w
it
h
va

ri
o
us

La
ct
ob

ac
ill
us

sp
ec

ie
s
at

va
ri
o
us

co
nc

en
tr
at
io
ns
.

(A
)

T
em

p
er
at
ur
e:

2
6
±
1
°C

.

(B
)

H
um

id
it
y:

6
0
%
.

(A
)

Im
m
un

iz
ed

la
rv
ae

w
er
e
d
ri
ed

fo
r
4
5
m
in

us
in
g
a
m
ic
ro
w
av

e,

th
en

gr
o
un

d
to

a
p
o
w
d
er
.

(B
)

P
o
w
d
er

w
as

su
sp
en

d
ed

in

2
0
%

ac
et
ic

ac
id

so
lu
ti
o
n
an

d

b
o
ile

d
fo
r
3
0
m
in
.

(C
)

Th
e
m
ix
tu
re

w
as

ce
nt
rif
ug

ed
at

45
00

rp
m

fo
r
30

m
in

at
4°
C
,

an
d
th
e
su
pe

rn
at
an
t
dr
ie
d
in

a

va
cu
um

‐s
pi
n
dr
ie
r
fo
r
9
h

be
fo
re

be
in
g
re
su
sp
en

de
d
in

st
er
ili
ze
d
di
st
ill
ed

w
at
er

as
an

ex
tr
ac
t.

M
IC
.

G
ra
m
‐p
o
si
ti
ve

:

S.
au

re
us

K
C
C
M
4
0
8
8
1

G
ra
m
‐n
eg

at
iv
e:

E.
co
li
K
C
C
M
1
1
2
3
4
,

Sa
lm

on
el
la

pu
llo
ru
m

K
V
C
C
‐B

A
0
7
0
2
5
0
9
,

Sa
lm

on
el
la

ty
ph

im
ur
iu
m

K
C
C
M
4
0
4
0
6
,
S.

en
te
ri
ti
di
s
K
C
C
M
1
2
0
2
1

M
IC
:

•
E.

co
li:

1
0
0
–
2
0
0
µ
g/
1
0
0
µ
L;

•
S.

au
re
us
:
1
0
0
–
2
0
0
µ
g/
1
0
0
µ
L;

•
Sa

lm
on

el
la

sp
p
.:
1
0
0
–2

0
0
µ
g/

1
0
0
µ
L.

[1
0
]

E
xt
ra
ct

o
f
L.

ca
se
i‐
in
fe
ct
ed

H
.i
llu
ce
ns

la
rv
ae

(A
)

T
em

p
er
at
ur
e:

2
6
±
1
°C

.

(B
)

H
um

id
it
y:

6
0
%
.

(A
)

4
.5

kg
o
f
la
rv
ae

w
er
e
d
ri
ed

fo
r

4
5
m
in

us
in
g
a
m
ic
ro
w
av

e.

(B
)

1
.5

kg
o
f
d
ri
ed

la
rv
ae

w
as

gr
o
un

d
to

a
p
o
w
d
er
,
th
en

su
sp
en

d
ed

in
2
0
%

ac
et
ic

ac
id

so
lu
ti
o
n,

b
o
ile

d
fo
r
3
0
m
in
,

an
d
ce

nt
ri
fu
ge

d
at

4
5
0
0
rp
m

fo
r
3
0
m
in

at
4
°C

.

(C
)

Su
p
er
na

ta
nt

w
as

d
ri
ed

in
a

va
cu

um
‐s
p
in

d
ri
er

fo
r
9
h,

th
en

d
is
so
lv
ed

in
st
er
ili
ze
d

d
is
ti
lle
d
w
at
er

to
p
ro
d
uc

e

5
0
m
g/
m
L
ex

tr
ac
t.

(A
)

R
D
A
.

(B
)

M
IC
.

G
ra
m
‐p
o
si
ti
ve

:

E.
fa
ec
al
is
K
A
C
C
1
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suggest that the insect would require stimulation to produce extracts

with better results, given that UV irradiation can activate the immune

system of the insect and trigger the generation of certain compounds

involved in hormonal and cellular defense responses.65 This is evident

when comparing these data with that of protein hydrolysates

obtained from BSF larvae without any prior induction, which

demonstrated lower DPPH and ABTS scavenging activities.63

However, when the same protein hydrolysate was ultrafiltered into

fractions based on their molecular weights (< 3 kDa, 3–10 kDa, and

>10 kDa), the fractions showed improvements in DPPH, ABTS, and

hydroxyl radical scavenging abilities compared to the whole protein

hydrolysate.63 Protein hydrolysates are comprised of small peptides

and free amino acids that would possess several valuable bioactivities

such as antimicrobial, antihypertensive, anticoagulant, and antiox-

idant properties.66–68 As such, fractionation is typically employed to

these complex mixtures to concentrate or purify specific target

peptides.69,70 The difference in the scavenging capacity between the

whole hydrolysate and the fractions may be due to the difference in

molecular weight.71 Several studies have reported the inverse

relationship between the molecular weight of peptides and their

antioxidant activities, with some suggesting that steric hindrance may

restrict the access of fractions with a higher molecular weight to the

radical portion of the target molecule, thus lowering the antioxidant

capacity of the fraction.72–75

Apart from molecular weight, the antioxidant capacity of protein

hydrolysates are also influenced by the amino acid composition of

their peptides.76 Hydrophobicity may contribute to the antioxidant

activity of the overall peptide, as peptides with high antioxidant

activity have been reported to contain a higher proportion of

hydrophobic amino acids than hydrophilic amino acids.71,77 This is

reflected in the antioxidant fragments identified in protein hydroly-

sates from BSF larvae that contained predominantly hydrophobic

amino acids (glycine, proline, phenylalanine, lysine, tyrosine, valine,

and leucine).63 It was suggested that hydrophobicity allows the

antioxidative peptides to easily pass through the phospholipid bilayer

and enter target cells to scavenge free radicals.71,77 Another factor

that may enhance the antioxidant capacity of protein hydrolysates is

the presence of aromatic rings, which are rich in electrons and

therefore easily attacked by oxidants.78 This would explain the

contribution of tyrosine to the antioxidant capacity of BSF larvae

protein hydrolysates, as tyrosine contains an electron‐donating

hydroxyl group that activates a benzene ring in its side chain,

thereby making it susceptible to oxidation.63,78 Lastly, the amino

acids arginine, histidine, as well as lysine have nitrogen atoms in their

side chains, and the single lone electron pair within these atoms

allows them to be easily oxidized, conferring antioxidant capacity to

the BSF larvae protein hydrolysate.63,78,79

When reviewing literature focusing on the amino acids identified

in the protein hydrolysate, it appears that tyrosine may have the

largest effect on the overall antioxidant activity of the hydrolysate.

Free tyrosine has been shown to be an effective antioxidant against

DPPH, ABTS, and superoxide anion radicals.80,81 Moreover, it was

discovered that dipeptides and tripeptides with tyrosine residues,T
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especially if they are found at the C‐terminal, displayed potent radical

scavenging abilities.79,82,83 However, formulating a mixture of

antioxidant amino acids at the same proportions found in the protein

hydrolysate may not exert the same level of antioxidant effects,

indicating that the relative spatial structure of the amino acids within

the peptide should also be taken into consideration when it comes to

the overall protective effect of the hydrolysate.71

Unlike that with the antimicrobial abilities of BSF, there are

relatively more studies exploring the antioxidative and anti‐

inflammatory properties of this insect in vivo. The inclusion of

BSF larvae as either insect meals or oils in the diets of animals (e.g.,

dogs, broiler chickens, carps, and shrimp) enhanced their antiox-

idative capacities, as indicated by the increase in their serum total

antioxidant capacity (TAC) and antioxidant enzymes.84–88 For

example, during a 30‐day trial on male broiler chickens fed with a

corn and soybean meal‐based diet supplemented with BSF

larvae oil, the serum TAC of the chickens were increased from

0.77 mmol/L to 1.32 mmol/L from Day 15 to Day 30.85 Moreover,

a feeding trial on Pacific white shrimp with insect meals from

different species demonstrated that shrimp fed BSF larvae meal

had a significantly higher glutathione peroxidase activity compared

to shrimp fed with the control diet.87 Shrimp fed BSF larvae meal

also showed a higher nitro‐blue tetrazolium activity than the

control group, though the difference is insignificant, while

superoxide dismutase activity did not differ between the BSF

group and the control group.87 Nevertheless, it is clear that the

BSF positively influences the antioxidant capacity of livestock and

aquatic organisms. Besides improving antioxidative properties in

vivo, BSF has also been shown to reduce the expression of pro‐

inflammatory genes in animals, namely TNF‐α and IL‐1β.84,86,88

Female beagle dogs fed a commercial basal diet with varying

inclusions of BSF larvae meal for 6 weeks revealed a decrease in

serum TNF‐α concentration with increasing inclusions of BSF

larvae meal, whereas in juvenile mirror carp, TNF‐α and IL‐1β were

both significantly downregulated in the kidneys and hepato-

pancreas of fish given 12.5–25 g kg−1 of BSF larvae oil in their

diets compared to those given 0–6.25 g kg−1 of BSF larvae oil.84,88

On the other hand, BSF larvae oil significantly increased the

expression of interleukin 10 (IL‐10), the gene that encodes the

anti‐inflammatory cytokine IL‐10, in juvenile mirror carp.86,88,89

Probing further into the anti‐inflammatory potential of BSF,a

composite comprising chitosan from BSF and silver nanoparticles

synthesized using propolis was tested on the skin wounds of young

Wistar rats.90 The results showed that rats treated with the

composite healed much faster than the untreated rats, without any

indications of microbial infection such as pus formation.90

Therefore, in addition to the aforementioned bioproperties, the

BSF also have wound healing abilities, which is testament to anti‐

inflammatory as well as antimicrobial actions.90 Although there is

significantly less published research on the anti‐inflammatory

properties of BSF, they serve as a guideline for other researchers

in understanding the mechanisms by which different BSF prepara-

tions might counteract the effects of inflammation.T
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3.1 | Potential antioxidant and anti‐Inflammatory
bioactive compounds in the BSF

Well‐known biomolecules, such as the pigments melanins and

ommochromes, may also play an important role in the antioxidative

capacity of the BSF. A comprehensive study into the antioxidant and

antiradical activity of melanins and ommochromes from the BSF

showed that BSF water‐soluble melanin (prepared by extraction using

10% NaOH) had higher antioxidant activity than BSF ommochromes

despite having lower antiradical activity, while BSF chitin‐melanin

complex (prepared by acid hydrolysis using 25% sulfuric acid)

displayed relatively low antioxidant activity compared to the water‐

soluble melanin and ommochromes.91 In another study, when

comparing the DPPH radical scavenging activities between melanin,

chitosan alone, and chitosan‐melanin complex from BSF, the

chitosan‐melanin complex displayed the greatest scavenging

capacity.92

Aside from these biomolecules, however, there is an apparent

lack in studies assessing the antioxidative potential of individual

compounds derived from the BSF and the optimal methods for

isolating these compounds. An untargeted metabolomics analysis was

conducted on the methanol extract of BSF prepupae whereby

bioactive compounds with potential cosmeceutical applications were

identified.29 Most of these bioactive compounds, specifically alka-

loids and phenolic compounds, were actually phytocompounds

derived from traditional herbs.29,93–97 This similarity in compounds

with sometimes identical structures found in both insects and plants

was first discovered over 50 years ago, such as cis‐zingiberenol

identified in both Zingiber officinale (or ginger plant) and Oebalus

poecilus (or rice stink bug), actinidine (iridoid) identified in honey-

suckle and valerian as well as in the stick insect, and the cyanogenic

glycoside linamarin found in cassava and Zygaena filipendulae (or

burnet moth).58,98–104 There are several theories for how this

phenomenon came about, for example through convergent evolution

to adapt to similar needs such as for defense and pollination/mating

purposes, or through the sequestration of phytocompounds by

insects through ingestion.58 As mentioned before with the anti-

microbial properties of the BSF, sequestration may also play a major

role in the insect's diet‐dependent antioxidant or anti‐inflammatory

capacity, and should be explored by screening the metabolites

produced under different diets. Although sequestration refers mostly

to plant toxins as well as sex, aggregation, and alarm pheromones

being taken up by insects, the mechanisms underlying sequestration

may also be applied to other accumulated plant metabolites that pose

therapeutic properties.58 Factors such as substrate specificity of

transport proteins to facilitate the absorption of certain phytocom-

pounds from the insect gut lumen, along with the separate storage of

enzymes from sequestered metabolites to prevent the possible

breakdown of these compounds, may help to discern the phyto-

compounds retained within the insect biomass from those eventually

excreted.57,58 Overall, prospecting for phytocompounds accumulated

by the BSF instead of isolating these compounds from the plants

themselves reduces the need for large areas of agricultural land to

cultivate the crops, and the larvae's bioconverting abilities make them

a more sustainable resource for cosmeceutical‐related ingredients.17

One of the compounds the BSF shares with plants is withaferin

A, a well‐studied steroidal ester originally isolated from Withania

somnifera (or winter cherry) with antioxidant and anti‐inflammatory

effects.29,95,105,106 Based on these bioproperties of withaferin A, it

may be responsible for the antioxidant capacity of the BSF, and it can

be hypothesized that the compound could act as a UV protective

agent. Withaferin A may even double as a remedy for acne, due to its

reported potent antibacterial activity after isolation from W.

somnifera, against P. aeruginosa ATCC 27853 and drug‐resistant

clinical isolates of E. coli and E. aerogenes, but of course, tests must be

done on the compound's inhibitory actions against the relevant

strains.106,107 To isolate withaferin A, previous studies have used

solvents such as methanol and ethyl acetate to obtain the crude

extracts that would contain this compound.105,108 In the study using

methanol for the crude extraction, 0.25mg of withaferin A was

purified from 100 g of dried W. somnifera roots, whereas the study

involving ethyl acetate resulted in a yield of 1.25mg of withaferin A

per 100 g of dried Withania adpressa leaves.105,108 This four‐fold

increase in yield would suggest that ethyl acetate is the more

efficient solvent for the extraction of withaferin A. However, factors

such as species (W. somnifera vs. W. adpressa) and plant parts (roots

vs. leaves) may have played a role in the varying levels of the

extracted compound, not to mention insects may possess a dissimilar

bioactive composition compared to plants, and therefore the

outcome may be different when isolating withaferin A from BSF

using ethyl acetate.

Furthermore, the flavonoid epigallocatechin (EGC), a well‐known

polyphenolic antioxidant derived from green tea, was identified in the

BSF.29,93 EGC may be employed as a potential active ingredient

against inflammatory and oxidative stress‐related skin disorders,

including skin photodamage and atopic dermatitis. In terms of the

extraction of EGC, ethanol seems to be a suitable choice, possibly

due to its status as a universal solvent for studies on phytocom-

pounds, as shown in the preparation of EGC‐enriched green tea

extracts in a past study by brewing the tea in 75% ethanol at a

temperature of 30°C for 10min.35,93 Apart from this study, however,

there is little reported on the extraction and isolation methods of

EGC compared to that of its ester, epigallocatechin gallate (EGCG),

due to the low abundance of EGC in green tea.109 Therefore,

researchers should use their own discretion when choosing their

solvent for the isolation of EGC from the BSF, based on factors such

as the polarity and solubility of the compound. As for the purification

of EGC, another previous study used Sephadex LH‐20 chromatogra-

phy to purify EGC obtained from the hydrolysis of crude EGCG

extracted from green tea, achieving a purity of 93.7%.109 Hence, this

purification method may also be applied in future experiments

involving the isolation of BSF‐derived EGC.

Aside from EGC, other phytocompounds in the flavonoid family

that were also found in the BSF were luteolin, apigenin, quercetin,

rutin, and kaempferol.110 Flavonoids are a fount of biological

activities, showing anticarcinogenic, antimicrobial, and antioxidative
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effects, and are known for their protective actions against

UVB.111,112 They exert their photoprotective effects using various

mechanisms such as UV radiation absorption and attenuation of

oxidative damage through ROS scavenging.112,113 To isolate these

“sunscreens”, as mentioned in previous sections of this review,

consideration must be given to the polarities of the flavonoids.

Within the context of BSF, the luteolin, apigenin, and rutin identified

in the larvae are classified as flavones, whereas quercetin and

kaempferol are flavonols.110 Since flavones and flavonols are

nonpolar, solvents such as ethyl acetate, chloroform, dichloro-

methane, and diethyl ether may be used to attempt the extraction

of these compounds from the BSF.114

From the existing literature, there is indeed evidence of

antioxidative metabolites present in the BSF. However, more

streamlined studies focusing on the specific extraction of these

metabolites should be conducted, using the extraction methods

suggested in this review. Seeing as different metabolites require a

specific type of extracting solvent, perhaps a fractionation approach

should be applied to maximize the isolation of valuable compounds

from the BSF, starting with a crude extraction followed by

fractionation using various solvents based on the polarity of the

target compounds.

4 | POTENTIAL APPLICATIONS OF THE
BSF IN COSMECEUTICALS

Given the vast biological properties of the BSF discussed thus far, this

insect may become an alternative resource of natural cosmeceutical

ingredients. This is clear based on the number of patents filed in

recent years for the use of BSF‐derived products in the cosmetic

field, as shown inTable 3. As previously mentioned, the BSF has been

explored as a feed alternative for livestock, farmed fish, and

pets.17,18,84,121,122 The BSF is also now gaining traction as a human

food source, though special measures such as blanching would have

to be implemented to reduce the microbial load and heavy metal

content.123,124 In terms of BSF‐based products, extracts and peptides

derived from the larvae have shown low cytoxicity in cell viability

assays.7,10 Overall, the noteworthy safety profile of the BSF would

help ease its incorporation into cosmeceutical formulations.

The antimicrobial effects of the BSF can be exploited for a

number of skin‐based applications. Our skin is teeming with

microorganisms such as bacteria, viruses, and fungi forming our skin

microbiota, which plays vital roles in immunity through crosstalk

between skin microorganisms and the immune system, as well as

modulating inflammatory processes.125,126 An imbalance in this

microbiota, also termed dysbiosis, would bring about skin diseases

like chronic wounds, acne, and atopic dermatitis.125,127 For example,

nonhealing diabetic foot ulcers are atttributed to hyperglycemia that

which inhibits angiogenesis, an essential component of wound

healing, and such poor blood glucose control was found to be

associated with greater colonization by Staphylococcus spp. and

Streptococcus spp.128,129 Propionibacterium acnes, the most commonly

found bacterium in the skin microbiota, is associated with the

pathophysiology of acne vulgaris, a chronic inflammatory disease of

the pilosebaceous unit which includes the hair follicle, hair, and

sebaceous gland.125,130 Furthermore, another chronic inflammatory

skin condition, atopic dermatitis (or eczema, as it is more commonly

known), is linked with colonization by Staphylococcus aureus and the

yeast Malassezia spp.125,131,132 Aside from skin diseases, there is

evidence of a possible relationship between cutaneous microbial

composition and skin aging, whether it be intrinsic aging (natural

aging) or photoaging (skin aging due to overexposure to the sun).126

For instance, cyanobacteria, a microorganism with natural protective

properties against UV radiation, were found in higher abundance on

the skin of children, suggesting that children would be less

susceptible to UV‐induced skin damage.126 On the other hand, the

higher levels of Streptococcus found in the elder group were

positively correlated with the acceleration of certain clinical parame-

ters of skin aging, such as wrinkles and hyperpigmentation.126

Therefore, cosmeceuticals that contain BSF products as an active

ingredient may be developed as a remedy for the aforementioned

skin disorders, by making use of the natural mechanisms of the BSF

that inhibit the growth of harmful cutaneous microorganisms.

Beyond its admirable range of antimicrobial properties, the BSF

has also shown promise as an agent for skin repair. Both intrinsic aging

and photoaging are characterized by wrinkles and diminished elasticity

as a result of the reduction in the amount of collagen in the

extracellular matrix (ECM) within the dermis.133 Compared to young

skin, aged skin contains less collagen, due to the simultaneous

decrease in collagen synthesis and increase in collagen breakdown

owing to various factors, such as elevated levels of matrix metallo-

proteinase (MMP) and disrupted signaling of transforming growth

factor‐β (TGF‐β).133 MMPs are endopeptidases that break down ECM

proteins, including collagen.134,135 The levels of these endopeptidases

were reported to be increased in aged skin, most likely triggered by

ROS generated through both internal and external means such as

metabolic processes and UV radiation.133 ROS induce oxidative

damage in photoaged skin through an activation cascade involving

the transcription factors activator protein 1 (AP‐1) and nuclear factor‐

κB (NF‐κB), both of which are implicated in the upregulation of

MMPs.133,136 AP‐1 is also responsible for the disruption of the TGF‐β

signaling pathway in fibroblasts, cells found in the dermis that play an

essential role in the production and breakdown of ECM proteins.133

Given that TGF‐β regulates both the synthesis and degradation of

collagen through the Smad pathway, impairment of its signaling would

result in reduced neocollagen synthesis, leading to a decreased amount

of collagen in the dermis of aged skin.133,137 Besides inducing the

fragmentation of collagen in aged skin, ROS are also heavily involved in

the pathogenesis of inflammatory diseases, with a number of chronic

skin conditions being a result of pro‐inflammatory responses, namely

chronic wounds, acne vulgaris, and atopic dermatitis.130,132,138,139

Thus, seeing as ROS have a hand in various skin pathologies and

abnormalities, cosmetic ingredients that possess both antioxidative

and anti‐inflammatory properties, such as the BSF, would be the key to

mitigating skin damage incited by oxidative stress.
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5 | CONCLUSIONS

Based on the evidence presented, the prospects of BSF as a natural

ingredient in cosmeceutical products are bright, especially in this day

and age when the demand for “greener” cosmetics is ever increasing.

Nevertheless, there is still a lack of comprehensive published data on

the potential use of BSF larvae extracts and derived compounds in

the cosmeceutical context, and this research gap pertaining to the

direct relationship between the BSF extract/components and our

skin must be acknowledged. In an effort to fill this gap, more research

on BSF products should focus on components related to the skin,

such as by utilizing HaCaT keratinocytes as an in vitro model. It would

also be helpful to extend this type of research beyond the single cell

and use human skin as models to deepen our understanding of the

pathogenesis of skin damage and microorganism‐induced skin

diseases, as well as of how BSF products may act to rectify these

cutaneous abnormalities, before eventually progressing to clinical

trials using BSF‐based cosmeceutical formulations. Furthermore,

explorations into the relationship between diet and bioactive

composition would be an interesting avenue in the search for novel

BSF metabolites, and would allow for the fine‐tuning of the insect's

dietary needs to obtain specific cosmeceutical compounds. Compar-

ative phylogenetic analyzes would be useful when determining the

biosynthetic origins of BSF compounds that share similarities with

certain phytocompounds, whether these compounds were seques-

tered through ingestion of plant material or arose through conver-

gent evolution.
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