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The present study was designed to evaluate the antimicrobial capacity of condensed tannins, extracted and
purified from coffee pulp (Coffea arabica), for use as a natural preservative in food industry products.
Condensed tannins were extracted from coffee pulp residues by Ultrasound-Assisted Extraction (UAE)
and purified by open column chromatography with Sephadex LH-20. First, the in vitro antimicrobial
evaluation was performed with the disc diffusion method (1, 5 and 10 g L™Y against bacteria such as
Escherichia coli, Salmonella typhimurium, Staphylococcus aureus and Listeria monocytogenes causing
various foodborne diseases (FBDs). The qualitative analysis showed the presence of tannins in the
acetone fraction purified and showed inhibitory activity at 10 g L™* against S. typhi, S. aureus, and L.
monocytogenes. No inhibition was observed against E. coli, highlighting its relative resistance under
these conditions. To evaluate its efficacy as a food preservative, a corn-based model food typical of the
north-central region of Mexico (bocoles) was formulated by incorporating the purified tannins at
a concentration of 10 g L™X. The formulation consisted of adding lard, salt and black beans or cottage
cheese to the corn dough. The tannins were incorporated during the kneading stage. This ensured
a homogeneous distribution of the compound in the final product, which was pre-cooked and packaged
in vacuum-sealed polypropylene bags. The effect of condensed tannins on shelf life was compared with
a control group (no food preservative) and a group treated with a commercial synthetic preservative
(potassium sorbate and sodium benzoate). The results showed a statistically significant difference
between the groups, indicating that the condensed tannins prolonged the shelf life of the bocoles in

a manner comparable to the synthetic preservative. This study demonstrates the potential of condensed
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Accepted 2nd Novernber 2025 tannins as natural food preservatives and presents them as a viable and functional alternative to replace

synthetic additives in the food industry, which have been associated with adverse health effects from
prolonged consumption. Significantly, this finding highlights the impact it will have on the development
rsc.li/susfoodtech of safer products in the food industry that meet consumer demand for natural ingredients.
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Sustainability spotlight

The increasing demand for safe and stable foods has traditionally led to the use of synthetic preservatives, which raise health and environmental concerns. This
study explores condensed tannins extracted from coffee pulp, an agro-industrial by-product, as natural preservatives in a model food system. This strategy
contributes to sustainability by reducing waste, valorizing agro-industrial residues, and offering an alternative to synthetic additives. Beyond promoting
responsible production and consumption in line with the United Nations Sustainable Development Goal (SDG) 12, this work also supports SDG 3 (Good Health
and Well-being) by offering safer food preservation strategies, SDG 6 (Clean Water and Sanitation) through reduced agro-industrial pollution and SDG 13
(Climate Action) by mitigating greenhouse gas emissions from agro-waste decomposition.

1. Introduction

Coffee pulp, a major by-product of the coffee industry, remains
largely underutilized. Its accumulation contributes to environ-
mental pollution and represents a missed opportunity for
“Facultad de Estudios Profesionales Zona Huasteca, Universidad Autonoma de San valorization within a circular economy framework.! One reason
Luis Potosi, 79060, Ciudad Valles, S.L.P., Mexico. E-mail: jorge.wong@uaslp.mx is that this plant material has low biodegradability due to high

PFacultad de Ciencias Quimicas, Universidad Autonoma de San Luis Potosi, 79210, levels of anti-nutritional compounds such as caffeine and some
San Luis Potosi, S.L.P., Mexico
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polyphenols, including tannins. Condensed tannins are mole-
cules with complex structures that have various biological
activities such as antioxidant, anticarcinogenic and antimicro-
bial properties.> This last characteristic suggests that
condensed tannins could be used as a natural preservative in
food matrices.* Previous studies have shown that coffee pulp
and its derivatives, particularly condensed tannins, have
significant antimicrobial activity against several food-borne
pathogens. For example, proanthocyanidin-rich extracts of
coffee pulp have shown inhibitory activity against Staphylo-
coccus aureus, Listeria monocytogenes and Escherichia coli,
among others, depending on the extraction method and
concentration used.** The antimicrobial effect is attributed to
the ability of condensed tannins to disrupt microbial cell walls,
chelate metal ions essential for bacterial growth and inhibit
extracellular enzymes.®

Synthetic preservatives such as sodium benzoate and
potassium sorbate are widely used in the food industry for their
efficacy against yeasts, fungi and certain bacteria. However,
prolonged exposure to these compounds has raised concerns
about their potential toxicological and allergenic effects,
including associations with cell damage, behavioral changes
and hypersensitivity reactions in sensitive individuals.” In
contrast, natural preservatives derived from plant sources, such
as condensed tannins from coffee pulp, offer a safer alternative,
combining antimicrobial and antioxidant properties with
biodegradability and consumer acceptance.

The food industry strives to offer products with extended
shelf life, employing preservation strategies such as the use of
commercial preservatives, optimized packaging systems, and
accurate shelf-life predictions.® Therefore, the food industry
must report the information necessary to determine the shelf
life of its products within a relatively short period of time to
meet the needs of consumers.

Shelf life refers to the period during which a food product
maintains acceptable sensory, nutritional, and safety attributes.
The prediction of shelf-life at an optimal time is something that
the food industry has demanded in recent years, so accelerated
shelf life testing is an excellent option to meet this need. This is
mainly based on the results of tests performed at regular inter-
vals.” Tests are used when the study quality index reaches the
limit after storage at a real temperature of its storage (two or three
temperatures), based on the data obtained, the prediction is
made by implementing the Arrhenius model.”® Therefore, the
main objective of this study was to evaluate the use of condensed
tannins extracted from coffee pulp (Coffea arabica) as a natural
preservative to improve the shelf life of a model food.

2. Materials and methods
2.1 Collection and preparation of the plant material

Fresh coffee pulp was collected in Xilitla, S.L.P., Mexico (August
2022), and immediately transported to the Food Research
Laboratory (FEPZH-UASLP). The material was dehydrated in
a conventional oven at 40 °C for 72 hours, ground into a fine
powder, and stored in airtight, light-protected containers until
further use.
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2.2 Ultrasound-assisted extraction (UAE) of condensed
tannins

The recovery of condensed tannins was carried out according to
the methodology described by Ramirez-Coronel et al., (2004)"*
and Wong-Paz et al. (2021)." The extraction was performed using
1 L of aqueous acetone as solvent (70% v/v) and 100 g dried
coffee pulp. The method implemented was by sonication in
a Branson ultrasonic bath at 40 kHz and room temperature for
10 minutes. The acetone extract was filtered with Whatman No.
1 filter paper and concentrated by vacuum evaporation at 50 °C.

2.3 Purification of condensed tannins using a Sephadex LH-
20 column

The recovery of condensed tannins from crude extracts was
performed using the Sephadex LH-20 method."»** First, the
concentrated crude extracts were passed through Sephadex LH-
20 (previously equilibrated with water). Subsequently, elution
was performed on the column using the following solvents:
water (400 mL); ethanol (350 mL) and aqueous acetone (70%, v/
v) (300 mL) to obtain a condensed tannin-rich fraction and
finally recovered manually with each solvent. The acetone
fraction was rotaevaporated to remove the organic solvent,
subjected to drying (40 °C, 24 h) and then stored in vials for
further application.

2.4 Determination of condensed tannins (HCl-butanol
assay)

Condensed tannins were quantified using the HCl-butanol
method.” A reaction mixture of 250 pL sample, 1.5 mL HCI-
butanol, and 50 pL ferric reagent was prepared, vortexed, and
incubated in a 95 °C water bath for 40 minutes. Absorbance was
measured at 550 nm after cooling. Concentrations were calcu-
lated using a calibration curve prepared with procyanidin C1 as
the standard (Wong-Paz et al., 2021).

2.5 Evaluation of the antibacterial capacity of condensed
tannins against foodborne pathogenic bacteria

To evaluate the antibacterial capacity of the condensed tannins
purified, three solutions were prepared with ethanol (3%, v/v/)
at concentrations of 1, 5 and 10 g L™'. These were tested
during the assays against common foodborne pathogenic
bacteria, which were provided by the Food Research Laboratory
of the FEPZH-UASLP and correspond to the collection of
microorganisms of the State Public Health Laboratory (COEP-
RIS). Four strains were used: Salmonella typhimurium (ATCC
14028), Staphylococcus aureus (ATCC 25923), Listeria mono-
cytogenes (ATCC 19115) and Escherichia coli (ATCC 25292),
which were inoculated in 5 mL of nutrient broth and incubated
at 35 °C for 24 h for revitalization. Once the bacteria were
reactivated, they were inoculated on Mueller-Hinton agar plates
and incubated at 35 °C for 24 h. Subsequently, inoculum
batches were taken and transferred to glass tubes with 5 mL of
saline solution (0.85%) until reaching a turbidity of nearly 0.5
based on the MacFarland scale (1.5 x 10° CFU mL ") measured
with an Ultrospec TM10 spectrophotometer. Finally, the
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determination of antibacterial activity against the bacteria was
carried out using the disc diffusion method in triplicate.
Mueller-Hinton agar plates were prepared and inoculated with
the previously adjusted suspension of each inoculum over the
entire surface (lawn), using a sterile swab. Then, sterile filter
paper discs impregnated with the above concentrations of the
purified condensed tannins were placed on a Petri dish. After
15 min of resting, the inoculated plates were incubated at 35 °C
for 24 h. Ethanol (3%, v/v) was used as a negative control and
ampicillin (5 g L™") as a positive control. After 24 h of incuba-
tion, the radius of the inhibition halos was measured and
expressed in mm of inhibition.*

2.6 Processing of the model food

The model food for this study was a bocol, an endemic food
from Huasteca Potosina, which is a central-eastern popular
region of Mexico. Bocol is a corn derivative, basically a thick
tortilla made of corn dough mixed with lard and additional
ingredients such as beans, coriander and cottage cheese,
among others. In this study, thirty-six bocoles were prepared
with the same base formulation. The base formulation used was
as follows: corn dough (778.00 g), lard (105.00 g), salt (15.60 g).
An additional ingredient was used, resulting in three types of
bocoles: natural (without additional ingredient), beans (140.00
2) and cottage cheese (136.00 g). For bocol preparation, the
dough was kneaded until a single homogeneous mixture was
formed, and later the corresponding preservative was added. In
each kind of bocol, three treatments were explored: (a) natural
food preservative (condensed tannins), (b) commercial food
preservative (sodium benzoate and potassium sorbate at
0.075% and 0.15%) and (c) without preservative. Subsequently,
dough discs were made with 25 g of each dough, which were
manually molded, and bocoles were obtained with a diameter of
5 cm and a thickness of 5 mm. The bocoles were precooked at
a temperature of 75 °C for 5 minutes on each side. Afterwards,
they were cooled at room temperature for 1 hour before being
packaged.

2.7 Choice of suitable packaging

The selection of the packaging was made by means of food
stability graphs according to Badui (2006).'° To obtain the
necessary data and to identify the type of packaging material,
pH, water activity (aw) and moisture content (% H) analyses
were carried out on all formulated bocoles, including the
control group (without preservative), the group with synthetic
preservatives (potassium sorbate and sodium benzoate) and the
group with condensed tannins. Measurements were carried out
using a calibrated pH potentiometer, a water activity meter and
an oven-dry moisture balance, respectively. Each analysis was
performed in triplicate to ensure the accuracy of the results and
was performed at different points in the feed to ensure the
representativeness of the sample.

2.8 Experimental design for determining shelf life

The necessary conditions and parameters were established to
evaluate the shelf life of three types of bocoles (natural, beans
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and cottage cheese) produced in the Food Technology Pilot
Plant of the Faculty of Chemical Sciences of the UASLP. The
study was carried out under three storage conditions (2 °C, 15 °©
C and 29 °C) and was monitored from the beginning of the
experiment, from day 0 to day 15, for each type of bocol and for
the three treatments applied (without preservative, with
synthetic preservative and with condensed tannins).

2.9 Response variables

Samples of the bocoles were collected on days 0, 3, 6, 9, 12 and
15 of storage to obtain 5 samples. For each sample, the
following analyses were determined: pH, aw and H (moisture%)
for subsequent statistical analysis.

2.10 Application of the Arrhenius equation for shelf-life
determination

The data obtained in the previous section were organized in
tables according to the established conditions of time,
temperature and measured parameters (pH, aw and % H).

The data were analyzed in the following order: (a) the average
temperatures of each incubator were adjusted for kinetic
calculations, (b) the reaction order was determined for each
phenomenon studied (aw, pH, and % H), (c) the reaction order
and its respective value of k (rate constant) were obtained, and
the calculation of E, was made using the Arrhenius equation
and finally, the equation was adjusted by means of least
squares.

The equations used were as follows:

to = (initial day + initial hour) x 24 (1)
tadjusted = (day + hour) x 24 — 1, (2)
At=t, — 1" (3)
T,— T,
T = % (4)
In <T '11>
In
Fi=< (5)
Trcul = Z *ﬂ11 (6)
ianFy
X _ C— (o
Order 0: 7= ( A ) (7)
Order 1: (In ¢ ~ In(G)) (8)
k
L
Order 2: (C_lkw 9)

General equation of activation energy:
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In(K) = (_§ﬂ> (%— Tio) + In(ko)

to = time zero, dgjuseed = time adjusted, At = temperature
difference, Tj, = logarithmic mean temperature, F; = time
factor, Ty = real temperature, k = speed constant, E, = acti-
vation energy, and R = ideal gas constant

(10)

3. Results and discussion

3.1 Extraction and purification of condensed tannins with
Sephadex LH-20

It is known that the main difficulty in working with condensed
tannins is their complexity due to their chemical structure;
therefore, purification was carried out by liquid chromatog-
raphy with a Sephadex LH-20 column. Based on the findings
reported by Wong-Paz et al. (2021)," the total condensed
tannin content was determined exclusively in the acetone
fraction, which they characterized and found to have a high
concentration of procyanidins (=98%) in coffee pulp. The total
content of condensed tannins in the purified acetone fraction
was 6.17 mg procyanidin equivalents (PC1) per gram of dry
fraction, which was determined by the HCl-butanol assay.
Although direct comparison with other studies is limited due
to differences in extraction methods, expression units and
reference standards, it is possible to establish some context.
For example, Myo and Khat-udomkiri (2022)" reported
a tannin content of 4.5 mg of tannic acid equivalents per gram
of dried coffee pulp, while Alkaltham, Salamatullah, and Hayat
(2020)*® reported 0.18 mg of gallic acid equivalents per gram of
dried coffee. Once the presence of condensed tannins in the
acetone fraction was determined, it was rotaevaporated to
eliminate the solvents and subjected to the drying process for
24 h at 35 °C. This agrees with that reported by Wong-Paz et al.
(2021)* on the acetone solvent with greater efficiency for the
extraction of the compounds of interest. Meaningfully, the dry
purified acetone fraction has a concentration of fully
condensed tannins corresponding to 0.20% based on dry
coffee pulp, comparatively very similar to those reported by
Wong-Paz et al. (2021)" in concentration of procyanidins cor-
responding to 0.25% on coffee pulp. Traditionally, acetone is
the most effective solvent in the extraction of condensed
tannins, as its chemical composition and polarity are attrac-
tive, with only an interference in color development as it turns
to that of the plant material used.*

3.2 Antibacterial activity of condensed tannins to
implement as a natural preservative

The antibacterial evaluation (Table 1) of the condensed tannins
reported an inhibitory capacity at 10 g L™" against Salmonella
typhimurium (16 £ 0.6 mm), Staphylococcus aureus (12 £ 0.5
mm) and Listeria monocytogenes (6 = 0.1 mm). On the other
hand, inhibition against Escherichia coli was not achieved under
the conditions studied (Fig. 1). This is in contrast with the
findings by Martins et al., (2020),* who reported inhibition only
against Gram-negative bacteria, including S. ¢yphi and E. coli.
The inhibitory effect observed against S. typhi can be attributed
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to differences in the type or concentration of the implemented
procyanidin-rich fractions, the source material, etc. In recent
years, antimicrobial resistance has become a global concern
due to the increasing inefficiency of treatments against various
pathogenic microorganisms, which has been attributed to
various factors such as genetic mutations and horizontal
transfer of resistance genes via mobile genetic elements such as
plasmids and transposons.**** Although this study demon-
strated antimicrobial effects of condensed tannins against
several foodborne pathogens, no antimicrobial effect was
observed against E. coli. This result highlights the persistent
challenge against E. coli in the context of food safety, reaffirm-
ing the need for further research into natural food preservatives
capable of targeting Gram-negative bacteria such as E. coli.
Similarly, Medini et al., (2014)** reported in their study that
tannins obtained from the acetone fraction of the plant Lim-
onium delicatulum did not present antimicrobial activity against
E. coli. This contrasts with the finding that the condensed
tannins extracted from coffee pulp show high antibacterial
activity against some microorganisms related to ETAs.

3.3 Shelf life of model food under controlled conditions with
the implementation of natural and commercial preservatives

Bocoles were formulated following traditional specifications
adapted for experimental conditions (5 cm diameter, 5 mm
thickness, 25 g). These parameters were chosen based on shelf-
life testing needs and aligned with reported traditional char-
acteristics by Leary (2016);** however, in our study, these char-
acteristics were obtained for their elaboration in the size of 5 cm
in diameter, 5 mm thick and 25 g in weight (Fig. 2). In this
study, they were reduced because, for the shelf-life evaluation,
a large amount of raw material was not required for the anal-
yses. The precooking time and temperature were based on what
was reported by Medina (2020)** on the elaboration of bocoles
from the Huasteca Potosina for their shelf-life in refrigerated
packaging. The color of the natural bocol from the raw dough
with lard was a characteristic cream color of the dough. The
bocol with cottage cheese, made with the same materials but
with the addition of this ingredient, was presented in white
color. Finally, the beans bocol became light black. According to
Leary (2016),>* who describes all the characteristic colors of each
of the bocoles, these coincide with what was reported in this
study.

3.4 Choice of suitable packaging: polypropylene

The stability of food is affected by various factors, such as
humidity, temperature, pH and water activity (aw), all of which
are essential for assessing and predicting its shelf life. The
parameters that were determined in this study for the analysis
of the stability in each bocol were pH, aw and % H. The data
obtained were analyzed in food stability graphs (Badui, 2006).'®
These are used to evaluate the behaviour of foodstuffs in rela-
tion to their water activity and moisture content, linking them
to physical, chemical and microbiological deterioration mech-
anisms. The X-axis of the graphs shows the water activity, while
the Y-axis shows the moisture content. In addition, stability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antibacterial activity of condensed tannins against bacteria causing diseases transmitted in food*

gLt E. coli S. typhi S. aureus L. monocytogenes Ethanol 3% (—) Ampicillin (+)
1.0 N N N N N —

5.0 N 4.0 (+£0.03) 3.0 (£0.3) N N -

10.0 N 8.0 (+0.6) 6.0 (£0.5) 3.0 N 13.0 (£0.01)

¢ Antimicrobial activities were determined based on the diameter of the inhibition zone (mm). No inhibition (N).

Fig. 1 Antibacterial evaluation by the disc diffusion method with the
following tannin concentrations: 1, 5 and 10 g L% negative (water) and
positive (ampicillin) controls against bacteria such as S. typhi (A), L.
monocytogenes, (B) S. aureus (C) and E. coli (D).

zones for different packaging such as high-density polyethylene,
polypropylene, ethylene-vinyl-alcohol, etc. are included. Each
graph includes curves indicating the activation ranges of
different spoilage processes such as microbial growth (yeasts,
bacteria and moulds), non-enzymatic browning reactions, lipid
oxidation and enzymatic activity. The values of aw and % H of
the different bocoles (natural, beans and cottage cheese) were
plotted to locate their behaviour within the system. The rela-
tionship of pH with water activity, indicating the location of the
food in the diagram, can be observed that the stability is
acceptable for the 3 cases of food study (Fig. 3). In the case of
natural bocoles, the pH and ay values recorded are in a zone of
lower risk of microbial growth and enzyme activity, so that the
thermal treatment of the packaging could be sufficient to
ensure the stability of the food. On the other hand, the beans
and cottage cheese bocoles have pH and ay, values within the
most favorable ranges for microbial growth, especially yeasts
and molds; for these specific cases the application of preser-
vatives and adequate packaging is required to ensure their
stability (Badui 2006).*® The material to be used in the study was
determined, as this is essential for food storage, taking care that
the packaging does not have an atmosphere of relative humidity
higher than that of equilibrium, as this would cause a migration

© 2025 The Author(s). Published by the Royal Society of Chemistry

towards the interior of the food; therefore, the ay would
increase.” The experimental values of aw and % H obtained for
the 3 bocoles plotted in the stability plots include reference
zones of various materials as mentioned at the beginning of this
section. The data points of the bocoles are within the plastic
zone range, as the appropriate material to not present a migra-
tion of relative humidity, and thus did not suffer any factor
outside the controlled ones such as temperature and time.
The changes present in the bocol as a function of water
activity in relation to the relative rate of reaction occur near the
absorption isotherm, which describes the food being tested
and the nearest deterioration, which is the enzyme activity.
However, in this case, it is not possible to have an enzymatic
activity because the food is precooked; therefore, it is expected
that the enzymes have been eliminated.*® Due to the humidity
of the food, the proliferation of fungi is very likely, so a barrier
material is needed to prevent microbial growth in general.
According to the results, the 3 types of processed bocoles:
natural, cottage cheese and beans (Fig. 3) are presented within

Fig. 2 Model food (bocol): without preservative (A), with commercial
preservative (B), and with natural preservative (C). Three model food
(bocol) were used: natural bocol (1), beans bocol (2), and cottage
cheese bocol (3).

Sustainable Food Technol.
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Fig. 3 Changes in natural water activity-related bocol to determine appropriate packaging. Natural bocol, cottage cheese bocol and beans

bocol (Badui, 2006).*¢

the aluminized polypropylene zone, compared to that reported
by Medina et al., (2002)*” that determined the implementation
of aluminized polypropylene because it is a type of plastic that
does not contain bisphenol or phthalates, is resistant to
corrosion, withstands high temperatures and its greatest
attribute is the protection of food because it is able to main-
tain its nutrients for longer. Although aluminized poly-
propylene has demonstrated excellent barrier properties, its
implementation was reconsidered in this study due to the
prior incorporation of the condensed tannins (to verify with
greater certainty its antibacterial activity and shelf-life exten-
sion) in the model food. As a result, the use of non-aluminized,
vacuum-sealed polypropylene was selected, which allowed the
quality of the food to be maintained and, at the same time,
simplified the packaging requirements, giving preference to
enhancing the effect of the condensed tannins, which is the
focus of this research. It was determined that the appropriate
packaging should be plastic with aluminized polypropylene;
however, these plastics were not used because they are a high-
cost material and difficult to obtain, so it was decided to use
unaluminized and sealed polypropylene bags. Nguyen et al.,
(2021)*® reported in their study that the coating layers of
polypropylene plastic significantly reduce the oxygen trans-
mission of polypropylene packaging with 20 layers per layer of
60 mm thickness, decreasing approximately one hundred
times, making the food does not present any interference of
external factors for its high protection. This proves that the
implementation of only polypropylene plastic packaging is
suitable for this study.

Sustainable Food Technol.

3.5 Shelf life of model foods: natural bocol, cottage cheese
bocol and beans bocol

The experimental design followed a mixed factorial scheme
with repeated measures over time, and was carried out in
stages. The food samples were taken from time 0 to 5 with
a range of 3 days for the 5 times during storage at different
temperatures of 2, 15 and 29 °C. Besides, three treatments were
employed, without preservative (WP), with commercial preser-
vative (CP) and with natural preservatives (NP). Samples were
taken from the stored lots at appropriate time and temperature
intervals, and at the same time pH, aw and % H were
determined.

The analysis of the study data began by adjusting the incu-
bator house temperature to calculate the kinetics. Then the
reaction order for each phenomenon studied (pH, aw and % H)
was determined for each type of bocol.

With the reaction order and its rate constant (k), the activa-
tion energy (E,) was calculated using the Arrhenius equation.
The calculation of the E, allowed the prediction of the value of k
at any 7T° (within the range studied) and the lifetime in days by
the reaction order, which helped to understand the study in
a simple way; for the search of specific data, the equation allows
to predict it. Least squares were implemented, which allowed
the adjustment to obtain a similar trend in the graphs, since the
adjustment from the beginning was not possible to witness
directly with the equation. Significantly, this is the first study
that determines the shelf life of bocoles, so no reports were
found for comparison; the most similar is the corn derivative
that is tortillas, which were taken as a reference.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Data on the shelf life of natural bocol (A), cottage cheese bocol
(B) and beans bocol (C) from the kinetic reactions based on pH without
and with commercial and natural preservatives.

Activation energy (E,) values and rate constants (k) were
derived using the Arrhenius model, with & values ranging from
—4.08 to —7.86 (log scale) (Table 2). All models showed strong
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correlations (R* > 0.90), confirming the applicability of the
kinetic approach, consistent with similar studies on maize
tortillas for the lifetime of corn tortillas, with a high correlation
(R* > 0.92),%° when applying similar kinetic models. For natural
bocoles, no significant differences in pH or shelf life were
observed among treatments (WP, CP, and NP), likely due to the
simple matrix of corn dough and lard. However, temperature
had a clear influence: lower temperatures prolonged shelf life,
as similarly reported by Calderon-Perez et al. (2019)* for
refrigerated storage. In the cottage cheese bocoles, the pH
decreased more steeply, being a product with higher protein
and moisture content, due to the inclusion of a dairy product.

The protein in the cottage cheese, especially lactoglobulin
and lactalbumin, which have a higher biological value than
casein,* directly influenced the rate of spoilage. In this case,
statistically significant differences were observed between WP
and preservative treatments, while NP and CP showed similar
behaviors, indicating that condensed tannins may exert
a comparable function to synthetic preservatives. Furthermore,
Mazorra et al. (2019)* reported that cottage cheese contains
between 4 and 13% protein and a high-water content, which
supports the need to include additives to improve its stability.
As shown in Fig. 4, the effect of each study is observed. First the
cottage cheese bocoles showed a sharper decline in pH due to
their higher protein and moisture content. Statistically signifi-
cant differences were observed between the control and
preservative-treated groups, with NP and CP treatments yielding
similar shelf-life extensions. This indicates that condensed
tannins can match the effectiveness of commercial preserva-
tives in high-protein matrices.

Finally, beans bocol was identified as the most perishable
matrix, reflected in a more rapid reduction in pH. Despite its
nutritional potential for supplementing limiting amino acids of
corn (lysine and methionine), its higher content of complex
carbohydrates, such as hemicellulose,'® increased its vulnerability
to physical and microbiological changes. Among the three vari-
ants, beans bocoles were the most perishable, as evidenced by
rapid pH decline. Their high content of complex carbohydrates
and water made them particularly susceptible to microbial and
physicochemical degradation. Both CP and NP treatments
significantly improved shelf life compared to the control, aligning
with findings by Valero and Pérez (2009)** on post-cooked beans.

These results indicate that, while natural bocol did not show
a significant benefit from the use of preservatives, the cottage

Table2 Shelf-life data of natural bocol (NB), beans bocol (BB) and requeson bocol (RB) from the kinetics reactions based on pH without and with

preservatives

Without preservative

Without commercial preservative

Natural conservative

NB BB CC NB BB CC NB BB RB Unit
To 0.0036 0.0036 0.0036 0.0036 0.0036 0.0036 0.0036 0.0036 0.0036 K '
E,/R —4880.14 —5844.49 —13568.12 —4718.26 —3844.49 —5769.19 —4342.28 —3621.18 —5489.32 K
K —5.12 —5.93 —5.97 —5.68 —5.69 —5.75 —4.56 —4.84 —6.53
PHo 5.75 5.72 5.66 5.72 5.72 5.76 5.90 5.72 5.77
PHe 5.60 5.65 5.60 5.60 5.62 5.62 5.54 5.50 5.61
R> 0.9739 0.99 0.96 0.99 0.99 0.95 0.92 0.99 0.97

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Statistical comparisons of the shelf life of model foods

WP vs. WP vs. CPvs.
Type of bocol CP (a) NP («) NP («)
Natural 0.0975 0.8362 0.1203
Cottage cheese 0.0399 0.0277 0.8986
Beans 0.0005 0.0004 0.9119

cheese and beans formulations did, due to their greater
compositional complexity and higher risk of spoilage. The
antimicrobial and antioxidant properties of the condensed
tannins contributed significantly, especially at temperatures of
18 °C to 40 °C (Fig. 4), showing an effect comparable to that of
synthetic preservatives (Table 3).

Notably, the importance of the application of the zero-order
kinetic model based on pH proved to be a useful tool for
predicting shelf life. Furthermore, the efficacy of condensed
tannins as a natural preservative was demonstrated, especially
in products with higher susceptibility to spoilage, positioning
them as a promising and cost-effective alternative for the
stabilization of traditional maize-based foods.

4. Conclusions

This study demonstrated the antimicrobial activity of
condensed tannins extracted from coffee pulp (Coffea arabica),
particularly against foodborne pathogens such as S. aureus, S.
typhimurium, and L. monocytogenes. Their performance in
extending shelf life in model foods was comparable to that of
synthetic preservatives (sodium benzoate and potassium
sorbate), especially in formulations containing beans or cottage
cheese. In contrast, natural bocoles showed no significant shelf-
life extension under any treatment, likely due to their low
compositional complexity. These findings support the viability
of condensed tannins as natural preservatives for complex food
matrices. Their application responds to growing consumer
demand for clean-label products and additive-free preservation
methods. Future research should focus on evaluating the toxi-
cological safety, sensory impact, and regulatory feasibility of
incorporating tannins into commercial food systems.
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