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During the last two decades, research on the use of natural preservatives in
food instead of chemical compounds has attracted the attention of researchers
due to their safety. Bioactive peptides are one of the natural compounds that
have a high potential to prevent food spoilage (oxidative and microbial). The
aim of the current research was nanoencapsulation of bioactive peptides
produced from lanternfish (Benthosema pterotum) (with a molecular weight
of less than 3 kDa) using freeze-drying method and maltodextrin-gum arabic
combined coating and then evaluating the antibacterial activity of carrier
nanocapsules and free peptides against food spoilage bacteria including
Listeria monocytogenes, Staphylococcus aureus, Clostridium perfringens,
Bacillus cereus, Escherichia coli and Salmonella typhimurium. According to
the results, nanoencapsulation of bioactive peptides in addition to increasing
their antibacterial activity (increasing the diameter values of non-growth halo
of bacteria and reducing MIC and MBC), also caused the stability of this
property during 60 days of storage of carrier nanocapsules at 4°C (p<0.05).
Increasing the concentration of bioactive peptides and nanocapsules carrying
them (from 30 to 150 pg/ml) was often associated with increasing the
diameter of the non-growth halo of bacteria (p<0.05). Among the bacteria,
the highest diameter values of non-growth halo and the lowest MIC and
MBC were recorded for Listeria monocytogenes. Also, the sensitivity of
gram-positive bacteria to bioactive peptides and carrier nanocapsules was
reported to be higher than gram-negative bacteria. The free peptides on day
60 and the concentration of 500 pg/ml were able to inhibit Clostridium
perfringens and Escherichia coli bacteria, but they could not eliminate these
bacteria. This is while the nanoencapsulated form of these peptides (carrier
nanocapsules) at the same concentration was able to kill the mentioned
bacteria. According to the findings, nanoencapsulation of bioactive peptides
using freeze-drying method and combined coating of maltodextrin-gum
arabic increases and stabilizes antibacterial activity and, as a result, makes
them more effective in food formulations.
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1-Introduction

Research on the use of natural compounds of
marine origin as preservatives in the food
and pharmaceutical industries has made
significant progress over the past two
decades, and consequently, the industrial
production of these compounds has also
expanded. Unlike chemical preservatives,
these preservatives are not only not harmful
to the health of consumers, but also have
positive effects on the physiological
reactions of the body. Among the natural
preservatives extracted from aquatic animals
and wastes from their processing, whose
preservative properties (antimicrobial and
antioxidant activity) have been confirmed in
numerous studies and their production
(extraction) has been developed, are chitin
and chitosan. [1], Fucoidan[2],
alginate[3]Various pigments such as
astaxanthin[4]and phycocyanin[5]and
mentioned. Hydrolyzed proteins are another
of these compounds.[6]Which are actually
the result of hydrolysis (water breakdown) of
proteins present in various protein tissues
using enzymatic and chemical methods.[7].
Hydrolyzed proteins contain bioactive
peptides. Bioactive peptides are specific
protein components that typically have 2 to
20 amino acids and a molecular weight of
6,000 daltons and are inactive in the structure
of the main protein.But when they are
separated from other amino acids in the

protein structure by an enzyme or
fermentation process, their biological
activity  begins.[8]Bioactive  peptidesin

addition to its effectiveness in the food
industry as an emulsifier, foaming agent[9],
antimicrobial and  antioxidant[10]After
consumption by humans, they exert certain
physiological effects (such as regulating
blood pressure, strengthening the immune
system, reducing cholesterol, and having
antimicrobial effects) on the body.[8 and 9].
To exert these properties (physiological
effects), bioactive peptides must remain
intact and active during digestion and
absorption (stomach and intestines) and then
enter the bloodstream.[11]Since these
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peptides may be denatured and degraded in
acidic and enzymatic conditions (proteolytic
enzymes) of the digestive tract, it seems
necessary to use methods to protect these
peptides. Also, to maintain the preservative
properties (antibacterial and antioxidant) of
bioactive peptides in foods, it is necessary to
use appropriate protective methods. Because
each food has specific production conditions
(use of high temperatures) and storage, and
bioactive peptides that have been used in the
formula to increase the shelf life of the food
may undergo undesirable structural changes
and lose their effectiveness. One of the
appropriate methods for protecting active
compounds, including bioactive peptides, is
their encapsulation
(microencapsulation).[12]During this
process, a coating is created around the
peptides  that protects these active
compounds from possible changes in adverse
conditions. Meanwhile, the coatings
(capsules) formed around the peptides in this
method release their contents at a controlled
rate and under specific conditions.[13].

In the nanoencapsulation process, various
carbohydrate compounds (maltodextrin, starch,
chitosan, dextrin, sucrose, etc.), cellulose
(carboxymethylcellulose, methylcellulose,

ethylcellulose, nitrocellulose, etc.), protein (casein,
whey protein, gelatin, etc.), lipid (liposome, wax,
paraffin, beeswax, diglycerides, monoglycerides, etc.)
and... are used to cover (wall) the active compounds
(core).[14]Maltodextrin is a carbohydrate coating
derived from starch and is obtained from various
starch sources such as potatoes, corn, and wheat. Due
to its high solubility in water and lack of characteristic
odor and color, this material is one of the most
important polysaccharide materials used as a core
wall or coating during the microencapsulation
process.[4 and 5]. Gum arabic is also a
polysaccharide that has been widely used in

the food industry due to its specific physical

and chemical properties (emulsifier,
stabilizer, thickener, etc.) and has been of
great interest as a wall in the

microencapsulation process over the past
decade [14 and 15]. Maltodextrin and gum
arabic have characteristics such as
reasonable price, edibility, high solubility,
and low viscosity, which have led to their
widespread use as carriers or walls in the
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microencapsulation of active adhesive and
antioxidant compounds.

The most important bacteria that cause
spoilage of various foods include:Listeria
monocytogenes'«Staphylococcus — aureus*:
Clostridium perfringens®s Bacillus cereus™*:
Escherichia coli*andSalmonella
Typhimurium® 1f the growth and
multiplication of these bacteria in food is not
prevented, as a result of the chemical
interactions carried out by them, proteins and
fats are hydrolyzed and as a result spoilage
occurs, which often occurs with an
undesirable change in taste and smell and
ultimately a decrease in the quality of the
food. Consumption of such foods causes
various poisonings and complications
(mostly digestive) in the consumer. In order
to prevent such problems, the industry uses
preservatives, most of which are chemical in
nature and harmful (to the health of
consumers). Therefore, the wuse of
compounds such as bioactive peptides for
this purpose, which are natural in nature and,
in addition to increasing the shelf life of food
(by inhibiting the growth of microbes and
controlling the oxidation of fats), also exert
health-promoting properties on the body [6,

8-10], seems important and largely
necessary.
Marine resources used to produce

hydrolyzed proteins (bioactive peptides)
must be abundant, cheap, and have very low
marketability in order to make the product
economically viable. For this reason, the use
of wastes as well as aquatic organisms with
very low marketability are a priority. The
large  family of lanternfishes  or
myctophytes’About 70% of mesopelagic
fish constitute the open waters. In fact,
lanternfishes are among the fish that have the
highest distribution, population and diversity
among all vertebrates; so that their biomass
is estimated at 550 to 650 million tons.
Various species of this family have a huge

1- Listeria monocytogenes
2 -Staphylococcus aureus
3- Clostridium perfringens
4 -Bacillus cereus

5- Escherichia coli
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and untouched (virgin) biomass in the
Iranian waters of the Oman Sea; so that they
occupy 90% of the fish of this sea and are
considered as bycatch[16]Among the
different species of lanternfish, the dominant
species isBetosoma petrotum®It is known as
lanternfish and the largest stock of the
Myctophyte family in the Oman Sea and East
China Sea belongs to this species. The
lanternfish family, despite being rich in high-
quality protein and abundant
minerals,[17]Due to the high levels of
ascorbic acid in their fat and their very small
size (1 to 5 cm), they are often not edible for
humans (in fact, less than 10 of the 249
species of lanternfish are edible for humans).
Their high nutritional value, lack of direct
human consumption, high abundance, and of
course their cheapness and easy access have
all made the lanternfish family a suitable and
desirable source for the production of
fishmeal and the provision of food for
livestock, poultry, and aquatic
animals.[18]Technological advances in the
field of aquatic processing have made it
possible to use these fish species to produce
bioactive compounds with key applications
in the food and pharmaceutical industries, so
that their proteins can also enter the human
diet.[17].

The aim of the present study is to produce
bioactive peptides from lanternfish by
enzymatic method (Protamax) and then
nanoencapsulate these peptides using freeze-
drying method and combined coating of
maltodextrin and gum arabic. In the next
step, the antibacterial activity of free form
peptides and carrier nanocapsules against
Gram-positive and Gram-negative species
causing food spoilage will be evaluated (and
compared).

2-Materials and methods

2.1- Preparation of substrate, enzyme and
bacteria

6 -Salmonella typhoid fever
7 -Myctophidae
8 -Benthosema pterotum
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Lanternfish were purchased from local
fishermen in Bandar Abbas after the trawler
docked. The fish were then packed in a 5 kg
box containing ice and transported by plane
to Tehran as soon as possible and then to the
laboratory, where they were kept in a freezer
at -18°C until the start of the experiments.
The enzyme used in this study was the
(commercial) microbial enzyme Protamax
extracted from bacteria.Bacillus subtilis’It
was from the Novozyme company
representative.'’Denmark and stored at 4°C
until the start of the experiment. In this study,
gram-positive  bacteria includingListeria
monocytogenes(ATCC 7644)¢« Staphylococcus
aureus(PTCC 1112)¢ Clostridium
Perfringens(PTCC 1766)¢ Bacillus Cereus
(PTCC 1247) and gram-negativeEscherichia
coli(PTCC 1330) andSalmonella
Typhimurium(PTCC 1609) were purchased
from the Scientific and Industrial Research
Organization of Iran.

2.2- Production of hydrolyzed protein

In order to prepare the substrate, a certain
amount of lanternfish was removed from the
freezer and thawed by placing it in a
refrigerator (4+1°C) for 24 hours. Then, the
sample was washed with cold water and
finally ground completely. In order to initiate
the hydrolysis reaction,First, 100 grams of
sample (spiny lanternfish) was placed in a
500 ml Erlenmeyer flask. Then 200 ml of
phosphate buffer with 7.4% pH was
added.pH was added to the Erlenmeyer flask.
In the next step, the Erlenmeyer flask was
placed in a water bath at 85°C for 20 minutes
to inactivate the internal enzymes of the
tissue. After this time, the Erlenmeyer flask
was allowed to cool to room temperature. In
the next step, Protamax enzyme (activity
level: 1.5 Anson units per milliliter of
enzyme) was added to the corresponding
Erlenmeyer flask in an amount of 30 Anson
units (per kilogram of protein substrate). The
Erlenmeyer  flask  was  immediately
transferred to a shaking incubator at 50°C
and incubated for 90 minutes in these

9- Bacillus subtilis
10- Novozyme
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conditions to complete the protein hydrolysis
process. After these times, in order to stop
the hydrolysis reaction, the Erlenmeyer flask
was placed at 95°C for 15 minutes. After this
time and the Erlenmeyer flask was cooled,
the contents of the Erlenmeyer flask were
stirred at 10°C for 20 minutes with a rotation
0fg8000 centrifuge and the supernatant was
dried using a freeze dryer [19 and 20]. It
should be noted that the hydrolysis
conditions (temperature, time, enzyme
amount andpH) Optimization and then
optimal limits were considered.

2.3- Degree of hydrolysis and protein
recovery process

After the hydrolysis process is complete, the
trichloroacetic  acid  solution!'(Merck,
Germany) 20% was added to the supernatant
in equal proportions and the resulting
solution was  centrifuged.g6700  was
centrifuged at 4°C for 20 minutes. Then, the
nitrogen in the new supernatant was
measured by the biuret method. Finally, the
degree of hydrolysis was calculated as a
percentage from the ratio of nitrogen in 10%
trichloroacetic acid solution to total nitrogen
in the sample.. Protein recovery was obtained
as a percentage using the ratio [grams of
hydrolyzed protein x amount of hydrolyzed
protein nitrogen] over [grams of substrate X
amount of substrate nitrogen] [21].

2.4- Approximate analysis of substrate

and hydrolyzed powders
To determine the moisture content, 1 gram of
the sample was heated at 105°C

(oven,Fanazma like, BM 55() was dried until
constant weight was reached. The moisture
content of the sample was calculated based
on the difference between the initial weight
and the secondary weight. After placing the
sample in an oven (FM.2.8) At a temperature
of 600 degrees Celsius and the difference in
weight, the ash content was determined. The
Kjeldahl and Soxhlet extraction methods
were used to evaluate the fat and nitrogen
content, respectively. The crude protein of

11 -TCA
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the sample was measured by a factor of 6.25
in the nitrogen content. [22].

2.5- Isolation of peptides

In order to separate peptides from
ultrafiltration with two Amicon filters of
different molecular weights (MWCO), 3 and
30 kDa were used. Then, three fractions with
molecular weights less than 3 kDa, 3 to 30
kDa and more than 30 kDa were separated.
First, the crude hydrolyzed protein was
filtered using an Amicon 30 kDa filter at
room temperature for 10 minutes at a speed
ofg7500 centrifuges (Sigma¢ atl6-2, Spain).
Then, the hydrolyzed protein <30 kDa was
re-filtered using an Amicon 3 kDa filter at
room temperature for 20 minutes at a speed
ofgThe supernatant was centrifuged at 7500
rpm. Thus, peptides less than 3 kDa, between
3 and 30 kDa, and greater than 30 kDa were
separated [23]. Since, based on the pre-test
results, peptides with a molecular weight of
less than 3 kDa showed better performance
than the other two weights, this weight was
chosen for further operations.

2-6- Nanoencapsulation of bioactive
peptides

For nanoencapsulation of bioactive peptides,
a combined coating of maltodextrin (Sigma,
Germany) and gum arabic (Sigma,
Germany) was used.The ratio was 1:1 and
the ratio of coatings to core was 4:1. First, a
homogeneous suspension of maltodextrin in
distilled water (4 g/50 ml) was prepared.
Then, to prepare the second coating, a
suspension ofGum ArabicA homogeneous
suspension was obtained by preparing it in
distilled water (4 g/50 ml) and placing it on a
magnetic stirrer at 45°C for 30 minutes. The
solution  containingGum  Arabic(after
reducing the temperature to 25 degrees) was
added to the solution containing
maltodextrin and kept at 4 degrees for 24
hours to increase water absorption. In the
final stage, 2 grams of bioactive peptides
(with a molecular weight of less than 3
kilodaltons) were added to the solution

12 -PBS
13- Dynamic Light Scattering
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containing the coatings and after dissolving,
an ultrasound device was used to produce
nanocapsules.(Hilscher, UP200,
Germany)With a wavelength of 40 kHz for
15 minutes and 6 cycles (each cycle time 30
seconds and a rest time of 15 seconds
between cycles,Temperature 25 degrees
Celsius) was used. To further reduce the
particle size and increase the efficiency of
nanoencapsulated particles, a high-speed
homogenizer (Ultratorax,lka, Italy) at 10,000
rpm for 15 minutes. The resulting solution
was frozen at -18°C and dried using a freeze
dryer.(Vaco 2 Zirbus, Germany)It was dried at
a pressure of 0.051 mbar and a temperature
of -50°C [24-26].

2-7- Evaluation of physical properties of
nanocapsules

Average particle size and particle size
distribution indices After diluting the
samples 10-fold with phosphate buffered
saline’’By  dynamic light scattering
method'*Using a  Zetasizer  device
(NanoSizer, 3000, made in England,
companyMalvern, 90 degree angle and
special cell with a width of 0.01 m) were
measured. In order to measure the zeta
potential of the surface of the nanocapsules,
a zeta sizer device was used. In this method,
the nanocapsules were dissolved using 50
mM phosphate buffer (= 7.4).pH) were
diluted 10 times. Zeta potential evaluation
at an angle of 173°C and a wavelength of
633 nm of helium-Tungsten (at 25°C) was
performed[13]. The efficiency of the nano-
encapsulation process was also determined
using the method.Yan et al. (2014)It was
determined [25].

2-8- Cultivation conditions of the bacteria
used

Culture medium used to prepare bacteria,
bovine brain and heart infusion
broth!4(Biolab India). After the initial
bacterial culture, the samples were incubated
at two temperatures of 37 and 30°C for
Gram-positive bacteria (Listeria

14 -Brain Heart Infusion Broth
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monocytogenes«Staphylococcus aureuss
Clostridium  Perfringens andBacillus
Cereus) and gram-negative (Escherichia
coliandSalmonella  Typhimurium)  were
incubated for 18 hours. In the next step, to
obtain bacterial sediment, the culture media
containing the bacterial suspension were
centrifuged at 5000 rpm for 15 minutes, and
after removing the supernatant and adding
phosphate buffer to the remaining sediment,
the centrifugation process was repeated two
more times. In each step, phosphate buffer
was used to remove the effects of the initial
broth medium. Then, some phosphate buffer
was added to the remaining sediment and
collected with a standard 0.5 McFarland tube
(equivalent to 103x 1.5 colony forming units
per milliliter'®) were compared. Finally, by
diluting the samples, a dilution of 10°x1 was
used for subsequent experiments [26-28].

2-9- Evaluation of antimicrobial activity
of bioactive peptides and carrier
nanocapsules

2-9-1- Agar medium diffusion method

IN THIS METHOD, FIRST, A SUSPENSION OF
BACTERIA IS PLATED ON MUELLER HINTON
AGAR CULTURE MEDIUM.'®  (SAHAND
CHEMICAL RESEARCH INSTITUTE) WAS
CULTURED. IN THE NEXT STEP, 6 MM
DIAMETER WELLS WERE PLACED ON THE
SURFACE OF THE MEDIUM AND 50 ML OF
CONCENTRATIONS OF 30, 60,90, 120 AND 150
MG/ML WERE ADDED.Bioactive peptides and
their carrier nanocapsulesTHE SAMPLES
WERE THEN INCUBATED AT 35 AND 30°C FOR
24 HOURS. AFTER INCUBATION, THE
DIAMETER OF THE ZONE OF NO GROWTH
AROUND THE WELL WAS MEASURED USING A
VERNIER CALIPER WITH AN ACCURACY OF 0.2
MM AND REPORTED IN MILLIMETERS. FROM
THE ANTIBIOTIC DOXYCYCLINE!’30 MG
(ANTIBODY TEB) WAS USED AS A POSITIVE
CONTROL.[26-28].

2-9-2- Dilution method in the tube'®

15- CFU/ml

16 -Muller-Hinton Agar
17 -Doxycycline

18- Microdilution test
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IN THIS METHOD, THE MINIMUM INHIBITOR
CONCENTRATION'?and ~ the = minimum
bactericidal ~ concentration?®  Bioactive
peptides and their carrier nanocapsules It was
determined using dilutions in test tubes. The
dilutions used of bioactive peptides and their
carrier nanocapsules, 50, 100, 200, 400 and
500 pg/mg were added to the test tube along
with one milliliter of bovine heart and brain
infusion broth medium (Biolab India). In the
next step, 100 ul of 24-hour culture of the
indicator bacteria were added to the tubes
and incubated at 30 and 37°C. To examine
the resulting changes, the optical absorbance
of the samples was read at a wavelength of
600 nm. Distilled water and doxycycline
were also considered as negative and positive
controls. The concentration of the microbial
suspension that showed the lowest optical
absorbance was used asMINIMUM INHIBITOR
CONCENTRATIONANd the concentration of
the suspension that did not produce colony
growth in the culture medium after 24 hours
of cultivation was also determined as the
minimum bactericidal concentration. [26-
28].

2-10- Statistical analysis

The present study was conducted in a
completely randomized design and one-way
analysis of variance was used to analyze the
data.?'and Duncan test (at 95% confidence
level) were used. Statistical software was
used.SPSSxFor data analysis and
softwareEXCEL (Version 16) It was used to
draw tables and figures.

3-Results

3-1- Characteristics of the hydrolysis
process and the chemical composition of
the substrate and hydrolyzed powder
Table 1 presents information on the
hydrolysis process and the chemical
composition of the substrate and hydrolyzed
proteins. According to this table, the
hydrolyzed powder contained about 93%

19- Minimal Inhibitory Concentration (MIC)
20- Minimal Bactericidal Concentration (MBC)
21- One way Anova
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protein and less than 0.3% fat..Also, the
degree of hydrolysis of the process?? (DH)

86/1+53/21 and protein recovery® (PR)
24/1+£92.67 percent was recorded.

Table 1. Analysis of the hydrolysis process, substrate and fish protein hydrolysate (%)

Protein Fat Moisture Ash DH PR
Substrate 21.04+£0.71 2.96+0.57 66.32+1.43 7.89+0.68
Fish
Protein —o3511146 0232003 065501 37009 2138 9267%12
Hydrolysat 6 4
e

3.2- Physical properties of nanocapsules

The physical properties of nanocapsules
carrying bioactive peptides with a combined
maltodextrin-gum  arabic coating are
presented in Table 2. According to this table,

the average size of the nanocapsules, their
dispersion index and zeta potential are about
2936 nm, 0398 and +41.26 mV,
respectively. Also, the efficiency of the
nanoencapsulation process is 3.05.+89.12
percent was recorded.

Table 2- Physical properties of nanocapsules carrying bioactive peptides coated by
maltodextrin- gum arabic

Physical properties Level
Average particle size (nm) 293.6+2.83
particle dispersity index 0.398+0.06
Zeta potential (mv) +41.26+1.53
Encapsulation efficiency (%) 89.12+3.05

3-3- Measuring the antibacterial activity
of bioactive peptides and their carrier
nanocapsules

3-3-1- Diameter of the growth zone

In Table 3, the antibacterial activity of free
peptides and carrier nanocapsules (at 5
concentrations and two times) against Gram-
positive bacteria (Listeria monocytogenes:
Staphylococcus aureuss Clostridium
perfringens andBacillus cereus) from the
diffusion method in agar-containing culture
medium is presented as the diameter of the
zone of inhibition (millimeters). According
to this table, the values of the diameter of the
zone of inhibition of bacteria against carrier
nanocapsules are greater than those of free
peptides (0.05).>pAlso, after 60 days of

storing the nanoencapsulated form of
peptides (carrier nanocapsules) at 4°C
(refrigerator) and performing the

22 -Degree of Hydrolysis
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antibacterial test again, the diameter values
of the bacterial growth inhibition zone
against them did not change compared to day
Zero and remained constant
(0.05).<pHowever, by keeping the free
peptides at the same temperature and time
and repeating the antibacterial test, the
diameters of the bacterial inhibition zone
against them were significantly reduced (P <
0.05).>pWith increasing concentration of
peptides and their carrier nanocapsules, the
values of the diameter of the growth
inhibition zone of all four Gram-positive
bacteria increased significantly (P <
0.05).>p). Of course, there were two
exceptions to this; the values of the diameter
of the non-growth  zoneClostridium
perfringens By increasing the concentration
from 120 to 150 pg/ml and also the values of
the diameter of the zone of inhibitionBacillus
cereusThere was no significant change

23- Protein Recovery
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(0.05) with increasing concentration from 90
to 120 pg/ml.<pAccording to Table 3,
bacteriaClostridium perfringens It was
resistant to three concentrations of 30, 60 and
90 png/ml of free peptides and their carrier
nanocapsules (R); Meanwhile, this situation
is for two bacteriaStaphylococcus aureusand
Bacillus cereuslt was also recorded at
concentrations of 30 and 60 ug/ml. However,
such resistance was not observed for the
bacteria.Listeria monocytogeneslt was only
present at a concentration of 30 pg/ml.

Among the four Gram-positive bacteria
studied, the overall (average) highest and

lowest values of the diameter of the zone of

inhibition were

respectively associated

withListeria monocytogenesandClostridium
perfringens were (0.05)>p).

Table 3- Diameter of non-growth zone of Gram positive bacteria against bioactive peptides and
nanocapsules carrying them on days 0 and 60 of storage at refrigerator temperature (mm)

Positiv
. Time Concentrations (pg/ml) e
Strain (day) control
30 60 90 120 150 Doxyey
cline
0 F R 6.73+0.18PP 10.32+0.01¢° 15.43£0.295°  21.6440.424°
L. monocytogenes N R 8.94+0.34A0  14.15£1.05™at  18.41£1.54N  24.68+1.124% 4453+
‘ 60 F R 5.1140.16P¢ 9.51+0.08%¢ 12.26+0.778¢ 17.51£0.0144 1.82
N R 8.84+0.924M  14.08+1.46™at  18.29+1.31Nt 24 .5141.8349
0 F R R 6.1 5i0.07cf 9.09+0.165¢ 12.84+0.114
Staph. aureus N R R 7.49+0.24This 12.17+0.18¢ 14.24£0.26°T  35.69+
’ 60 F R R 5.26i0.09c‘g 7.23+0.085f 10.11+0.054h 1.34
N R R 7.540.32This 12.14+0.15%  14.18+0.44°f
0 F R R R 6.140.384 6.3240.1141°
C. perfringens N R R R 8.3+0.428u 8.38+0.23E 30.72+
60 F R R R 5.1940.274" 5.26+0.214md 0.98
N R R R 8.310.19Bu 8.42+0.15E
0 F R R 9.54+0.128¢ 9.46+0.184 15.28+0.078%
Bacillus cereus N R R 12.09+0.285° 12.21£0.328¢  18.97+0.294™ 3925+
60 F R R 7.41+0.158¢ 7.19+0.348f 12.84+0.224 1.12
N R R 12.1+0.315° 12.2+0.228¢ 19.02+0.364¢

e T: Treatments, F: Free bioactive peptides, N: Nanoencapsules carrying bioactive peptides, R: Resistant
e The different lowercase and uppercase letters in each column and row indicate significant difference
between the data, respectively (p<0.05).

The diameter values of the inhibition zone of
gram-negative bacteria (Escherichia coli and
Salmonella  Typhimurium) against free
peptides and their carrier nanocapsules (at
five concentrations and two times) are shown
in Table 4. As can be seen in this table, with
nanoencapsulation of bioactive peptides and
increasing concentration, the values of the
diameter of the growth inhibition
zoneEscherichia coliandSalmonella
Typhimuriumincreased significantly
(0.05)>pOf course, the values of the diameter
of the non-growth  zoneSalmonella
TyphimuriumThere was no significant

98

difference between the bioactive peptides
and their carrier nanocapsules at two
concentrations of 90 and 120 pg/ml
(P<0.05).<pAfter 60 days of storage of the
carrier nanocapsules at 4°C, their ability to
create the diameter of the inhibition zone of
both gram-negative bacteria did not change
(consistency of the diameter of the inhibition
zone) (0.05).<pHowever, this ability in free
peptides decreased significantly with storage
time (p<0.05).>p) which appeared as a
decrease in the diameter of the zone of
bacterial inhibition. According to Table
4,Salmonella Typhimuriumat concentrations



Iranian journal of food science and industry

Number 175, Volume 23, September 2026

of 30 and 60 micrograms/ml andEscherichia
colilt was resistant to all concentrations
studied except 150 pg/mL of bioactive
peptides and their carrier nanocapsules.

Table 4- Diameter of non-growth zone of Gram negative bacteria against bioactive peptides and
nanocapsules carrying them on days 0 and 60 of storage at refrigerator temperature (mm)

. . Positive
Strain ;1;11:13 T Concentrations (pg/ml) control
Y 30 60 90 120 150 Doxycycline
0 F R R R R 6.85+0.02¢
. N R R R R 7.57£0.16°
E. coli 0 F R R R R 5 8740 06 27.36+1.64
N R R R R 7.52+0.11¢
F R R 6.52+0.42B°  6.54+0.18%>  9.25+0.444°
0 N R R 8.25+0.28Nt  8.23+0.31Nt  11.37+0.434
L N
S. typhimurium F R R 5.55£036% 548+0.16% 7.56+0,1280 3247+1.28
60 N R R 8.21+0.22Nt  8.25+£0.24Nt  11.28+0.58*

a

e T: Treatments, F: Free bioactive peptides, N: Nanoencapsules carrying bioactive peptides, R: Resistant

°
between the data, respectively (p<0.05).

3-3-2- Minimum inhibitory concentration
and minimum lethal concentration

Table 5 shows the minimum inhibitory
concentration and  minimum  lethal
concentration of free and nano-encapsulated
peptides against gram-positive and gram-
negative bacteria. As can be seen in this
table, the minimum inhibitory concentration
of bioactive peptides (free and nano) for five
bacterial species ranged from 50 to 500
pg/mL. This level was recorded for the
minimum lethal concentration from 100 to
500 pg/mL (and more than 500 pg/mL). It
was further determined that the minimum
inhibitory concentration and minimum lethal
concentration of the nano-encapsulated form
of peptides for all studied bacteria were
lower than the free peptides. Also, after 60
days of storing the nanocapsules carrying
bioactive  peptides at  refrigerated
temperature and performing the antibacterial
test again, the minimum inhibitory
concentration and  minimum  lethal
concentration values for the studied bacteria
did not change and remained constant. But
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The different lowercase and uppercase letters in each column and row indicate significant difference

these values in the free form of bioactive
peptides (after 60 days of storage at
refrigerator ~ temperature)  were  not
significant for all bacteria exceptBacillus
cereusandSalmonella Typhimuriumlncrease
They found. Among the bacteria studied, the

lowest values of minimum inhibitory
concentration and minimum lethal
concentration were related toListeria

monocytogenesAs can be seen in Table 5,
free peptides at day 60 and a concentration of
500 pg/mL were able to inhibit
bacteria.Clostridium
perfringensandEscherichia coliThey were
unable to eliminate these bacteria. However,
the nanoencapsulated form of these peptides
(carrier nanocapsules) was able to kill the
aforementioned bacteria at the same
concentration.
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Table 5- MIC and MBC of bioactive peptides and nanocapsules carrying them against six strain
of bacteria on days 0 and 60 of storage at refrigerator temperature (ug/ml)

Strain Time (day) Form of peptides MIC MBC
0 Free 100 200
L. Nanoencapsulated 50 100
monocytogenes 60 Free 200 400
Nanoencapsulated 50 100
0 Free 200 400
Nanoencapsulated 100 200
Staph. aureus Free 400 500
60 Nanoencapsulated 100 200
0 Free 400 500
. Nanoencapsulated 200 400
C.perfringens Free 500 ¥
60 Nanoencapsulated 200 500
0 Free 200 400
Bacillus cereus Nanoencapsulated 100 200
60 Free 200 400
Nanoencapsulated 100 200
0 Free 400 500
. Nanoencapsulated 200 400
E. coli
60 Free 500 -
Nanoencapsulated 200 500
0 Free 400 500
L Nanoencapsulated 200 400
S. typhimurium Free 400 500
60 Nanoencapsulated 200 400

4-Discussion
The peptides produced in the present study
and their carrier nanocapsules were able to
inhibit the growth and kill bacteria that cause
food spoilage. The antibacterial activity of
bioactive peptides obtained from enzymatic
hydrolysis of aquatic animals and their waste
has been confirmed in several studies.
Research resultsThey et al. (2014) showed
that hydrolyzed peptides from fish
muscleBarbus  callensisHas ~ antibacterial
activity against gram-positive bacteria
includingStaphylococcus Listeria
monocytogenes+¢

aureus¢

Bacillus subtilis. Enterococcus

and gram

Escherichia

faecalis andMicrococcus  luteus
negativePseudomonas
coli< Klebsiella pneumonia andSalmonella enterica
were [29].In the research of Yeganeh and
Reyhani-Pool (1400), peptides obtained

from enzymatic hydrolysis of shrimp waste

aeruginosat

24- Liza ash
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and their carrier nanoliposomes were able to
inhibit the growth of bacteria.Staphylococcus
aureus¢ Bacillus cereus andEscherichia coli They
showed [30]In a study that examined the
intestines and viscera of a fish,>*Using
Alcalase and Flowerzyme at three times of
hydrolysis of 10, 20 and 30, the antibacterial
properties of the produced proteins were
evaluated. It was determined that these
proteins had the ability to inhibit the growth
and kill bacteria.Escherichia and
Staphylococcus aureus particle for direct object
and protein hydrolyzed by alcalase was more
effective in this regard in 30 minutes [31]. Of

coli

course, not all bioactive peptides
(hydrolyzed  proteins) with every
characteristic and under every condition
exhibit  antibacterial activity; rather,

depending on the bacterial species tested
(whether it is gram-negative or gram-
positive), the type of peptide source (whether
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it is a plant or animal peptide, from animal
tissue or its waste, whether it is an animal or
plant species, etc.), the concentration used
[23], the characteristics of the peptides
including the degree of hydrolysis [31],
molecular weight [32], the composition and
sequence of amino acids [33], and also the
hydrolysis reaction conditions including the
type of enzyme used, temperature, time, pH,
enzyme to substrate ratio [31], etc., the
presence or absence of this property and its
level in bioactive peptides vary. A study that
investigated the antibacterial properties of
bioactive peptides produced from rainbow
trout skin®(with a molecular weight of less
than 3 kDa) using two enzymes, alcalase and
flowerzyme, were investigated (using disk
diffusion and tube dilution methods), and
reported that these peptides had the ability to
inhibit the growth of bacteria.Staphylococcus
aureus andEscherichia coli[23]. In another
study, bioactive peptides produced from
dogfish  skin’Using  the enzymes
chymotrypsin, trypsin, and pepsin, it is able
to inhibit the growth of bacteria.Escherichia
coli¢Lactococcus lactisandBacillus
Bioactive peptides produced from oysters at
hydrolysis degrees of 30.12, 32.69 and
38.47% and concentrations of 0.25, 0.5, 1, 2,
3 and 4 mg/ml had no inhibitory effect on the
growth of bacteria.Pseudomonas aeruginosas
Staphylococcus aureus¢ Listeria monocytogenes
andBacillus cereus However, by increasing the
degree of hydrolysis and the concentrations
used, the peptides were able to inhibit the
growth of the aforementioned bacteria [35].
In the studyGhelichi et al. (2018), the
antibacterial activity of proteins obtained
from the hydrolysis of lyophilized common
carp eggs increased with increasing
hydrolysis time from 30 to 120 minutes, but
these proteins were unable to inhibit the
growth ofListeria monocytogenes¢ Enterococcus
faecalis¢ aeruginosa¢  Klebsiella
pneumonia and Salmonella enterica They were
not [36].

The predominant common feature of
antibacterial peptides is the presence of a

subtilis

Pseudomonas

25 -Oncorhynchus mykiss

101

secondary alpha-helix structure, which can
destroy the cell, possibly due to its location
in the ion channel of the bacterial membrane
and the change in the permeability of this
structure.[23]In general and in summary, the
possibilities that are raised in the context of
the antibacterial mechanism of hydrolyzed
proteins (bioactive peptides) are: a) The
peptides bind to the bacterial cell membrane
and create irreversible pores on the
membrane surface, as a result of which the
cytoplasm flows out of the cell and the cell is
completely destroyed. b) The peptides cross
the cell membrane and bind to intracellular
organelles such as the ribosome and genome,
disrupting the normal growth process of the
cell.[37].

In this study, the nanoencapsulation process,
in addition to increasing the antibacterial
activity (in both methods studied) of
bioactive peptides, also led to the stability of
this activity during 60 days of storage at
refrigerator temperature. This means that
nanocapsules carrying bioactive peptides
with a combined maltodextrin-gum arabic
coating had a greater ability to inhibit the
growth of the studied bacteria than free
peptides; while the antibacterial properties of
nanocapsules, unlike free peptides, did not
decrease during the storage period (the
values of the diameter of the bacterial growth
inhibition zone remained constant, as well
asMIC andMBCNanocapsules after 60 days of
storage at refrigerator temperature). The
increase in antibacterial activity of bioactive
peptides by performing nanoencapsulation
can be related to the increase in contact
surface. Also, the stability of antibacterial
activity of nanocapsules (during 60 days of
storage at refrigerator temperature) can
probably be explained by the fact that the
combined coating used (maltodextrin-gum
arabic) was able to protect the core structure
(bioactive peptides) against environmental
conditions such as refrigerator temperature,
humidity, etc. and maintain its properties. In
the study of Reyhani-Pool and Yeganeh
(2023), the pigment astaxanthin extracted

26 -Squalus acanthias
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from microalgaeHaemococcus
pluvialis* Nanoencapsulated using a
combined maltodextrin-sodium caseinate
coating (and freeze-drying method),
increased antibacterial activity and stability
of this activity (during 60 days of storage at
refrigerator temperature) were reported in
astaxanthin.[4]In another study, it was
proven that nanoencapsulation of the
pigment phycocyanin using maltodextrin
and sodium caseinate coatings (and freeze-
drying method) can enhance the antibacterial
activity of the pigment and help to stabilize
this property (during 60 days of storage at
refrigerated temperature).[26]The findings
of the two aforementioned studies are
consistent with the results of the present
study. In contrast, in the study by Yeganeh
and Reyhani-Pool (1400), in which bioactive
peptides obtained from enzymatic hydrolysis
of shrimp waste were encapsulated in
nanoliposomes, it was determined that the
growth inhibitory activity ofStaphylococcus
aureus Bacillus cereus andEscherichia coli There
is no significant difference in free bioactive
peptides and carrier nanoliposomes.[30].
The results of the pioneering research
showed that the sensitivity of gram-positive
bacteria compared to gram-negative bacteria
(the study subject) toBioactive peptides and
especially their carrier nanocapsules are
more. This higher sensitivity is probably
related to the absence of a lipopolysaccharide
layer in the cell wall of gram-positive
bacteria. The lipopolysaccharide layer in the
cell wall of gram-negative bacteria can
significantly prevent the entry of bioactive
peptides into the cell and neutralize their
destructive effects. [23]. The greater
sensitivity of Gram-positive bacteria to
natural antibacterial compounds than Gram-
negative bacteria has also been demonstrated
in other studies [4, 26, 38].

In the present study, Escherichia colilt was
only sensitive to a concentration of 150
ug/ml of bioactive peptides and their carrier
nanocapsules. Other bacteria were also
resistant to some concentrations in the agar

27- Haematococcus pluvialis
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diffusion and tube dilution methods. This
resistance of bacteria to bioactive peptides
and their carrier nanocapsules has various
reasons that are generally divided into two
categories; the first category is related to the
characteristics of bacteria such as the
presence of genes resistant to antibacterial
compounds in the cell, the presence of a
lipopolysaccharide layer in the wall of gram-
negative bacteria, and cellular resistance to
harsh environmental conditions. [34]. The
second category is related to the
physicochemical properties of bioactive
peptides and their carrier nanocapsules,
which can include things such as the
insensitivity of bacteria to the concentrations
used for bioactive peptides and their carrier
nanocapsules (meaning that with increasing
the concentration of peptides and
nanocapsules, bacterial growth is inhibited,
which was also recorded and confirmed in
the present study), the non-optimal
molecular weight [32] and the degree of
hydrolysis [31], the absence or deficiency of
some amino acids with antimicrobial
properties in the peptide chain, the
unsuitability of the physical properties of the
carrier nanocapsules (average particle size,

particle size distribution index, zeta
potential, and microencapsulation
efficiency) for exerting antibacterial
properties, etc.
5- Conclusion
Bioactive  peptides  produced  from

lanternfish using the commercial microbial
enzyme Protamax, with a degree of
hydrolysis of 21.53+1.86% and a molecular
weight of less than 3 kilodaltons, have the
ability to inhibit the growth and proliferation
of gram-positive and gram-negative bacteria
that cause food  spoilage.  Also,
nanoencapsulation of these peptides using
freeze-drying and a combined maltodextrin-
gum arabic coating not only increases their
antibacterial activity, but also significantly
contributes to the stability of this property
during their storage at refrigerated
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temperature. These peptides and carrier
nanocapsules are more powerful in
combating the growth and proliferation of
gram-positive bacteria (probably due to the
absence of a lipopolysaccharide layer in the
wall). For this reason, their use in foods
where there is a possibility of the presence of
gram-negative bacteria, It should be carefully
and expertly evaluated. Part of this
evaluation is related to increasing the
concentration of bioactive peptides and their
carrier nanocapsules in food formulations.
Finally, in order to use bioactive peptide-
based preservatives in food formulations,
their nanoencapsulated form with a double-
layer coating is proposed.
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