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Abstract— Tec 21 is an educational model from Tec de
Monterrey that offers students 7th semester an optional a Research
Internship as part of his educational development in “cross-
Sfunctional skills” such as Innovation, Scientific Thinking and
Written Language. This article is generated by a student pursuing a
degree in Biotechnology Engineering as part of their research
internship program, serving as evidence of their competencies in
innovation, scientific thinking, and written language. One-quarter
of total food production is lost globally due to food spoilage and
contamination. Furthermore, synthetic food preservatives have
increased their use in the food industry to address this issue even
though they have been related to potential health risks. In this study,
okara, a by-product waste from the soymilk production process was
evaluated as a source of bioactive peptides which could act as a
natural alternative to synthetic food preservatives. An experimental
design of two kinds of okara were generated to compare the peptide
profile through the time. One in which protein extraction happened
immediately after okara generation, and another in which
microbial growth was allowed for a week before protein extraction.
Protein quantification assay and SDS-PAGE analysis were used to
evaluate the protein composition changes. Antimicrobial analysis
using disk diffusion susceptibility test against common foodborne
pathogens was used. The protein quantification assay indicated a
ten-fold decrease in protein content for the batch with microbial
growth. SDS-PAGE analysis showed the presence of low molecular
weight peptides when microbial growth occurs in okara, which is
attributed to the proteolytic activity on enzymes during okara
fermentation. Furthermore, antimicrobial analysis demonstrated
that protein extract from okara with microbial growth has more
antimicrobial effects against Staphylococcus aureus compared to
food preservative sodium benzoate. In this regard, okara promises
to be a valuable source of bioactive peptides when endogenous
microorganisms are allowed to grow, but further studies and
methods are needed to characterize okara derived peptides. This
research exemplifies the student's integration of Innovative
Entrepreneurship, Reasoning for Complexity, and Communication
competencies, thereby advancing knowledge for future challenges.
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. INTRODUCTION

Integrating theoretical knowledge with practical skills, the
TEC 21 educational model at Tecnolégico de Monterrey
cultivates a holistic approach to learning, empowering
students like myself to thrive in an ever-changing landscape.
Embracing competencies such as Innovative Entrepreneurship
(C2), Reasoning for Complexity (C5), and effective
Communication (C6), | embark on a scientific journey where |
not only expand the boundaries of knowledge but also develop
critical skills essential for addressing complex challenges.
Through this article, 1 present findings from my research
endeavors, showcasing the transformative impact of the TEC
21 model on my academic and professional growth, while
highlighting the intersection of innovative entrepreneurship,
reasoning for complexity, and effective communication in
shaping my scientific trajectory.

Regarding the problem subject, it is estimated that about
25% of the total food production globally is lost due to
microbial contamination and 1.3 billion tons of food per year
are lost due to spoilage [1]. Preservatives are substances that
increase the shelf life of products and have been a food
additive of great relevance in the food industry given that they
allow the retarding of microbial contamination as well as
natural spoilage processes, preventing foodborne illness and
economical losses [2]. Synthetic or chemical preservatives
such as benzoates, sorbates, and nitrites are commonly used in
food production, but they pose a health hazard for consumers
as they can be toxic or have detrimental side effects such as
carcinogenicity, hypersensitivity, and asthma [2, 3].
Conversely, natural preservatives are derived from plant,
animal, or microbial origin [4], and they are preferred by
consumers for their non-toxicity. Among natural preservatives
are essential oils, spices, extracts, enzymes, natural polymers,
bacteriocins, and peptides [5]. The latter refer to fragments of
proteins that are released by proteolytic enzymes and that are
characterized by their wide range of action including
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antioxidant, anticancer, antimicrobial, antifungal, and antiviral
activity [6, 7].

Amidst the different natural sources of peptides, okara,
the insoluble residue from soybean milk production,
represents a potentially valuable option. This matrix holds
many nutritional properties, being composed in dry base of
15.2-33.4% protein which contains all essential amino acids
[8, 9], 10-15% oil, and 40-60% of crude fiber in the form of
cellulose and hemicellulose [10, 11] while also containing
isoflavones, minerals, vitamins, saponins and phytates [12,
13]. Additionally, peptides isolated from soybean have
displayed antioxidant activity [6], anti-hypertension effects
[10], anticancer, antiobesity, antidiabetic, and antimicrobial
activity [13]. Moreover, 1.4 billion tons of okara are produced
worldwide every year as a waste by-product of the soybean
milk production process and most of it has disposal and
reutilization issues, being either discarded or used as live-
stock feed, resulting in a waste of a valuable resource at best
and in environmental pollution at worst [8, 9, 11]. Therefore,
the high protein content of okara and its by-product nature
makes it a natural low-cost source of peptides with bioactive
properties, including potential antimicrobial activity. In this
sense, several pretreatments have been explored in okara with
the goal of increasing the release of bioactive substances and
the utilization of its nutrients, which involve fermentation with
either yeast, fungus or bacteria, enzymatic treatment, high-
pressure homogenization, or the combination of several
treatments which can result in the generation of peptides from
okara protein and other valuable bioactive compounds [6].

As for antimicrobial peptides (AMPs), these are
characterized by features such as low molecular weight, short
chain sequences of less than 50 amino acids, cationic charge,
heat stability, and amphipathic nature with both hydrophilic
and hydrophobic amino acids [14]. Their mechanism of action
to inhibit microbial growth is related with the electrostatic
interaction with the cell membrane as they can permeate
through it and disrupt it [5], affecting the pH gradient,
membrane potential, and osmotic regulation [14].
Additionally, AMPs can also have intracellular activity by
inhibiting DNA, RNA, and protein synthesis, amongst other
effects [15]. While there are few studies on the activity of
okara derived peptides, some examples of their use include
applications as anti-fungal compounds for crop protection,
animal nutrition, ecological materials, functional foods for
humans, and production of bioactive compounds through
fermentation [8]. Furthermore, soy derived peptides have been
shown to have antimicrobial activity against Pseudomonas
aeruginosa and Listeria monocytogenes [14], as well as with
Escherichia coli, Staphylococcus aureus, and Micrococcus
luteus [16].

Still, the use of okara peptides as antimicrobial agents in
the food industry hasn’t been explored, which could provide a
natural preservative that derives from a circular economy, in
which the by-product of a process are the primary resources of
another process [17], saving economical resources and

providing an outlet for the tons of okara produced annually.
Particularly, some factors that have limited the development of
AMPs from okara are the need of preservation methods due to
the quick contamination of okara due to its high moisture
content, the difficulties associated with the scale-up of the
protein extraction and peptide generation process, and the lack
of characterization of the bioactive peptides from okara [6, 8,
14]. Okara is nutrient rich matrix that contains 70-80%
moisture content [11], creating susceptible conditions for the
growth of microorganisms. Therefore, two different batches of
okara were prepared to test differences in protein and peptide
profile when microbial growth is present. The first batch was
immediately dried and stored after preparation while the
second batch was left wet during a week at room temperature,
allowing growth of endogenous microorganisms. After protein
extraction resulting in a lyophilizate for each batch, protein
quantification assay was performed. By these means, there’s a
need to develop a profitable and scalable process that results
in AMPs for their use in the food industry so that okara waste
product can be exploited. In this work, the potential
antimicrobial activity of peptides obtained from soybean okara
is evaluated against common foodborne pathogens, as well as
the effects of allowing endogenous microbial growth before
protein extraction.

Il. MATERIALS AND METHODS

A. Research Proposal for Student

The research internship program, aligned with the TEC 21
model, aims to develop competencies in Innovative
Entrepreneurship (C2), Reasoning for Complexity (C5), and
Communication (C6) in which student selects the project
named ‘“antimicrobial properties of okara-derived peptides”
proposed by advisor. The student was selected based on their
academic performance and interest in food preservation, and
was advised on innovation, problem-solving challenges,
research methodology training, and scientific writing. The
experimental phase includes preparing okara, extracting and
characterizing bioactive peptides, and assessing their
antimicrobial activity against S. aureus. Throughout the
program, the student draft, review, and refine this scientific
manuscript, integrating their developed competencies. The
program requires the submission of the manuscript to a
scientific journal, demonstrating the practical application of
the TEC 21 model in fostering innovation, complex problem-
solving, and effective communication.

B. Microorganisms and media

Escherichia coli ATCC 8739, Listeria monocytogenes,
Salmonella enterica, Pseudomonas aeruginosa, and
Staphylococcus aureus were cultivated for their use in the
antimicrobial disk diffusion susceptibility test since these
bacteria are reported as common foodborne pathogens [18, 19,
20, 21, 22, 23]. All microorganisms were obtained from
laboratory stocks. E. coli ATCC 8739 and P. aeruginosa were
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grown on Difco ™ Malt Extract Broth (Becton Dickinson &
Company, 211320) supplemented with 4 g/L of peptone from
casein (Merck, 1.07213) and 15 g/L of bacteriological agar
(Becton Dickinson & Company, 215000) for solid media. L.
monocytogenes and S. aureus were grown on Difco ™ Tryptic
Soy Broth (Becton Dickinson & Company, 211825) for liquid
media and Difco ™ Tryptic Soy Agar (Becton Dickinson &
Company, 236950) for solid media. S. enterica was grown on
Difco ™ Nutrient Broth (Becton Dickinson & Company,
234000) and supplemented with 15 g/L of bacteriological agar
(Becton Dickinson & Company, 215000) for solid media.
Culture conditions were in agitation at 37 °C.

C. Preparation of okara

Whole soybeans were acquired from a local supermarket and
utilized to prepare soymilk according to the initial steps of the
Illinois process [44]. This involved soaking the whole
soybeans in a distilled water solution containing 0.5%
NaHCO; (Desarrollo de Especialidades Quimicas S.A. de
C.V., 120314-01) (in a ratio of 1 part beans to 3 parts solution)
for 17 hours, followed by draining the soybeans. Subsequently,
the soybeans were soaked again for 30 minutes in a fresh
distilled water solution of 0.5% NaHCOs, drained once more,
and ground using a Moongiantgo® Mini Spice Coffee Grinder
with enough distilled water to achieve a soybean solids
concentration of 12%. Afterwards, the generated slurry was
filtered using a cheesecloth to obtain soymilk and the okara
by-product. Two batches of okara were produced using the
same process. The first batch underwent immediate drying at
60 °C for 20 hours, followed by pulverization to create okara
flour. In contrast, the second batch was left undried in a
covered bowl at room temperature for one week to encourage
the growth of endogenous microorganisms. Both samples
were immediately stored at -20 °C for further use.

D. Protein extraction

Okara flour from the batch without microbial growth and
wet okara from the batch with microbial growth were defatted
with hexane (1:10 w/v) for 30 minutes following [12]
protocol. Afterwards, protein extraction was made following
[24] methodology. Distilled water was added to defatted okara
in a ratio of 1:20, pH was adjusted to 12 using NaOH 50%
w/v, and the suspension was stirred for 1 hour at 50 °C,
following centrifugation at 8000 rpm for 20 minutes.
Subsequently, the supernatant was acidified to pH 4.2 using
HCI 2M and a second centrifugation step was performed at
8000 rpm for 20 minutes. The pellet was recollected and
resuspended in deionized water in a ratio of 1.5, and pH was
neutralized to 7 using NaOH 50% wi/v. Finally, solutions of
extracted protein were freeze dried for 5 days and then stored
at -80 °C until further use.

E. Protein quantification
The Pierce™ BCA Protein Assay Kit from Thermo Fisher
Scientific was used to quantify protein following the protocol

provided by the manufacturer (Thermo Fisher Scientific).
Absorbance at 562 nm was measured using a microplate
reader (Synergy HT Bio Tek). For this assay, a calibration
curve was made with bovine serum albumin protein (BSA)
included in the kit in a concentration range of 25-2000 pg/mL.
Protein sample solutions of each okara batch were prepared by
adding 0.5 mg of protein lyophilizate in 1 mL of MilliQ water.
All measurements were done by triplicate.

F. SDS-PAGE

For the analysis of okara protein extracts, a sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) 12% polyacrylamide gel was prepared following the
[43] methodology. Preparation of samples consisted of adding
5 pl of 6X loading buffer and 10 pl of protein extract solution
(3 mg/mL) from each okara batch, then heated at 99°C for 10
min, allowed to stand for 5 minutes at room temperature and
frozen until use. Gels were run at 80 V, 50 mA and 80 W.
Precision Plus Protein™ Dual Xtra Prestained Protein
Standard (Bio-Rad, 1610377) was used as molecular weight
marker.

G. Antimicrobial disk diffusion susceptibility test

Protein extracts from okara were tested for antimicrobial
activity using the Kirby-Bauer disk diffusion susceptibility test
protocol [25], with modifications to culture conditions.
Inoculums were prepared by incubating 1 mL of bacterial
stocks in 10 mL of their respective culture media at 37 °C in
agitation for four days and subsequently adjusting turbidity to
0.5 McFarland standard which was prepared in-house by
mixing 0.5 mL of a 1.175% wi/v solution of BaCl, (Sigma-
Aldrich, 529591) with 99.5 mL of a 1% v/v H2SO4
(Desarrollo de Especialidades Quimicas S.A. de C.V.
140907-02) solution. Optical density was measured at 600 nm
using a UV-visible light spectrophotometer (Thermo Scientific
GENESYS™ 10S). Agar plates were inoculated using a sterile
loop by streaking three times over all the agar surfaces, and
blank sterile antibiotic sensitivity disks (Innovating Science,
1S35040) were impregnated with 50 ul of sample. Two disks
impregnated with a 3 mg/mL solution of each batch of okara
protein extract, and a disk impregnated with a 3 mg/mL
solution of sodium benzoate (Diquitra, 502295) as a positive
control was placed in each of the plates using forceps.
Concentration of the positive control was defined according to
the reported minimum inhibitory concentration (MIC) of
sodium benzoate against several of the bacteria used in this
experiment [26]. Plates were incubated for 24 hours at 37 °C
and inhibition zones were measured with a ruler. For each
bacterium experiments were done by triplicate.

I11. RESULTS AND DISCUSSION

A. Okara protein extraction and quantification
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The protein concentration of extract solutions in each of
the lyophilizates was 255.33 + 10.47 pg/mL and 26.00 + 8.67
pg/mL for okara without and with microorganism growth,
respectively (Table 1). Furthermore, the protein content in the
lyophilizate represents 51.11% and 5.20% in okara without
and with microorganism growth, respectively. This represents
a reduction of nearly 90% in the protein concentration due to
the microorganism activity. According to [24], a total protein
content of 68.86% was reported with microbial growth, which
could be a consequence of the difference in soybean variety
and the method of okara generation.

To determine the protein profile shift in both samples, an
SDS-PAGE analysis was performed. The okara without
microbial growth contains peptides and proteins in the range
of 2 kDa up to 75 kDa with defined bands in the 50 kDa mark,
below the 75 kDa and 25 kDa mark, and above the 2 kDa
mark (Figure 1). On the other hand, okara batch with
microbial growth exhibited a less distributed profile, with a
concentration of bands below the 25 kDa, particularly over the
2 kDa range. These results suggest that microorganism present
in okara transformed the proteins, from 50 kDa and 75 kDa
mostly, into peptides below the 2 kDa. Notably, on this batch
there’s also a decreased amount of protein from the 25 kDa
mark upwards, which could relate to high molecular weight
proteins being broke down into low molecular weight peptides.
This could be attributed to the proteolytic activity of enzimes
from soy endogenous microorganisms during fermentation [13,
27]. By these means, the batch with microbial growth
decreased protein concentration measurement since most of
the protein content was hydrolyzed into low molecular weight
peptides. Several Bacillus subtilis strains have been isolated
from soybeans and fermented soy products [13]. These
enzymes have been reported to secrete enzymes which break
down macromolecules present in okara, including proteins,
and increase its antioxidant activity [28]. Furthermore, lactic
acid bacteria have also been identified as endogenous
microorganisms from soybean okara, particularly strains
belonging to the genera Lactobacillus such as Lactobacillus
spentosus and Lactobacillus plantarum [29, 30]. These studies
proved that certain strains could generate bioactive peptides
from soybeans [31]. Further studies must be performed
regarding the isolation and identification of the
microorganisms present in the produced okara batch a type of
peptides is dependent on the variety of soybean and of the
microorganism strain present in it [13].

TABLE I
PROTEIN QUANTIFICATION OF OKARA EXTRACTS.

- Protein Protein in the
Lyophilizate Volume . .
Sample (ug) (mL) concentration lyophilizate
he (ng/mL) (%)
Okara
Wlthout 500.00 1.00 25533+ SRIC
microorgan 10.47¢
ism growth

Okara with
microorgan
ism growth

26.00 + 8.67° 5.20°

Fig. 1 SDS-PAGE analysis of protein extraction samples from okara (3
mg/mL). Lane 1: Okara batch without microbial growth. Lane 2: Okara batch
with microbial growth. MW: Molecular Weight Marker. kDa: Kilodaltons.

B. Antimicrobial activity of okara protein extracts

S. aureus was the only bacteria with measurable
inhibition diameters (Figure 2). The okara extract has a higher
antimicrobial activity against S. aureus with a 20 mm
inhibition of microbial growth compared to 11 mm for the
sodium benzoate. Similar studies have reported an increased
or equivalent antimicrobial activity of peptides against S.
aureus in comparison to sodium benzoate [32, 33, 34]. In the
other hand, okara protein extract from the batch without
microbial growth exhibited a concentrated bacterial growth, a
phenomenon that occurred with most tested bacteria.
Therefore, the availability of nutrients in the batch without
microbial could be a contributing factor that, instead of
inhibiting bacterial growth, promotes it since free
carbohydrates such as arabinose, glucose, fructose, and
sucrose, as well as protein that contains all essential amino
acids, and fatty acids including linoleic, palmitic, and linolenic
acid are present in okara [11].
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Gram positive bacteria

L. monocytogenes

g

S. aureus

Gram negative bacteria

E. coli

Fig. 2 Antimicrobial disk diffusion susceptibility test of okara protein
extracts against gram positive and gram-negative bacteria. Top left disk
contains okara protein extract (3 mg/mL) from batch with microbial growth.
Top right disk contains okara protein extract (3 mg/mL) from batch without
microbial growth. Bottom center disk contains sodium benzoate (3 mg/mL) as
positive control.

As for L. monocytogenes, E. coli, P. aeruginosa, and S.
enterica, poor microbial growth was achieved on the plates.
This could be attributed to culture conditions that could have
affected proper growth such as the use culture media other
than Muller-Hinton agar which is indicated in the Kirby-Bauer
protocol. Particularly in the case of E. coli and P. aeruginosa
which had the poorest growth and were cultivated on Malt
Extract Agar that, according to the manufacturer, is a media
suited for yeasts and molds that restricts bacterial growth.
Also, there was excess moisture is some of the plates, which is
a factor that can disturb the assay’s results [35]. Additionally,
there are several parameters dependent upon the operator such
as plate streaking that can potentially influence the accuracy of
the method [36].

Furthermore, it is to be noted that the disk diffusion
susceptibility assay may not be the most adequate method for
testing the antimicrobial activity of bioactive peptides. Several
aspects from the method could underestimate the susceptibility
of microorganisms to peptides such as the fact that negatively
charged components in agar can interact with positively
charged peptides and neutralize them, having a detrimental
effect on their activity [37]. Moreover, the choice of media
could alter antimicrobial activity results since Miller-Hinton
agar as well as all the media used in this study contain peptone
from casein which has free amino acids and short peptide
chains [37, 38], some of which could be anionic and interfere
with cationic peptides to be tested, which happen to be the
bioactive peptides with the highest reported antimicrobial
activity [39]. Hence, various factors need to be taken into
account when assessing the antimicrobial susceptibility of
peptide-containing extracts, as even the choice of plasticware

can introduce interference [37]. Consequently, the necessity
arises for the development of a novel standardized method
tailored specifically for peptides in future investigations.

Regarding the antimicrobial activity of okara protein
extracts, the presence of other compounds in addition to
bioactive peptides that may enhance or diminish the
antimicrobial effect, particularly on the batch with microbial
growth since soy fermentation creates secondary metabolites
other than peptides [13]. In the case of B. subtillis strains
isolated from fermented soybean products, bioactive peptides
generated by this bacterium have demonstrated antimicrobial
activity against foodborne pathogens like Clostridium
botulinum, Listeria monocytogenes, Salmonella typhimurium,
Staphylococcus aureus, and Pseudomonas aeruginosa, but
other compounds such as organic acids or bacteriocins are also
produced by this microorganism and have antimicrobial
effects against pathogens [13]. This could also be the case
with Lactobacillus strains isolated from soybeans, which have
shown antimicrobial activity against pathogens Escherichia
coli 0157, Staphylococcus aureus ATCC 25923 and Listeria
monocytogenes EPO1, but lactic acid is the primary antibiotic
compound generating this susceptibility rather than bioactive
peptides [29].

Therefore, it remains relevant to further characterize the
okara protein extracts and assess whether bioactive peptides
alone are responsible for the antimicrobial effect of S. aureus.
Also, the identification and characterization of the peptides
present in the extract could determine if the bioactive peptides
are either produced by an endogenous microorganism of okara
or if they come directly from soybeans given that peptides
isolated from soybeans have also exhibited antimicrobial
activity [13]. In addition, once the bioactive peptides are
identified, their sequence could give further insight on their
mechanism of action. Currently, cationic, and amphiphilic
peptides of low molecular weight have been identified by
several studies as the natural bioactive peptides with the
highest antimicrobial activity [39, 40, 41]. The mechanism of
action of peptides could be explained by the membrane model
in which cationic peptides increase the permeability of the
negatively charged bacterial membrane, leading to cell lysis
[42]. Gram positive bacteria tend to be more susceptible to
bioactive peptides since they only have a peptidoglycan and
lipoteichoic acid layer before the plasma membrane, as
opposed to the gram-negative bacteria which, in addition to
the peptidoglycan layer, also have an outer membrane which
restricts the access of bioactive peptides to the inner plasma
membrane [41, 42]. Still, antimicrobial peptides also have
intracellular mechanisms of action including inhibition of
protein and nucleic acid synthesis, degradation of enzymes,
inhibition of cell wall synthesis, among others [40, 42].

IV. CONCLUSION
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The results obtained from this study indicate the potential
use of protein extract of okara with microbial growth as a food
preservative to inhibit the growth of S. aureus. The repetition
of the antimicrobial susceptibility test with proper culture
conditions for L. monocytogenes, E. coli, P. aeruginosa, and
S. enterica is required to demonstrate whether or not the okara
protein extract has any growth inhibition for these foodborne
pathogens. Once this is determined, further characterization
experiments will be required to identify peptide fractions,
calculate both their minimum inhibitory concentration and
minimum bactericidal concentration, and test for their
antioxidant and cytotoxic activity in order to confirm their use
as safe natural food preservatives. Additionally, for okara
bioactive peptides to be a viable alternative in food industry,
several challenges such as prevention of contamination in
okara batches, optimization and scale-up of the protein
extraction process and decrease in costs need to be addressed.

Given the global threat of food contamination and
spoilage towards world food security as well as the potential
health risks associated with synthetic preservatives, this study
aims to provide a natural and sustainable alternative of natural
preservatives from bioactive peptides derived from soybean
okara. The findings suggest that the proliferation of
indigenous microorganisms in  soybean-derived okara
enhances the concentration of bioactive peptides. Moreover,
the protein extract obtained from this process demonstrates
inhibitory effects against the gram-positive bacterium S.
aureus, hinting at the potential for developing an okara-based
product as a natural preservative. This presents a valuable
opportunity to utilize this typically discarded by-product.
Furthermore, it was determined that further characterization of
peptide fractions from the okara extract is necessary, along
with the development of standardized methods tailored
specifically for assessing the antimicrobial susceptibility of
bioactive peptides.

Finally, this research conducted on natural preservatives
in the food industry not only addresses the pressing need for
safer alternatives but also exemplifies the integration of key
competencies such as Innovative Entrepreneurship, Reasoning
for Complexity, and Communication during the research
internships of the student. By developing innovative solutions
to replace artificial preservatives, the student demonstrates
their ability to adapt to changing environments and create
value with a positive impact on society. Moreover, the process
of analyzing complex problems, synthesizing information, and
continuously learning throughout the research journey reflects
his commitment to reasoning for complexity. Additionally,
effectively communicating these findings through various
channels showcases his proficiency in communication,
essential for professional and personal interactions. Overall,
this scientific endeavor not only contributes to advancing
knowledge in the field but also enhances the student's
transversal competencies, preparing them for future challenges
and opportunities in the food industry and beyond.
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