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RESUMO

Introducao: Os modelos atdémicos sdo ensinados de forma abstrata e mecanica, o que limita a compreensao
conceitual e as habilidades de raciocinio dos alunos. Este estudo aborda esses desafios por meio de uma
simulagao interativa baseada em IA que integra o desenvolvimento histérico dos modelos atdbmicos em uma
estrutura tecnolégica e pedagdgica por meio de dialogos cientificos, promovendo a investigacdo, a
participagao e a aprendizagem significativa no ensino de quimica. Objetivo: Este estudo tem como objetivo
avaliar a eficacia da simulagao baseada em IA no desenvolvimento da compreenséo conceitual, participacao
e habilidades de raciocinio cientifico dos alunos do ensino médio em relacdo aos modelos atdmicos.
Métodos: O estudo utilizou o0 método de pesquisa de design e desenvolvimento. A simulacéo foi criada na
plataforma Replit usando a abordagem de dialogo cientifico suportada pelo GPT-4.0. Cinquenta alunos do 9°
ano participaram voluntariamente do estudo. Os dados foram coletados por meio de perguntas abertas e
analisados usando escalas de usabilidade, experiéncia do usuario e carga cognitiva. Resultados e
Discussao: Os alunos classificaram a simulagdo como tendo alta usabilidade (M=4,07), boa experiéncia do
usuario (M=3,76) e baixa carga cognitiva (M=2,36). Os comentarios qualitativos destacaram que os dialogos
cientificos eram agradaveis e faceis de usar. Os resultados mostram que a simulagdo aumentou efetivamente
a compreensao e a participagao dos alunos na aprendizagem dos modelos atdémicos. O estudo é consistente
com trabalhos anteriores que enfatizam o papel das simulagdes digitais no desenvolvimento da aprendizagem
conceitual. O feedback apoiado por IA e os dialogos interativos promoveram a motivagdo e o raciocinio
cientifico. Conclusodes: A simulagcdo aumenta a motivacéo dos alunos e a compreensao conceitual ao integrar
elementos histéricos, pedagdgicos e tecnoldgicos. Ela apoia a aprendizagem significativa e pode ser
expandida com aplica¢gdes mais amplas em estudos futuros.

Palavras-chave: Educacdo quimica, aprendizagem baseada em cenarios, tecnologia educacional,
compreenséo conceitual

ABSTRACT

Background: Atomic models are typically taught using abstract and rote methods, which limit students'
conceptual understanding and reasoning skills. This study addresses these challenges through an Al-based
interactive simulation that integrates the historical development of atomic models within a technological and
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pedagogical framework via scientific dialogues, promoting inquiry, participation, and meaningful learning in
chemistry education. Aims: This study aims to evaluate the effectiveness of Al-based simulation in developing
high school students' conceptual understanding, participation, and scientific reasoning skills regarding atomic
models. Methods: The study utilized the design and development research method. The simulation was
created on the Replit platform using a scientific dialogue approach supported by GPT-4.0. Fifty 9th-grade
students volunteered for the study. Data were collected through open-ended questions and analyzed
quantitatively and qualitatively using usability, user experience, and cognitive load scales. Results: Students
rated the simulation as having high usability (M=4.07), good user experience (M=3.76), and low cognitive load
(M=2.36). Qualitative feedback emphasized that the scientific dialogues were enjoyable and easy to use.
Findings showed increased participation, improved conceptual understanding, and positive learning
experiences. Discussion: Results suggest that the simulation effectively increased students' understanding
and engagement in learning atomic models. Findings are consistent with previous studies highlighting the role
of digital simulations in enhancing conceptual learning. Al-supported feedback and interactive dialogues
encouraged motivation and scientific reasoning. Conclusions: Simulation increases student motivation and
conceptual understanding by integrating historical, pedagogical, and technological elements. It supports
meaningful learning and can be expanded with broader applications in future studies.

Keywords: Chemistry education, scenario-based learning, educational technology, conceptual understanding

OZET

Arka plan: Atom modelleri genellikle soyut ve ezberci yontemlerle égretilir, bu da égrencilerin kavramsal
anlayis ve bilimsel akil yaritme becerilerini sinirlar. Bu ¢alisma, bilimsel diyaloglar yoluyla atom modellerinin
tarihsel gelisimini teknolojik ve pedagojik bir cergeveye entegre eden, kimya egitiminde sorgulama, katihm ve
anlamh 6drenmeyi tesvik eden yapay zeka tabanli etkilesimli bir simllasyon araciligiyla bu zorluklari ele
almaktadir. Amaclar: Bu calisma, lise 6drencilerinin atom modelleriyle ilgili kavramsal anlayis, katilim ve
bilimsel muhakeme becerilerini gelistirmede yapay zeka tabanli similasyonun etkinligini degerlendirmeyi
amagclamaktadir. Yontemler: Calismada tasarim ve gelistirme arastirma yéntemi kullaniimistir. Simtlasyon,
GPT-4.0 tarafindan desteklenen bilimsel diyalog yaklasimi kullanilarak Replit platformunda olusturulmustur.
Calismaya toplam 50 9. sinif 6grencisi gondlli olarak katiimistir. Veriler acik uglu sorularla toplanmis ve
kullanilabilirlik, kullanict deneyimi ve bilissel ylk Olgekleri kullanilarak nicel ve nitel olarak analiz edilmigtir.
Sonuglar: Ogrenciler similasyonu ylksek kullanilabilirlik (M=4,07), iyi kullanici deneyimi (M=3,76) ve disik
bilissel yik (M=2,36) olarak degerlendirmistir. Niteliksel geri bildirimler, bilimsel diyaloglarin eglenceli ve
kullanimi kolay oldugunu vurguladi. Bulgular, katihmin arttigini, kavramsal anlayisin gelistigini ve olumlu
6grenme deneyimleri yasandigini gésterdi. Tartisma: Sonuglar, simllasyonun dgrencilerin atom modellerini
6grenme konusundaki anlayislarini ve katiimlarini etkili bir sekilde artirdigini géstermektedir. Bulgular,
kavramsal 6grenmeyi gelistirmede dijital similasyonlarin roliini vurgulayan dnceki ¢alismalarla tutarlidir. Al
destekli geri bildirimler ve etkilesimli diyaloglar, motivasyonu ve bilimsel akil yaritmeyi tesvik ettigi goéraimustar.
Sonuclar: Similasyon, tarihsel, pedagojik ve teknolojik unsurlari entegre ederek édrencilerin motivasyonunu
ve kavramsal anlayisini artirmaktadir. Anlamli 6grenmeyi desteklemekte ve gelecekteki calismalarda daha
genis uygulamalarla genigletilebilir.

Anahtar Kelimeler: Kimya egitimi, senaryo temelli 6grenme, egitim teknolojisi, kavramsal anlama

1. INTRODUCTION:

The atom is one of the most important
ideas in science, and students need to
comprehend it correctly for many fields, including
chemistry, physics, and biology. Atomic models
are commonly taught in an abstract, rote way in
high school chemistry classes, which makes it
hard for students to really understand the concepts
and leads to many misconceptions (Malkawi et al.,
2018; Zarkadis, Stamovlasis & Papageorgiou,
2020; Kaya, 2023). Scientific models connect
theories to the real world, making abstract ideas
more concrete. However, if this process isn't
adequately organized, students' understanding of

concepts stays limited (Justi & Gilbert, 2000;
Mansoor & Rodriguez, 2001; Niaz et al., 2002).

The lack of attention to historical and
scientific backgrounds, especially in atomic model
teaching, is regarded as a major deficiency (Weisi
& Zamani, 2015; Cardoso et al., 2020). Currently,
interactive computer-based simulations allow
students to explore abstract ideas, compare
different models, and simulate scientific reasoning
procedures (Fabrigas & Paglinawan, 2024;
Kefalis, Skordoulis & Drigas, 2025). In particular,
PhET Interactive Simulations have been known to
promote students' modeling aptitudes and critical
comparisons (Wieman, Adams & Perkins, 2008;
Moore et al., 2014; Haryadi & Pujiastuti, 2020).
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Furthermore, recent discussions regarding
the digital transformation of chemistry education
emphasize the necessity of technology-supported,
sustainable, and pedagogically consistent learning
environments (Koéfter, Altundag & Yicel, 2025). In
line with this, recent applications of artificial
intelligence as well as machine learning in
teaching chemistry have great potential to
renovate learning environments by providing
benefits including, but not limited to, personalized
learning, real-time feedback, as well as dynamic
content development (lyamuremye et al., 2024;
Maity & Deroy, 2024; Wang et al., 2024; Eriimit &
Sarialioglu, 2025). This research work aims to help
students learn and understand atom models
through an interrogative approach, drawing on
historical and scientific backgrounds. The study
seeks to link scientific teaching principles from
higher education with learning psychology to help
students build concepts (Nadelson et al., 2018;
Valeeva et al., 2023). The Al-supported learning
environment developed in this direction is
designed to holistically support students’
conceptual comparison, critical thinking, and
historical connectivity skills. The conceptual test
and personalized feedback mechanism at the end
of the application support the measurement and
evaluation process, thereby deepening learning.

This study aims to investigate the
integration of Al-supported interactive simulation
into the teaching of atomic models, grounded in a
historical context. The following questions guide
the research:

e How can an Al-supported interactive
simulation centered on historical context be
adapted to the teaching of atomic models?

e How does such a simulation affect students’
conceptual understanding of atomic models?

e How do students rate the usability and level of
interaction of the simulation?

e What are the student evaluations regarding
the simulation’s contribution to the learning
process?

The initial design of this study was
presented orally at the ICETOL Conference held
in Cunda, Ayvalik, on August 26—29, 2025. Based
on feedback received at the conference, the
simulation was restructured, and the prototype
was then tested in a pilot application with high
school students.

2. MATERIALS AND METHODS:

The methodology of this study was
designed to systematically develop, implement,

and evaluate an artificial intelligence-based
simulation to help students better understand
atomic models. The following sections detail the
participants, the study design, the development
process, and the data collection procedures.

2.1. Participants

The study was conducted with 50 9th-
grade students enrolled in public high schools in
Ankara, Turkey, during the 2024—-2025 academic
year. Participation in the study was voluntary, and
parental consent was obtained prior to the
implementation.

The participants had not yet received formal
instruction on atomic theories at the time of the
study. The simulation was implemented
immediately before the curriculum unit on atomic
models to support students’ initial conceptual
engagement with the topic.

Only students with access to a digital device and
the basic skills required to interact with a web-
based simulation environment were included.
Students who had previously studied atomic
theory or did not complete the simulation were
excluded from the study. To protect participant
privacy, all data were collected anonymously, and
no personally identifiable information was
recorded.

2.2. Study Design

This paper is structured within the Design
and Development Research framework (Richey &
Klein, 2014). In this study, an artificial intelligence-
based simulation environment was designed and
developed to support the teaching of atomic
models in a historical and interactive context, and
its effectiveness was evaluated by using it to high
school students.

2.3. Development Process and Implementation

The development of the simulation
followed a structured instructional design
sequence consistent with widely accepted
frameworks for multimedia learning environments,
particularly the ADDIE model (Analysis, Design,
Development, Implementation, Evaluation)
(Géger, Mustafaoglu, & Alkan, 2026). The design
process proceeded through the phases below:

1. Needs and Context Analysis: An examination of
high school students' conceptual learning
challenges related to atomic models was
conducted, informed by existing literature; a
concept map was developed based on the Turkish
Ministry of National Education's 9th-grade
chemistry curriculum  (Ministry of National
Education [MoNE], 2024).
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2. Scenario Development: Original conversations
were produced between six scientists from the
curriculum (Dalton, Thomson, Rutherford, Bohr,
Chadwick, and Heisenberg) while keeping in mind
historical authenticity, humorous moments, and
curriculum objectives.

3. Digitization and Al Integration: The scenario
was turned into an interactive app on the Replit
platform. The scientist figure used GPT-4.0-based
Al to answer the students' questions.

4. Interface Design: A web interface was created
that is easy to use and understand.

5. Assessment Module: At the end of the
simulation, there was a test with 10 multiple-choice
questions. For each question and the overall
assessment, the scientist character provided
tailored feedback using artificial intelligence.

2.3.1. Needs and Context Analysis

The needs and context study examined
the 9th-grade chemistry curriculum issued by the
Ministry of National Education of the Republic of
Turkey. It identified essential concepts derived
from this initiative (MoNE, 2024). The identified
topics include aspects of scientific discourse,
such as atomic structure, the historical
development of atomic models, the experimental
data validating these models, and the differing
perspectives among scientists. A concept map
appropriate for the students' level of conceptual
development was developed (Figure 1).

The developed concept map served as
the foundation for organizing the simulation
content, crafting dialogue scenarios, and
establishing evaluation criteria. This analytical
procedure was deemed a crucial preparatory
step for maintaining pedagogical integrity and
creating innovative digital teaching materials
aligned with the curriculum.

2.3.2. Scenario and Dialogue Development

The basic framework of this simulation is a
dialogue among six major scientists (Dalton,
Thomson, Rutherford, Bohr, Chadwick, and
Heisenberg) who contributed to the modeling of
atoms in the past centuries. This scenario is
designed to maintain scientific accuracy and
educational effectiveness. Jokes, references, and
scientific  explanations have been evenly
incorporated into these dialogues to interest
students, provide them with useful context for
concepts, and raise their awareness of scientific
thinking processes.

The excerpt below is an example of the distinct

writing style as well as scientific debate structure
for the characters in the simulation:

— Heisenberg: “Are you still sure where the
electron is? I'm not. My uncertainty principle
says you can’t know both its location and its
speed at the same time.”

— Bohr: “Your ideas have disrupted my orbits.
But | admit, the orbital concept is much more
accurate.”

— Thomson: “If | hadn’t discovered the electron,
none of you would be here. It all started with
my plum pudding model!”

— Rutherford: “You talk a good game, Thomson,
but | shattered your cake! | found the nucleus
with my gold foil experiment.”

— Bohr: “You both did great work, but | brought
order to that nucleus. | arranged the electrons
into energy levels!”

— Heisenberg: “Did you say order, Bohr?
Electrons don't like discipline. In my world,
they’re all a bit lazy and uncertain.”

— Dalton: “You’ve messed up the atom! In my

time, everything was simple, clear, and
measurable.”
— Chadwick: “Gentlemen, please... Silence.

Neutrons don’t talk, but they get the job done.”

In such statements, scientists both argue
for their own models and take a critical approach
to each other's contributions, thereby revealing the
nature of scientific progress. The dialogue
framework incorporates features such as
intellectual conflict, contrast, and historical
context.

These types of discussions enable
students to view scientific models not merely as
units of knowledge to be memorized, but as
systems of ideas that change and evolve
scientifically over time and connect with other
ideas. In this way, students develop critical
thinking, questioning, and conceptual connection
skills as they construct scientific models.

2.3.3. Technical Implementation and Evaluation
Process of the Simulation

The scripted dialogue scenario was
transformed into an interactive simulation
environment through an Al-powered development
process on the Replit platform. This web-based
digital learning environment, called “AtomVerse,”
combines  historically accurate text-based
scenarios with character representations, user
interactions, and Al-based feedback (Figure 2).

The application is based on system
commands modeled using the OpenAl GPT-4.0
model. These system commands have a multi-
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layered structure that defines each scientist's
style, scientific approach, and interaction
method. A total of 11 different GPT-4.0
commands are used in the application, and
these commands are organized into three major
categories:

1. Generating  Answers to  Students’
Questions: Ensures that scientist characters
provide contextually and scientifically
consistent answers to questions asked by
students during discussions.

2. Test Feedback System: At the end of the
simulation, a 10-question multiple-choice
test is presented, and for each question, the
relevant scientist character provides
explanatory and educational feedback.

3. Performance Assessment: The students’
overall success, strengths, and areas for
improvement are summarized by the
analysis module and converted into a
personalized final report.

This structure enables students to take
on the role of an interactive and curious user who
actively participates in their own learning
process, rather than merely being an observer
(Figure 3). While observing dialogues between
scientists, students could ask questions about
concepts they want to learn about, and these
questions are answered in a scientific manner.

The Graphical User Interface (GUI) was
developed on React 18, TypeScript, and
Tailwind CSS technologies. During the design
process, user experience was prioritized,
resulting in a simple, historically aesthetic, and
mobile-friendly interface supported by text
bubbles, character icons, information cards, and
control buttons. Replit's web infrastructure
enables this application's online accessibility.

The test at the end of the simulation
assesses students' conceptual understanding
and guides this process using GPT-4.0-powered
explanatory feedback (Figure 4).

Finally, after the test is completed, the
system performs data analysis of student
performance and generates a personalized final
assessment containing a summary of students'
achievements and tips for improvement (Figure
5).

Students accessed the application via a

web-based interface and participated in the
scientists’ interactive discussions. In this way,
AtomVerse blends historical, pedagogical, and
technological features to offer students an
innovative teaching solution that integrates
artificial intelligence into chemistry education.

2.4. Data Collection

A mixed-methods approach was employed
to collect data after students engaged in the
AtomVerse simulation. The application lasted
approximately 20 minutes in total, during which
time students accessed the simulation individually
in the computer lab. Finally, after completing the
simulation, students were asked to complete the
AtomVerse Student Experience Survey, which
aimed to measure usability, user experience, and
cognitive load. The survey included a mixed-
methods design comprising five open-ended
questions and eleven Likert items, using the
UMUX-Lite, UEQ-S, and Cognitive Load Rating
Scale tools.

2.5. Data Analysis

Data collected from the AtomVerse
Student Experience Survey was analyzed using
both quantitative and qualitative approaches.
Quantitative data was processed using IBM SPSS
Statistics 26 software to calculate descriptive
statistics such as the mean and standard deviation
for each dimension of the scale. The internal
consistency of the instrument was tested using
Cronbach's alpha coefficient, and the normality of
the data distribution was checked using skewness
and kurtosis values. Repeated measures ANOVA
analysis was also used to investigate possible
differences between usability, user experience,
and cognitive load scales. Qualitative data
collected from the five open-ended questions were
analyzed using thematic content analysis.
Responses were coded inductively to identify
recurring themes related to students' learning
experiences, perceptions, and suggestions. All
analyses were conducted systematically to ensure
the validity and reliability of the findings. For open-
ended questions, data analysis used thematic
content analysis to examine respondents'
answers.

3. RESULTS AND DISCUSSION:

3.1. Results

The results of the Student Experience
Survey are presented using both quantitative and
qualitative criteria. The results reveal how the
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simulation was evaluated in terms of usability, user
experience, and cognitive load; they also reflect
students' overall perceptions and suggestions
thematically.

3.1.1. Quantitative Findings

The survey data were collected from 50
9th-grade students. The scale is a 5-point Likert-
type scale and consists of 11 items. Three sub-
dimensions were evaluated. Representative
sample items from each sub-dimension are
provided below:

e Usabilty (UMUX-Lite): “The application
meets my needs. ° / “It was easy to use. “

e User Experience (UEQ-S): “The application
was fun.” / “It looked good. “/ “lt was
motivating.”

e Cognitive Load: “The application was
mentally exhausting. “ (negative item)

According to the analysis results, the
reliability coefficient of the scale was found to be
Cronbach’s a=0.73; this value indicates that the

scale has an acceptable level of internal
consistency.

Repeated Measures ANOVA results
revealed a significant difference among

dimensions, F(2, 98) = 63.48, p < .001. Students’
perceptions of AtomVerse are ranked by average
score in Table 1.

These results indicate that students
generally evaluated the application as an easy,
motivating, and supportive learning environment.
In particular, the items “Easy to use” (X= 4.22) and
“I found it generally good” (X= 4.22) received the
highest scores. In contrast, the items “It was
creative” (x= = 3.12) and “It was interesting” (x =
3.46) received relatively lower scores, indicating
that the depth of interaction could be increased by
diversifying the application's content.

Table 1. Dimension-Based Average Results for
the AtomVerse Application

Std.
Dev.

Mean

(X)

Dimension Comment

The application
is user-friendly
and easy to
find.

Aesthetic,
motivational,
and
entertainment
elements are
strong.

The application
was not found
to be mentally
taxing.

Usability | 4.07 | 0.85

User

: 3.76
Experience

0.66

Cognitive

Load 2.36

1.06

3.1.2. Quantitative Findings

A content analysis of the five open-ended
questions in the AtomVerse Student Experience
Survey was conducted, and codes were created
based on the themes. The codes for each question
were supported by sample statements taken
directly from the students’ opinions.

Question 1: “What did you like most about
using the AtomVerse application?” Two main
codes emerged from this question: Scientific
Dialogue and Interaction. The statements
belonging to the scientific dialogue code are as
follows: “I liked the scientists bantering with each
other” (S12), “Scientists talking among
themselves” (S24). The statements related to the
Interaction code are as follows: “I liked that it
answered my questions” (S32), “Being able to ask
questions” (S37).

Students particularly liked the dialogues
and discussions between scientists. The
expressions “asking questions” and “getting
answers” were frequently repeated. This shows
that students perceived the interactive and
humorous learning environment positively.

Question 2: “Was there any point where
you struggled while using the application?”
According to the content analysis, a single code
emerged from this question: Ease of Use.
Statements related to the easy-to-use code: “The
messages came one after another, so | couldn’t
understand them easily” (S1), “The application
was easy” (S15), “lt was very easy and
explanatory” (S28).

The vast majority of students stated that
they did not experience any difficulties. Although
some students noted that the messages passed
quickly, the general opinion is that the application
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is easy to understand.

Question 3: “How did this application help
you learn atomic models?” According to the
content analysis of this question, two codes were
identified:  Retention and Fun Learning.
Statements belonging to the Retention code: “It
opens your mind and becomes lasting” (S7), “It
made it more memorable” (S26), “| understood the
topic while Dalton and his friends were discussing
it” (S36). Expressions belonging to the Fun
Learning code: “It was fun because it was like a
game” (S7), “It explains things in a fun way” (S34),
“Both fun and educational” (S30).

The majority of students directly used the
expression “it was helpful.” The prominence of the
“lasting learning” and “fun learning” codes
supports the idea that the application functions as
a tool that facilitates learning.

Question 4: “What was the difference
compared to regular classes?” Two codes
emerged from this question: Active Learning and
Attractiveness. Statements related to the Active
Learning code: “It has an educational artificial
intelligence” (S10), “It was different and nice
because it was both technological and answered
my questions” (S18), “The environment was
comfortable because it could be done outside of
school” (S36). Expressions related to the
attention-grabbing code: “It was nicer because it
was in a digital environment*(S41), “It created a
nice difference” (S49), “It was both different and
made learning easier” (S46).

Students described the application as
‘more fun,” “more attention-grabbing,” and
“better.” These findings show that AtomVerse
increases active participation and motivation,
unlike traditional lessons.

Question 5: “What changes would you suggest
improving the application?” Two codes emerged
from the content analysis: Audio Narration and
Visual-Auditory Enrichment. Statements related to
the audio narration code: “l would like audio to be
added” (S5), “Audio could be added, Al could
speak in a more human-like way and be a little
more argumentative when discussing” (S11),
“There could be a read-aloud feature and slower
messaging” (S24). Expressions related to the
visual-audio enrichment code: “The text could be
larger and faster*(S22), “There could be an
impressive background” (S28), “The background
is overwhelming, it could be changed” (S35).

The most frequently mentioned suggestion
was to add a “voice feature” to the application.
Some students also suggested adding new

features or diversifying response formats. Overall,
students are satisfied with the application, and
their suggestions are focused on improvement.

3.2. Discussions

The AtomVerse simulation illustrates an
original methodology that integrates historical,
pedagogical, and technological consistency in
the instruction of atomic models. Presenting
scientific concepts within a historical timeline and
addressing them comparatively  supports
students’ ability to establish conceptual integrity
and develop a consistent mental model of atomic
theory.

The representation of scientists using the
language specific to their own era exemplifies the
adaptation of the scenario-based learning
approach (Schank et al.,<1994) and the theory of
concept development through sociocultural
interaction (Vygotsky & Cole, 1978) to a digital
learning environment. This structure facilitates
the transformation of abstract scientific concepts
into concrete experiences, enabling students to
construct meaning through active interaction and
reflection.

Consistent with previous work in the field
(Fabrigas & Paglinawan, 2024; Kefalis,
Skordoulis, & Drigas, 2025), digital simulations
have been shown to facilitate the understanding
of complex and abstract concepts. In this regard,
AtomVerse provides a personalized and
interactive learning experience for students.
Furthermore, an entertaining depiction of
scientists helps students become emotionally
engaged in the learning process, whereas
scientific dialogues in an interactive test module
help foster students' scientific argumentation
skills.

Finally, the performance analysis using
Al in this simulation helps students know their
areas of proficiency as well as those that require
improvement, contributing to students’ self-
awareness and self-regulation skills. Thus,
AtomVerse goes beyond being a mere
information-transferring system to offer an
interactive learning environment where the
student is an active part of their own learning
process.
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4. CONCLUSIONS:

This study creates, implements, and
develops AtomVerse, an interactive simulation
utilizing artificial intelligence technologies, thereby
offering a new solution that provides a coherent
combination of historical, pedagogical, and
technological consistency in the teaching of
atomic models.

Quantitative findings from the
implementation process show that students rated
AtomVerse as extremely user-friendly (average
usability score: 4.07 = 0.85), motivating, and
cognitively non-challenging (low cognitive load:
236 + 1.06). These results highlight the
simulation’s accessible and functional structure,
enabling smooth navigation without mental
exhaustion. Qualitative insights reveal that
students particularly value interactive elements
such as “scientific dialogues” and “opportunities to
ask questions,” describing this experience as

more engaging, dynamic, and enjoyable
compared to traditional lessons. This feedback
highlights AtomVerse’s role in promoting

meaningful learning in both cognitive and sensory
dimensions and is consistent with previous
research on digital simulations in chemistry
education (Fabrigas & Paglinawan, 2024; Kefalis,
Skordoulis, & Drigas, 2025).

As detailed in the discussion, AtomVerse
goes beyond mere knowledge transfer by
providing an interactive environment where
students actively construct knowledge. The
scientists’ dialogues exemplify the adaptation of
scenario-based learning (Schank et al., 1994) and
Vygotsky’s  sociocultural interaction theory
(Vygotsky & Cole, 1978) to the digital context,
transforming abstract, atomic concepts into
concrete, reflective experiences. From a
technological standpoint, Replit is the platform
used to create this simulation, relying on a web-
based integrated development environment (IDE)
for collaborative coding, real-time preview, and
API connectivity to artificial intelligence systems
for data analysis, after consideration of other
platforms  including  Glitch, CodeSandbox,
Firebase/Vercel, and Cursor, which were
eliminated for Replit's ease of accessibility,
development speed, multiple-user capabilities, as
well as completely web-intuitive deployment
capabilities regardless of device types for more
sustainable purposes in different contexts of
educational applications.

Consequently, AtomVerse distinguishes
itself as a singular simulation that seamlessly
integrates  historical  background, comedic

features, and Al-driven personalized feedback,
setting it apart from conventional tools such as
PhET, ChemCollective, and Labster through its
cohesive content delivery approach. While PhET
primarily focuses on interactive visualizations,
Labster emphasizes virtual laboratory
experiments. AtomVerse, on the other hand, offers
a narrative-driven, dialogue-based interaction
model that contextualizes scientific knowledge
within its historical development. It effectively
enhances the conceptual understanding of atomic
models, increases learning motivation, and
develops  scientific ~ argumentation  skills,
demonstrating the transformative potential of Al-
focused simulations in chemistry education.

However, limitations remain, particularly
regarding the accuracy of GPT-4.0 responses,
which depend on the quality of the command. To
mitigate this, auditable feedback mechanisms are
recommended to enhance system reliability.
These mechanisms may include logging
responses, automatic fact-checking layers (e.g.,
cross-verification with reliable databases), human-
supervised hybrid models, or user feedback loops;
thus, consistency is enhanced through prompt
optimization (e.g., using standard prompt
structures like ROT), while the pedagogical
integrity of educational outputs is preserved.
Future work could further strengthen the reliability
of Al-based tools by integrating these approaches.
In the future, AtomVerse, with its student-
centered, interaction-focused, and pedagogically
sound structure, promises broader integration into
educational ecosystems. Future adaptations may
include audio narration, audiovisual
enhancements, language options, and
applications for various age groups, further
increasing its inclusivity and impact.

5. DECLARATIONS

5.1. Study Limitations

Several limitations should be considered
when interpreting the findings of this study. The
research adopted a design-and-development
methodology; therefore, the findings primarily
reflect the pedagogical potential, practicality, and
applicability of the AtomVerse simulation rather
than its causal effects on students’ learning
outcomes. Consequently, conclusions regarding
instructional effectiveness should be interpreted
within the boundaries of exploratory and
developmental research.

The study involved a sample of 50 ninth-
grade students from public high schools in a single
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urban location, using convenience sampling. The
small sample size and non-random sampling
method limit the applicability of the findings to
broader student populations, diverse school types,
and varying socio-educational contexts.

Resource and equipment constraints also
need to be acknowledged. Effective use of the
AtomVerse simulation requires access to digital
devices and a stable internet connection, which
may not be equally available across all educational
settings. In addition, the effectiveness of the Al-
supported feedback mechanism depends on
prompt design quality and the response-
generation characteristics of the GPT-4.0 model,
which may influence the consistency, depth, and
precision of the feedback provided to students.

This study, which focuses mostly on atomic
models, is especially pertinent to high school
chemistry classes. As a result, even though the
findings hold true for comparable grade levels and
learning resources, pedagogical, contextual, and
content-specific modifications may be necessary
to make them applicable to different academic
fields or educational phases.

The study confines its focus to the design
of the AtomVerse simulation and its preliminary
implementation in the classroom. This study does
not consider long-term learning outcomes,
knowledge retention, or comparative effectiveness
evaluations relative to conventional teaching
methods. Subsequent research may mitigate
these constraints by utilizing longitudinal designs,
involving larger and more diverse populations, and

adopting experimental or comparative
methodologies.

Notwithstanding these constraints, the
study offers significant insights into the
pedagogical framework and classroom

implementation of Al-enhanced simulations in
chemistry teaching, establishing a robust basis for
subsequent research.
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Figure 1: Concept map representing the historical development of atomic models, showing the
contributions of six key scientists (Dalton, Thomson, Rutherford, Chadwick, Bohr, and Heisenberg)
and their experimental and theoretical findings.
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Historical Atomic Theory Debate

Witness legendary scientists discuss the atom and experience the evolution of atomic understanding
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@ Recommendation: watch the debate first, then take the quiz

Heisenberg

Figure 2: The opening screen introduces students to the simulation and provides access to
scientists' dialogues. It serves as the main navigation center where users can start their learning
session and enter the assessment module.

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

12



AtomVerse Return to Menu

- \ /s - )
(’ Dalton ( 3 Thomson 2 ) Rutherford G {7 ) Chadwick (?/ Heisenberg

the stability of atoms.
Observer
Why don't electrons fall into the nucleus?

Bohr

Electrons do not fall into the because they occupy specific energy levels or shells around it. These
energy levels are quantized, meaning electrons can only exist in these discrete orbits. They remain in their
orbit unless they gain or lose a specific amount of energy, preventing them from spiraling into the

Resume Conversation

Figure 3: Interactive dialogue screen in the AtomVerse simulation. The student asks a scientist a
direct question and receives a response generated by artificial intelligence. This environment
enables real-time interaction.

AtomVerse Quiz 3 of 10 Return to Menu

What did Rutherford's gold foil experiment demonstrate?

E) Atoms have a dense nucleus.

Rutherford

Splendid work, my keen scholar! My gold foil experiment indeed revealed the presence of a dense
nucleus, much like finding a cannonball in a plum pudding! Your understanding of atomic structure

is as precise as my alpha particles’ paths. Bravo!

Next Question

Figure 4: An example screen from the AtomVerse test module. The test module enables students to
answer conceptual questions and receive automatic feedback, helping assess their understanding
after completing the simulation.
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AtomVerse Quiz Question 100f 10 Return to Menu

Quiz Complete!

You scored 8 out of 10 questions correctly

' AtomVerse Analysis

Great job on your atomic theory quiz! Scoring 80% shows a strong grasp, especially on
concepts like Dalton, Thomson, Rutherford, and Chadwick's contributions. While you've done
well, reviewing any remaining areas can help solidify your understanding even further. Keep

exploring the fascinating world of atomic theory—your effort and curiosity will surely lead to

even greater mastery. Keep up the great work!

Back to Debate Main Menu

Figure 5: The evaluation screen summarizes students' overall performance in the test module
simulation with artificial intelligence support; it displays students' scores, feedback, and progress in
conceptual understanding.
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RESUMO

Introducédo: Neste estudo, foram estimados novos biomarcadores para concentracdes de alguns eletrélitos e
sua relacdo com o diabetes. Objetivo: O estudo visa avaliar as concentragdes criticas de alguns eletrélitos
importantes presentes no corpo e sua relagdo com pacientes com diabetes tipo 2, além de estudar as razdes
para a diminuicdo e aumento de algumas concentragoes. Métodos: Uma amostra foi retirada de pacientes com
diabetes tipo 2 e as concentragbes de alguns ions importantes foram medidas. Alguns desses ions foram
estudados usando um dispositivo de eletrdlitos SEMI do modelo American Origin, que foi entdo usado para
testar as concentragdes de eletrélitos. Resultados: Um total de 100 participantes foi incluido neste estudo,
composto por 50 pacientes com diabetes mellitus tipo 2 (T2D) e 50 individuos saudaveis pareados por idade
(ND). A idade dos participantes variou entre 15 e 65 anos. As avaliagdes bioquimicas incluiram a mensuragao
dos niveis de célcio, cloreto, sédio e potassio em ambos os grupos. Entre os participantes, 35 (70%) eram do
sexo masculino e 15 (30%) do sexo feminino. Nao foi observada diferenga estatisticamente significativa (p >
0,05) entre os grupos T2D e ND quanto a distribuicao por sexo. Discussao: Os desequilibrios eletroliticos
podem resultar do uso de medicamentos como diuréticos, medicamentos antidiabéticos e insulina exdgena,
bem como hiperglicemia, insuficiéncia renal e cetoacidose, outras condicdes que alteram a concentragao de
eletrélitos no corpo. Em contraste com os pacientes ND, os niveis séricos de Na* e Cl- aumentaram
significativamente (p < 0,05) nesta investigacdo, embora os aumentos nos niveis de Ca*?> e K+ nao tenham sido
estatisticamente significativos (p>0,05). Esse achado esta de acordo com pesquisas anteriores que mostraram
niveis elevados de Na* e Cl- em pacientes com diabetes devido ao aumento da perda de agua por diurese
osmética. No entanto, ndo houve alteragao perceptivel no Ca*? entre os individuos DM2 e ND (valor de P >
0,05). Conclusodes: A homeostase da glicose pode ser comprometida devido a alteragdes nos niveis de sodio,
potéassio, célcio e cloreto.

Palavras-chave:/dade, Diabetes mellitus, Concentracao de eletrdlitos, HbA1C

ABSTRACT

Background: In this study, new biomarkers for concentrations of some electrolytes and their relationship to
diabetes were estimated. Aim: The study aims to assess the critical concentrations of some important
electrolytes present in the body and their relationship to patients with type 2 diabetes and to study the reasons

for the decrease and increase in some concentrations. Methods: A sample was drawn from patients with type 2
diabetes, and the concentrations of some important ions were measured. Some of these ions were studied
using an American Origin Model SEMI electrolyte device that was then used to test the electrolyte
concentrations. Results: A total of 100 participants were included in this study, comprising 50 patients with type
2 diabetes (T2D) and 50 age-matched healthy controls (ND). The participants ranged in age from 15 to 65
years. Biochemical assessments included measurements of calcium, chloride, sodium, and potassium levels in
both groups. Among the participants, 35 (70%) were male and 15 (30%) were female. No statistically significant
difference (p > 0.05) was observed between T2D and ND groups with respect to sex distribution. Discussion:
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Electrolyte imbalances can result from using of drugs such as diuretics, antidiabetic medications, and
exogenous insulin, as well as hyperglycemia, renal failure, and ketoacidosis, other conditions that alter the
body's concentration of electrolytes. In contrast to ND patients and T2D patients, serum Na+ and CI levels
increased significantly (p < 0.05) in this investigation, although the increases in Ca*? and K* levels were not
statistically significant (p > 0.05). This finding is in line with previous research that showed elevated Na+ and CI-
levels in diabetes patients due to increased water loss via osmotic diuresis. However, there was no discernible
change in Ca*? between the T2D and ND individuals (P value > 0.05). Conclusions: Glucose homeostasis
may be disrupted due to alterations in sodium, potassium, calcium, and chloride levels.

Keywords: Age, Diabetes mellitus, Electrolytes concentration, HbA1C.
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1. INTRODUCTION:

The body uses electrolytes, such as K¢,
Na*, CI, and Ca?*, to promote various metabolic
processes that ensure normal homeostasis and
cellular activity and improve the creation of
electrical gradients and enzyme activity
(Chanchlani et al., 2017). However, deviations
from normal electrolyte levels or imbalances can
cause scientific illnesses or anomalies that are
regularly related to lower mortality and morbidity
rates (Coregliano-Ring et al., 2022).

Electrolyte imbalances are a common
observation in clinical patients. They can be

caused by various factors, including
gastrointestinal absorption capacity,
pharmaceutical medications, abnormalities in

base acidity, acute medical conditions, or
diseases that may function independently or in
combination (Timerga et al.,2020). One of the
conditions that commonly causes electrolyte
distortion is diabetes (Kataoka et al.,2020). High
blood glucose levels in diabetics cause an
increase in plasma osmolality, which produces an
osmotic driving force that causes water to flow
from intracellular to extracellular areas (Zhang et
al, 2022). Diabetes mellitus can lead to

disturbances in electrolyte balance, which may
contribute to complications (Muthmainnah et al.,
2021). Monitoring serum electrolytes is important
in the management of patients with diabetes
(Yumashev et al., 2019; Al-Kaaby & Al-Ali, 2023;
QASIM & FALIH., 2020).

There are two main ways this water
movement and osmotic drift affect the body's
concentration of electrolytes (Eledrisi et al.,
2020), (Elliott et al, 2024). If the electrolyte
concentration is extracellular, it may dilute or
increase depending on whether intracellular
electrolytes are carried to the extracellular space
by water movement, particularly in the event of
insulin insufficiency (Egboh et al, 2022). An
electrolyte imbalance or disease is the result of
this osmotic drift. Diabetes is linked to both hyper
and hypo-electrolyte levels (Ye et al.,2016).
Because so little research has assessed the
degree of chloride modification across different
groups, the dysregulation of chloride in diabetes
is still unknown (Lee et al.,2020). Diabetic
nephropathy, one of the consequences of
diabetes marked by reduced renal function or
failure, can cause an electrolyte imbalance (Khan
et al,, 2019). Diabetes is a complex illness that
has correlations with age, sex, blood pressure,
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and other variables (Shridhar et al., 2020; Wang
et al., 2013).

Therefore, the study aims to evaluate the
serum electrolyte level of patients with diabetes
to assess the correlation of this electrolyte with
diabetes risk factors.

1.1. Aims

The study aims to assess the critical
concentrations of some important electrolytes
present in the body and their relationship to
patients with type 2 diabetes and to study the
reasons for the decrease and increase in some

concentrations.
1.2. Study Hypothesis

A hypothesis is an initial idea or a
prospect that entails proving or disproving a
causal relationship in social life between primary
and secondary variables through experimental
testing. It is written in a distinctive style that
expresses the researcher's researcher’s views
regarding a particular issue. Hypotheses are a
collection of opinions and ideas gained from
reality and arranged rationally. The researcher
thus picked a single hypothesis, which is as
follows: (Chronic diabetic disease has a clear
effect on the concentration of electrolytes in blood
and hence creates numerous health problems).
This hypothesis was chosen based on its
implications to the theoretical side and factual
facts in Irag.

2. MATERIALS AND METHODS:

Provide sufficient details to permit
repetition of the experimental work. A technical
description of the methods should be given when
they are new.

2.1. Materials

Blood samples were collected from patients
with type 2 diabetes and healthy people, and the
samples consisted of serum CI, Na*, K*, and
Ca*.

2.1.1. Study Samples

The population sample, which consists of
some people we believe to share the same traits
as those in the study group, is intended to be a
specific, quantitative, and qualitative component.
Consequently, a sample of 50 individuals with
diabetes and 50 healthy individuals (control
group) was purposefully selected.

2.2. Methods

Blood samples (5 mL) were collected from 50
diabetic patients and 50 healthy individuals using
serum separator tubes. The samples were
allowed to clot at room temperature for 20
minutes and then centrifuged at 3500 rpm (or
specify the relative centrifugal force) for 15
minutes to separate the serum. Using a
micropipette, the serum was extracted (1 ml) and
transferred to microcentrifuge tubes. The serum
samples were stored at -20°C until electrolyte
concentrations were determined Within 24 hours.
An American Origin Model SEMI electrolyte
analyzer (fully automated random access clinical
chemistry analyzer with photometric throughput
of 400 tests / hour) was used to measure the
concentrations of sodium, potassium, chloride,
and calcium in the serum samples. The device
was calibrated according to the manufacturer's
guidelines, and quality control measures were
performed using standard solutions before
sample analysis.

2.1.1 Data on the distribution of sex

This section presents data on the sex
distribution of the study participants, which refers
to the biological classification of individuals as
either male or female. An individual's sex can
directly influence the results of a study due to
biological differences between males and
females. According to the statistical data, 40 out
of the 50 diabetes patients in this study are men,
while the remaining 10 patients are women, as
indicated in Table 1 of the study's results.

2.1.2. The period of diabetes

The duration of diabetes is one of the factors
affecting the results and data of this study, as
concentrations of electrolytes in blood serum
differ depending on the duration of diabetes. In
the research, the patients were divided into three
categories based on the duration of their
diabetes: the first group includes patients with a
disease duration of 1-5 years, the second group
includes those with a duration of 6-10 years, and
the third group includes those with a duration of
11-15 years, as shown in Table 2.

2.1.3. Statistics

Statistical analysis of the data was
conducted using SPSS version 19. The analysis
included descriptive statistics of the study
population, types of samples, and methods of
selecting them. Data were presented in tables,
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and appropriate statistical tests, such as anova
test, were applied to the primary and secondary
data collected.

3. RESULTS AND DISCUSSION:

3.1. Results

There were 100 participants in this study,
50 of them had diabetes, and the other 50 were
age-matched healthy controls. Table 3 displays
the results of biochemical assays, such as
calcium, chloride, sodium, and potassium levels,
for both the diabetes and control groups. In the
patients, HbA1c was considerably (P value <
0.05) more than that of non-diabetic healthy
controls. Sodium and chloride levels in diabetic
patients were higher than in controls, and these
differences were significant (P value < 0.05). The
calcium and potassium levels were found to be
marginally higher than those of the controls.

A total of 100 participants participated in
the trial; 50 (or 50%) of them had T2D, while the
remaining 50 (or 50%) were ND patients, ages 15
to 65. There were 35 (70%) male and 15 (30%)
female patients among them, and there was no
discernible (p>0.05) sex difference between the
T2D and ND patients. Table 4 indicates that the
T2D patients had significantly higher age and
FBS (p<0.05) than the ND patients, although the
differences in SBP and DBP were not statistically
significant. The periods were divided into three-
time categories, where the first category included
those affected from 1 to 5 years, the category
from 6 to 10 years, and the third category from 11
to 15 years. Analyzes using Anova statistical
analysis showed an evident variation in
electrolyte concentrations, according to Table 5,
Table 6, Table 7, and Table 8.

3.2. Discussion

Electrolyte imbalances can result from
using of drugs such as diuretics, antidiabetic
medications, and exogenous insulin, as well as
hyperglycemia, renal failure, and ketoacidosis,
other conditions that alter the body's
concentration of electrolytes. In contrast to ND
patients T2D patients: serum Na* and CI levels
increased  significantly  (p<0.05) in this
investigation, although the increases in Ca*? and
K+ levels were not statistically significant
(p>0.05).

This finding is in line with previous
research that showed elevated Na* and CI levels
in diabetes patients due to increased water loss
via osmotic diuresis. However, there was no
discernible change in Ca*? between the T2D and

ND individuals (P >0.05). This result was also
seen in another investigation where ClI-
significantly (P < 0.05) linked clearly with SBP
and DBP. Nevertheless, no correlation found
between (SBP and DBP) Ca*? and K*. Elevations
of K* can result from elevated blood sugar since
FBS and K* have a positive correlation. This,

however, is not the wusual situation, as
hypokalemia is typically caused by
hyperglycemia.

Consistent with our findings,

Muthmainnah et al. (2021) also reported that
patients with a family history of diabetes had a
higher risk of developing gestational diabetes.
The use of mesodiencephalic modulation therapy
was shown by Yumashev et al. (2019) to help
regulate blood glucose and improve outcomes in
diabetic patients undergoing dental procedures,
supporting the potential for adjunctive non-
pharmacological interventions.

4. CONCLUSIONS:

In the current study, we found significantly
high levels of sodium, potassium, calcium, and
chloride in patients with type Il diabetes when
compared with healthy controls. All the
comparisons had a p-value less than 0.05.
Electrolyte abnormalities were associated with
disrupted glucose homeostasis. Alterations in
electrolyte balance could, therefore, play a role in
the pathophysiology of type Il diabetes. The
results highlight the need for checking the levels
of electrolytes in patients with type Il diabetes,
since these abnormalities may sometimes affect
the prognosis or management of the disease.
Further investigations should therefore seek to
determine the nature of the underlying
mechanisms that relate electrolyte disturbances
to glucose homeostasis in T2D and possible
clinical utility arising from monitoring of
electrolytes. Interventions targeted at modifying
electrolyte balance may be a new approach to
therapy in improving outcomes in patients with
type Il diabetes, but further research is needed to
explore this.

5. DECLARATIONS
5.1. Study Limitations

limitations include the small sample size,
lack of robust demographic and clinical data,
limited generalizability as a single-center study,
and absence of longitudinal follow-up and
outcome assessments.
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Table 1. Gender distribution of samples

Gender diabetes patients control group
Number Percentage (%) Number Percentage (%)
Males 40 80% 35 70%
Females 10 20% 15 30%
Total 50 100% 50 100%

Table 2. The Period of Diabetes Distribution of Samples

Period of diabetes Number Percentage (%)
(one - five) years fifteen 40 %
(six - ten) years twenty 30 %
(eleven - fifteen) years fifteen 30 %
total fifty 100 %

Table 3. Biochemical Measurements in Type Il Diabetes

Parameters Diabetes (50) Controls (50) P* Value
mean + SD mean + SD

“*HbA1C(%) 10.8+1.41 4.6+0.5 <0.05

Na* mmol/L 141.4446.78 134.98+13.68 <0.05

K+  mmol/L 3.82+0.34 4.16x0.38 < 0.05

Ca*? mmol/L 1.05+0.05 1.07+0.08 <0.05

ClI- mmol/L 102.18+4.55 96.96+11.01 < 0.05

P * value < 0.05 then it is considered to be statistically significant
**HbAic: Glycosylated Hemoglobin

Table 4. Mean age, duration, SBP, DBP and FBS of diabetes mellitus in the study group.

Variables minimum  maximum T2D ND P-
Mean +SD Mean +SD value
Age(year) 15 65 40.0+14.86 39.54+15.23 0.050
Duration(year) 1 15 8.0x447 - p<0.05
SPB*(mmHg) 105 218 133.3242.19  120.29+0.24 0.768
DPB**(mmHg) 63 156 80.21+2.32 80.21+0.16  0.230
FBS***(mg/dL) 16.0 320.0 176.21+13.72  66.57+2.32 p<0.05

* (SBP: Systolic Blood Pressure); **(DBP: Diastolic Blood Pressure); *** (FBS: Fasting Blood
Sugar)
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Table 5. Potassium ion concentration and time period of diabetes

Element () Time (J) Time Mean Std. Error Sig.
period of period of Difference
diabetes diabetes (I-J)
K* (1-5)years (6-10) years 0.16 0.11 0.36
(11 -15) 0.34 0.11 0.02
years
(6- 10) years (1 - 5) years 0.16 0.11 0.36
(11 -15) 0.18 0.11 0.26
years
(11-15) (1 - 5) years 0.34 0.11 0.02
years (6- 10) years 0.18 0.11 0.26
Table 6. Sodium ion concentration and time period of diabetes
Element (1) Time (J) Time Mean Std. Error Sig.
period of period of Difference
diabetes diabetes (I-J)
Na* (1-5)years (6-10)years 0.83 0.38 0.10
(11 -15) 1.75 0.40 0.00
years
(6- 10) years (1 - 5) years 0.83 0.38 0.10
(11 -15) 0.91 0.38 0.06
years
(11-19) (1 - 5) years 1.75 0.40 .000
years (6- 10) years 0.91 0.38 0.00
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Table 7. Calcium ion concentration and time period of diabetes

Element () Time (J) Time Mean Std. Error Sig.
period of period of Difference
diabetes diabetes (I-J)
(1-5)years  (6-10) years 0.12 0.01 .000
Ca? (11 - 15) 0.22 0.01 000
years
(6- 10) years (1 - 5) years 0.12 0.01 .000
(11 - 15) 0.1 0.01 .000
years
(11-19) (1 - 5) years 0.22 0.01 .000
years (6- 10) years 0.10 0.01 .000
Table 8. Chloride ion concentration and time period of diabetes
Element () Time (J) Time Mean Std. Error Sig.
period of period of Difference
diabetes diabetes (1-J)
(1-5)years  (6-10)years 0.69 0.71 0.62
Cr (11 - 15) 0.08 0.76 0.99
years
(6- 10) years (1 - 5) years 0.69 0.71 0.62
(11 - 15) 0.77 0.71 0.55
years
(11-15)years (1 -5) years 0.08 0.76 0.99
(6- 10) years 0.77 0.71 0.55
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RESUMO

Introducdo: As parasitoses intestinais, especialmente a blastocistose causada por Blastocystis spp.,
representam um problema de salde global, afetando até 80% da populagédo em paises em desenvolvimento. A
compreensao dos disturbios digestivos funcionais associados a essa infeccdo é crucial para o diagnéstico e
tratamento. Objetivo: Investigar as alteragdes estruturais e quimicas no trato gastrointestinal durante a infecgao
por Blastocystis spp. por meio do exame coprolégico completo e avaliar o valor diagnéstico de seus indicadores.
Métodos: Foi realizado um estudo transversal com 503 individuos com doengas gastrointestinais e infecgao
confirmada por Blastocystis spp., comparados a um grupo controle de 150 individuos saudaveis pareados por
sexo e idade. Amostras fecais foram analisadas sem padronizacdo dietética prévia, utilizando quatro
preparacoes: nativa, com solugéo de Lugol, com Sudan e com glicerina. A analise incluiu a avaliagao de detritos,
fibras musculares e vegetais, amido e a identificacdo de protozoarios. Resultados: Individuos infectados
apresentaram distdrbios digestivos significativos em comparagdo aos controles. Observou-se redugado do
conteddo de detritos em mais de 50% dos infectados, indicando digestao prejudicada. Mais de 80% exibiram
fibras musculares cilindricas mal digeridas. A fibra vegetal digestivel estava elevada, variando com a consisténcia
das fezes (p < 0,05). A auséncia completa de digestdao do amido foi observada em 100% dos infectados, com
56,85% apresentando quantidades significativas (++) e 43,15% quantidades muito grandes (+++), contrastando
com 98% do grupo controle sem amido detectavel (p < 0,001). Discussao: Os achados indicam que a infecgao
por Blastocystis spp. causa alteragdes profundas nos processos digestivos, caracterizadas por fermentagéo e
digestao incompleta de carboidratos e proteinas. O exame coprolégico mostrou-se uma ferramenta simples e de
alto valor diagnostico para detectar esses distlrbios funcionais. Conclusées: Os indicadores coprolégicos sao
instrumentos laboratoriais eficazes para diagnosticar doengas parasitarias como a blastocistose e podem orientar
estratégias terapéuticas na pratica clinica.

Palavras-chave: Blastocystis spp.; blastocistose; coprograma; doencgas gastrointestinais; protozoarios.
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ABSTRACT

Background: Intestinal parasitic diseases, particularly blastocystosis caused by Blastocystis spp., represent a
global health concern, affecting up to 80% of populations in developing countries. Understanding the functional
digestive disturbances associated with this infection is crucial for diagnosis and treatment. Aim: This study aimed
to investigate the structural and chemical changes in the gastrointestinal tract during Blastocystis spp. infection
using comprehensive coprogram characteristics and to evaluate the diagnostic value of its indicators. Methods:
A cross-sectional study was conducted on 503 individuals with gastrointestinal diseases and
confirmed Blastocystis spp. infection, compared with 150 healthy controls matched by sex and age. Fecal
samples were analyzed without prior dietary standardization, using four preparations: native, Lugol's solution,
Sudan solution, and glycerin. Analysis included evaluation of detritus, muscle and plant fibers, starch, and
protozoa identification. Results: Infected individuals showed significant digestive disturbances compared to
controls. Reduced detritus content was observed in over 50% of infected individuals, indicating impaired digestion.
Over 80% exhibited poorly digested cylindrical muscle fibers. Digestible plant fiber was significantly elevated,
varying with stool consistency (p < 0.05). Complete absence of starch digestion was observed in 100% of infected
individuals, with 56.85% showing significant amounts (++) and 43.15% very large amounts (+++), contrasting with
98% of controls with no detectable starch (p < 0.001). Discussion: The findings indicate that Blastocystis spp.
infection causes profound alterations in digestive processes, characterized by fermentation and incomplete
digestion of carbohydrates and proteins. Coprological examination proved to be a simple, highly valuable
diagnostic tool for detecting these functional disorders. Conclusions: Coprogram indicators serve as effective
laboratory instruments for diagnosing parasitic diseases like blastocystosis and can guide therapeutic strategies
in clinical practice.

Keywords: Blastocystis spp.; blastocystosis; coprogram; gastrointestinal diseases; protozoa.

AHHOTALIUA

AKTyanbHOCTb: KuweyHble napasuTapHble 3aboneBaHus, ocobeHHo onacTouuncTos,
BbI3biBaeMbI Blastocystis spp., NpeactaBnaoT rnobansHyo npobnemy 3gpaBooxpaHeHus, nopaxas oo 80%
HaceneHus B pa3BMBaloLLMXCS cTpaHax. [MoHumMaHne pyHKUMOHaNbHbIX HAPYLLIEHUA NULLIEBAPEHNS], CBA3AHHbIX C
3TON MHpeKunen, MMeeT pellaroliee 3HavYeHne Ong OMarHoCTUKM M nedeHus. Lenb: V3yunTb CTPYKTYpHbIE Y
XMUYECKME W3MEHEHUS B KeNygo4yHO-KMWEYHOM TpakTe npu wuHBasuum Blastocystis spp. € nomoLbo
pasBepHYTOro  KOMpOrOrMyeckoro  UCCrefoBaHWs U OUEHUTb  OUArHOCTUYECKYD  LIEHHOCTb  €ero
nokasatenen. Metoawbl: [NpoBeaeHo nonepevHoe mnccrnefoBaHue ¢ ydactnem 503 yenosek ¢ 3aboneBaHUaMM
XKEenyooYHO-KULLIEYHOrO TpakTa U NoaTBEPXAEHHOM UHekumen Blastocystis spp., B CpaBHEHUN C KOHTPOSbHOM
rpynnov u3 150 340poBbIX MWL, CONOCTaBUMbIX NO nony u Bo3pacty. Ob6pasubl kana aHanusnpoBanucb 6e3
npeaBapuTenbHOW CTaHapTU3aumMmM AneThbl C UCNOMNb30BaHMEM YeTbIpex npenapatoB: HATUBHOIO, C PacTBOPOM
Jliorons, ¢ CyaaHoMm u ¢ rnuuepuHom. AHanu3 BKMYan oueHKy AeTpuTa, MbllLeYHbIX U PacTUTENbHbLIX BOMOKOH,
KpaxmMana v ngeHTudukaumio npoctenwmx. PesynbTaTbl: Y MHBA3NPOBaAHHbIX MWL, BbISIBNIEHbl 3HAYNTENbHbIE
HapyLleHWs NyeBapeHns No CpaBHEHUIO C KOHTponeM. CHXKeHne cogepXaHusa getputa Habnoganoce bonee
yeM y 50% WHBa3MPOBaHHbLIX, YTO YyKasblBaeT Ha HapylweHue nepeBapuBaHus. bonee 80% wumenu nnNoxo
nepeBapeHHble LMMMHOPUYECKME MbIeYHble BOMOKHA. [MepeBapuBaemas pactutenbHas krnetdyatka Obina
3HauMTenNbHO NOBbLILLEHA U BapbUpoOBana B 3aBMCMMOCTM OT KOHcucTeHumm ctyna (p < 0,05). lNMonHoe oTcyTcTBME
nepeeBapuBaHus Kpaxmana Habnoganoce y 100% WHBa3MpoBaHHLIX, Npu 3ToM Yy 56,85% oTMevanochb
3Ha4YNTENbHOE KONUYECTBO (++), @ Y 43,15% — 0o4eHb BOMnbLLOE KONMYECTBO (+++), Toraa kak y 98% KOHTPOMNbHON
rpynnel Kpaxman He obHapyxusancs (p < 0,001). O6cyxaeHue: lNonyyeHHble AaHHbIE CBUOETENLCTBYIOT O TOM,
4TO  uHBa3ua Blastocystis spp.  Bbi3biBaeT  rnybokue  M3MEHeHUs  nuLieBapuTenbHbIX — MPOLECCOoB,
Xapaktepusyolineca OGpoxeHMeM W HemnonHbiM nepeBapuBaHWeM yrnesofdoB K Genkos. Konponornyeckoe
uccnegoBaHue nokasano cebsi Kak NPOCTON U BbICOKOMH(OPMATMBHbBIA ANArHOCTUYECKUA WMHCTPYMEHT AN
BbISIBIIEHNS 3TUX (PYHKLMOHAmMbHbLIX pacCcTponcTB. BoiBoAabl: NokaszaTtenu konporpaMmmsl cnyxat 3eKTUBHbIM
nabopaTopHbIM MHCTPYMEHTOM 4115 AMarHOCTUKM NapasvTapHbIX 3aboneBaHuni, TakvMx kak 6nacToumcTos, n MoryT
onpeaensaTb TepaneBTUYECKYI0 CTpaTernio B KITMHNYECKOW NPaKTuKe.

Keywords: Blastocystis spp.; 6nactoumctos; KonporpaMmma; XXenyaoyHo-K1LeYHble 3a00neBaHuns; npocTenLumne.
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1. INTRODUCTION:

Parasitic diseases continue to pose a
significant global health challenge, affecting
hundreds of millions of people worldwide and
contributing substantially to the burden of
morbidity, particularly in regions with inadequate
sanitation and hygiene infrastructure. According to
official statistics from the Russian Federation,
173.43 thousand cases of parasitic diseases were
recorded in 2020, underscoring the persistent
relevance of these infections even in developed
nations (Federal Service for Supervision of
Consumer Rights Protection and Human Welfare,
2021). Among the diverse spectrum of intestinal
parasites, protozoan infections are increasingly
recognized for their complex interactions with the

host and their potential to cause chronic
gastrointestinal morbidity.

One of the least studied yet highly
prevalent parasitoses is blastocystosis, an

infection caused by anaerobic protozoan parasites
of the genus Blastocystis that colonize the large
intestine (Tokmalaev et al., 2020). The true
prevalence of blastocystosis remains difficult to
ascertain with precision, primarily due to the high
morphological polymorphism of the pathogen and
the lack of standardized, universally accepted
diagnostic methods. The introduction of molecular
diagnostic techniques, such as polymerase chain
reaction (PCR) and subtype-specific analysis, into
clinical and research practice has revealed that the
prevalence of Blastocystis infection is
substantially higher than previously estimated
based on conventional microscopy alone. Current
epidemiological data indicate
that Blastocystis spp. colonizes approximately
10% of the population in developed countries,
while in developing nations, colonization rates can
reach 80%, making it one of the most common
eukaryotic organisms found in human fecal

samples (Stensvold & Clark, 2016). Among
patients  presenting  with  gastrointestinal
symptoms, the incidence of Blastocystis spp.

infection is approximately 11.5%, highlighting its
clinical relevance in routine gastroenterological
practice (Bakulin et al., 2018).

Environmental contamination represents a
critical factor in the transmission dynamics of
parasitic diseases. Recent investigations into
water safety have demonstrated alarmingly high
levels of parasitic contamination in surface and
potable water sources. Studies have detected
pathogenic  protozoa, including Blastocystis-
compatible organisms, in up to 60% of samples
collected from urban water bodies and distribution

systems (Kuznetsova et al., 2019). These findings
emphasize the importance of water-borne
transmission routes in the epidemiology of
blastocystosis and underscore the need for
enhanced water quality monitoring and treatment
protocols to mitigate infection risk at the population
level.

The transmission of Blastocystis spp.
occurs via the fecal-oral route, primarily through
the ingestion of contaminated food or water.
Following ingestion, the parasite localizes
predominantly to the Ilumen and mucous
membrane of the large intestine, with a particular
tropism for the cecum. The pathological
consequences of colonization are highly variable
and incompletely understood. While many infected
individuals remain asymptomatic, accumulating
evidence suggests that Blastocystiscan be
associated with significant intestinal pathology. In
addition to typical colonic inflammation, there have
been documented cases of severe ulcerative-
necrotic lesions of the large intestinal mucosa
attributable to Blastocystis infection. Janarthanan
and colleagues (2011) described a remarkable
case of a patient with blastocystosis in whom
colonoscopy revealed large, well-demarcated
ulcers in the cecum, hepatic flexure, and
transverse colon, with normal appearing
surrounding mucosa. Multiple small shallow ulcers
were also observed in the rectum.
Histopathological examination of mucosal
biopsies revealed exudates with necrotic material,
colonic mucosa exhibiting severe acute and
chronic inflammation, focal acute cryptitis, and the
presence of multiple vacuolated and amoeboid
structures consistent with Blastocystis organisms.
This case, among others, challenges the
traditional view of Blastocystis as a commensal
organism and supports its potential role as an
enteropathogen capable of inducing significant
tissue damage.

The clinical presentation of blastocystosis
is remarkably heterogeneous, ranging from
completely asymptomatic carriage to severe,
debilitating gastrointestinal disorders. This wide
spectrum of clinical manifestations may be
attributed, at least in part, to the extensive genetic
diversity observed within the genus Blastocystis.
To date, 17 distinct subtypes (genotypes) have
been identified based on molecular
characterization of the small subunit ribosomal
RNA gene, with the most common variants
encountered in humans being ST1, ST2, and ST3
(Bachi et al., 2022). It is hypothesized that different
subtypes possess varying degrees of pathogenic
potential and may exhibit differential susceptibility

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

27



to antiprotozoal chemotherapeutic agents.
Critically, these genotypic differences cannot be
distinguished by morphological examination
alone, complicating diagnostic and prognostic
assessments based on conventional microscopy.
The frequency of
asymptomatic Blastocystis carriage reported in
the literature ranges from 0.8 to 50 cases per 100
individuals examined, reflecting both true
epidemiological variation and differences in
detection methodologies. Clinical disease most
often manifests in the context of host
immunodeficiency or other factors that disrupt the
normal intestinal ecosystem (Maximova et al.,
2015).

The most frequently reported and clinically
prominent manifestations of Blastocystis infection
include abdominal pain, alterations in bowel
habits, changes in stool color, flatulence, and
nausea. Diarrheal syndrome, particularly when
accompanied by mucus and blood, has been
considered a typical manifestation  of
blastocystosis. However, recent studies have
revealed a more nuanced clinical picture,
demonstrating that constipation is also remarkably
common, occurring in approximately 32% of cases
(Maximova et al, 2015). Our own previous
research has further characterized the spectrum of
bowel habit alterations in blastocystosis, finding
that normal stool consistency is present in only
13.5% of patients, liquid feces are observed in
57.0% of patients, and feces characteristic of
constipation are observed in 29.4% of cases
(Bugero et al., 2019). This variability in stool
consistency likely reflects complex interactions
between the parasite, the host immune response,
and the intestinal microenvironment.

Stool examination represents one of the
most accessible, non-invasive, and informative
diagnostic modalities available to clinicians,
enabling comprehensive assessment of digestive
function and intestinal health. The coprogram, a
systematic approach to fecal analysis developed
in Russia in 1932 and continuously refined since
that time, provides a holistic evaluation of the
physicochemical and morphological
characteristics of feces. This method integrates
macroscopic, microscopic, chemical,
parasitological, and bacteriological examinations
to generate a comprehensive profile of intestinal
function and pathology. The coprogram enables
the detection and quantification of various fecal
elements, including detritus, muscle fibers,
connective tissue, plant fiber, starch, neutral fat,
fatty acids, soaps, leukocytes, erythrocytes,
intestinal epithelium, mucus, protozoa, and

crystals, thereby providing valuable insights into
the nature and localization of digestive
disturbances (Solomai, 2018).

Previous investigations by our research
group and others have  demonstrated
that Blastocystis infection is associated with
significant alterations in the composition and
function of the intestinal microbiocenosis. These
alterations are characterized by reduced
frequency and density of colonization by beneficial
bifidobacteria and lactobacilli, accompanied by
increased colonization by opportunistic
enterobacteria, staphylococci, and fungi (Bugero,
2012; Bugero et al., 2019). More recent work has
further elucidated these relationships,
demonstrating  that Blastocystis infection is
associated with increased persistence potential of
the protozoa and marked dysbiotic shifts in the
microbial community structure (Bugero et al.,
2020). These observations suggest that the
clinical consequences of Blastocystis colonization
may be mediated, at least in part, through

disruption of the normal intestinal microbial
ecosystem.

Feces contain numerous chemical
substances whose composition reflects the

integrated activity of host digestive enzymes,
intestinal bacterial metabolism, and dietary intake
(Solomai, 2018). Under normal physiological
conditions, the concentrations of individual
chemical constituents in feces fluctuate within
defined reference ranges. Disruption of normal
intestinal activity, whether due to infection,
inflammation, or other pathological processes,
alters the chemical milieu of the intestinal lumen,
which in turn affects the composition of fecal
products and provides valuable diagnostic
information about the functional state of the
intestine  (Popruk et al., 2021). Chemical
compounds that appear in excess quantities exert
irritant effects on the intestinal mucosa, potentially
exacerbating inflammatory responses and
perpetuating mucosal injury.

The advisability of in-depth investigation of
the properties and composition of intestinal
contents and excreta should not be subject to
doubt, as such analyses reveal the complete
picture and provide a holistic understanding of
specific forms of digestive dysfunction (Deng et al.,
2021; Krasnoperova & Simonova, 2010). Despite
the recognized utility of coprological examination,
the specific ~ coprological characteristics
of Blastocystis spp. infection remain incompletely
characterized, and the diagnostic value of various
coprogram indicators for this common parasitic
infection has not been systematically evaluated.
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1.1. Aims
The specific objectives of this study were:

1. To investigate the structural and chemical
changes occurring in the gastrointestinal
tract during Blastocystis spp. infection
through  comprehensive  coprological
examination, including the evaluation of
detritus content, muscle and connective
tissue fibers, plant fiber fractions, and
starch digestion patterns.

2. To evaluate the diagnostic value of
individual coprogram indicators  for
detecting functional digestive disturbances
associated with blastocystosis and to
identify the most sensitive and specific
parameters for clinical application.

3. To quantitatively compare digestive
parameters between Blastocystis-infected
individuals and healthy matched controls,
with particular emphasis on parameters
reflecting carbohydrate and protein
digestion efficiency.

4. To characterize the relationship between
observed coprological abnormalities and
stool consistency patterns in
blastocystosis, thereby elucidating the
functional consequences of infection
across the spectrum of clinical
presentations.

2. MATERIALS AND METHODS:

This section provides a detailed description

of the materials, study population, and
experimental procedures employed in the
investigation of coprological characteristics

associated with Blastocystis spp. infection. The
methodology is presented in sufficient detail to
enable replication of the study by other
researchers.

2.1. Materials

The coprological examinations were
conducted at the Clinical Diagnostic Laboratory of
the Pskov Regional Clinical Center for Psychiatry
and Narcology (Pskov, Russian Federation).

Standard laboratory equipment was utilized

throughout the study.
Equipment:

e Microscope: Light microscope (Model
CX23, Olympus Corporation, Tokyo,
Japan) equipped with 10x eyepieces and
10x, 40x, and 100x (oil immersion)
objectives. Magnifications used for routine
examination ranged from 100x to 1000x.

e Centrifuge: Laboratory centrifuge (Model

CM-6M, ELMI Ltd., Riga, Latvia) for
preparation of concentrated samples when
required.

o Glassware: Standard glass slides (76 x 26
mm), cover slips (24 x 24 mm), glass
stirring rods, and disposable Pasteur
pipettes.

e Data Management: Microsoft Excel 2019
(Microsoft Corporation, Redmond, WA,
USA) was used for initial data entry and
organization. Statistical analyses were
performed using IBM SPSS Statistics
version 26.0 (IBM Corp., Armonk, NY,
USA).

Reagents and Solutions:

e Lugol's solution: Double-strength Lugol's
solution (aqueous iodine-potassium
iodide) was prepared according to
standard formula: 2 g potassium iodide
dissolved in 60 mL distilled water, followed
by addition of 1 g iodine crystals, and
dilution to 100 mL with distilled water. The
solution was stored in amber glass bottles
protected from light.

e Sudan lll solution: Saturated solution of
Sudan Il in 70% ethanol was prepared for
fat staining. The solution was filtered

before use and stored at room
temperature.
e Glycerin: Pure  glycerol  (99.5%,

pharmacopoeial grade) was used as a
clearing agent for helminth egg detection.

e Normal saline: 0.9% sodium chloride
solution was used for preparation of native
emulsions when necessary.

All reagents were of analytical grade and
obtained from local suppliers (Pskov, Russia)
unless otherwise specified.

2.2. Methods

2.2.1 Study Design and Patrticipants
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This cross-sectional study analyzed
anonymized coprological data collected between
February 2023 and January 2024. Ethical
approval for data analysis and publication was
granted by the Research Ethics Committee of
Pskov State University (Ethics Protocol CAAE:
68.789034.23.0001.247.EC/2023); date: January
20, 2023). The requirement for additional informed
consent was waived by the ethics committee due
to the retrospective and fully anonymized nature of
the data, in compliance with applicable national
regulations and the Declaration of Helsinki. The
study population consisted of 503 individuals with
gastrointestinal diseases and
confirmed Blastocystis spp. infection, recruited
from patients attending the gastroenterology clinic
at Pskov Regional Clinical Center. A control group
comprised 150 healthy volunteers, matched to the
infected group by sex and age (+ 3 years), who
had no gastrointestinal complaints and tested
negative for Blastocystis spp. and other intestinal
parasites on three  consecutive  stool
examinations.

Inclusion criteria for the infected group:

e Age =18 years

e Presence of gastrointestinal symptoms
(abdominal pain, altered bowel habits,
flatulence, nausea)

e Microscopic confirmation
of Blastocystis spp. in stool examination

e Provision of written informed consent

Exclusion criteria for the infected group:

e Antibiotic, antiparasitic, or probiotic use
within 4 weeks prior to enroliment

e Known inflammatory bowel disease
(Crohn's disease, ulcerative colitis)

e Malignancy or immunosuppressive
therapy

e Pregnancy or lactation

e Other identified parasitic infections
(e.g., Giardia lamblia, Entamoeba

histolytica, helminths)
Inclusion criteria for the control group:

e Age =18 years

e Absence of gastrointestinal symptoms

¢ Negative stool examination
for Blastocystis spp. and other parasites
on three occasions

e No history of gastrointestinal disease

¢ Provision of written informed consent

The study was approved by the Research
Ethics Committee of Pskov State University
(approval number: PskovGU-2023-014; date of
approval: March 15, 2023). All participants
provided written informed consent prior to
enrollment, in accordance with the principles of the
Declaration of Helsinki.

222
Procedures

Coprological Examination

Stool samples were collected in clean, dry,
wide-mouth plastic containers with tight-fitting lids.
Participants were instructed to collect a morning
stool sample (approximately 10—-20 g) and deliver
it to the laboratory within 2 hours of collection. No
dietary restrictions or standardization were
imposed prior to sampling, consistent with routine
clinical practice.

Upon receipt, samples were immediately
examined macroscopically for color, consistency,
presence of mucus, blood, or visible parasites.
Consistency was classified as formed (normal),

soft, liquid (diarrheal), or hard (constipated)
according to the Bristol Stool Scale. For
microscopic  examination, four types of

preparations were made for each sample,
following established protocols (Karpishchenko,
2004; Kamyshnikov, 2015):

1. Native preparation: A small portion of
feces (approximately 10-20 mg) was
emulsified with a drop of normal saline on
a glass slide, covered with a cover slip, and
examined microscopically at 100x, 400x,
and 1000x magnification. This preparation
allowed identification of muscle fibers,
plant fibers, neutral fat, fatty acids, soaps,
leukocytes, erythrocytes, intestinal
epithelium, mucus, protozoan
trophozoites, and crystals.

2. Lugol's preparation: A similar emulsion
was prepared using double-strength
Lugol's solution instead of saline. This
preparation stained glycogen-containing
structures (starch granules, yeast cells)
brown to blue-black and facilitated
identification of iodophilic bacterial flora
and protozoan cysts. Starch was identified
by its characteristic blue-black or reddish-
brown coloration depending on the
amylose/amylopectin ratio.

3. Sudan Ill preparation: A thick aqueous
emulsion of feces was mixed with a drop of
Sudan Il solution on a glass slide, covered
with a cover slip, and examined for fat and
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fatty acid derivatives. Neutral fat appears
as orange-red droplets; fatty acids may
form needle-shaped crystals or soaps.

4. Glycerin preparation: Feces were
emulsified with a drop of pure glycerol,
which clears the preparation and facilitates
detection of helminth eggs by rendering
them more refractile.

For each preparation, at least 10
microscopic fields were examined systematically.
Semi-quantitative assessment of various elements
was performed using a standardized grading
system:

e Detritus: graded from (+) t0 (+++++)
based on the proportion of the microscopic
field occupied by amorphous granular
material (+, <25%; ++, 26-50%; +++, 51—
75%; ++++, 76-90%; +++++, >90% of
field).

e Starch: graded as (-) absent, (+)
insignificant amount (occasional granules
in few fields), (++) significant amount
(granules in most fields), (+++) very large
amount (fields crowded with granules).

e Muscle fibers: characterized by shape,
presence of striation, and digestion status;
frequency recorded as rare, moderate, or
abundant.

¢ Plant fibers: classified as digestible (thin-
walled cells) or indigestible (thick-walled
cells) and graded semi-quantitatively.

¢ Mucus, leukocytes, erythrocytes,
epithelium: recorded as present or
absent, with semi-quantitative assessment
when present.

Al microscopic examinations  were
performed independently by two experienced
laboratory technicians who were blinded to the
participant's group status. In cases of discordant
findings (e.g., different semi-quantitative grades),
the slides were re-examined jointly, and
consensus was reached through discussion.

2.2.3 Data Collection and Management

All findings were recorded on standardized
data collection forms, including demographic

information (age, sex), clinical symptoms
(abdominal  pain, diarrhea,  constipation,
flatulence, nausea), stool characteristics

(consistency, color, presence of mucus/blood),
and detailed coprological parameters as described
above. Data were entered into a secure electronic
database (Microsoft Excel 2019) with double-data

entry verification to minimize errors. Personal
identifiers were removed, and each participant
was assigned a unique study code to ensure
confidentiality.

2.2.4 Statistical Analysis

Statistical analysis was performed using
IBM SPSS Statistics version 26.0 (IBM Corp.,
Armonk, NY, USA). Descriptive statistics were
calculated for all variables. Categorical variables
(e.g., presence/absence of starch, consistency
categories) were summarized as frequencies and
percentages. Continuous variables (age) were
tested for normality using the Shapiro—Wilk test
and summarized as mean * standard deviation
(SD) or median with interquartile range (IQR) as
appropriate.

For comparison between the infected and
control groups:

e Differences in the distribution of categorical
variables were assessed using Pearson's
chi-square test (x?) or Fisher's exact test
when expected cell counts were <5.

e For ordinal semi-quantitative data (e.g.,
detritus grades, starch grades), the Mann—
Whitney U test was employed to compare
distributions between groups.

e For comparisons involving more than two
groups (e.g., starch content across stool
consistency categories), the Kruskal-
Wallis test was used, followed by post-hoc
pairwise comparisons with Bonferroni
correction.

A two-tailed p-value < 0.05 was considered
statistically significant. No adjustments for multiple
comparisons were made for the primary analyses,
but post-hoc tests incorporated correction as
noted. Sample size adequacy was determined
based on the available consecutive sample of
eligible participants over the study period; the
achieved sample size (n = 503 infected, n = 150
controls) provided >90% power to detect a 10%
difference in the proportion of abnormal findings
between groups at a = 0.05 (two-sided), based on
preliminary data (Bugero et al., 2019).

All statistical tests were performed with the
assumption that data were independent and
randomly sampled. Missing data were minimal
(<1% of variables) and were handled by pairwise
exclusion.
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3. RESULTS AND DISCUSSION:

3.1. Results

A total of 503 individuals
with Blastocystis spp. infection and
gastrointestinal symptoms (study group) and 150
healthy controls (comparison group) were
included in the analysis. The demographic
characteristics were similar between groups:
mean age was 42.3 * 14.7 years in the study
group and 41.8 £ 15.2 years in the control group
(p = 0.72, t-test); females constituted 54.7% and
52.0%, respectively (p = 0.56, x? test). Stool
consistency in the study group was classified as
normal in 68 individuals (13.5%), liquid (diarrheal)
in 287 individuals (57.1%), and constipated (hard)
in 148 individuals (29.4%). No control participants
had abnormal stool consistency.

3.1.1 Detritus Content

Detritus, representing the amorphous
granular background of normal feces formed by
enzymatic and microbial breakdown of food
substances, was assessed semi-quantitatively. In
the control group, 144 individuals (96.0%)
exhibited maximum detritus content (+++++),
indicating complete digestion. In contrast, the
distribution of detritus grades in the Blastocystis-
infected group was shifted toward lower values,
with the majority (55.9%) showing moderate
detritus (++) and 19.7% showing minimal detritus
(+) (Table 1). The difference in the distribution of
detritus grades between the two groups was
statistically significant (Mann-Whitney U test, p <
0.001).

Table 1. Detritus content in fecal matter

3.1.2 Muscle and Connective Tissue Fibers

Microscopic examination of muscle fibers
revealed marked differences between groups. In
the control group, muscle fibers, when present,
typically exhibited longitudinal striation or were
structureless, with rounded ends, indicating
adequate proteolytic digestion. In contrast, more
than 80% of Blastocystis-infected individuals (n =
412, 81.9%) displayed cylindrical muscle fibers
with preserved transverse striation and cut-off
ends, characteristic of poor digestion. Connective
tissue fibers (digestible and indigestible) showed
no significant differences between groups;
occasional indigestible  connective  tissue
fragments (cartilage, tendon remnants) were
observed with similar frequency in both groups
and were considered non-pathological.

3.1.3 Plant Fiber

Digestible plant fiber (thin-walled cells) was
rarely observed in control samples (present in only
3.3% of controls, always in trace amounts). In the
infected group, digestible fiber was present in all
samples, and its quantity varied markedly with
stool consistency. Among individuals with normal
stool consistency (n = 68), microbes appeared to
digest approximately 3 of the fiber present. In
those with liquid stool (n = 287), the amount of
digestible fiber was approximately 1.5-fold higher
than in the normal-stool subgroup. In constipated
individuals (n = 148), fiber content was about 3/8
of that observed in the normal-stool subgroup,
likely due to prolonged colonic transit allowing
more extensive bacterial degradation. These
differences in digestible fiber content across
consistency groups were statistically significant
(Kruskal-Wallis test, p = 0.008). Indigestible fiber
(thick-walled cells) was present in comparable
amounts in both groups and showed no
association with infection status.

3.1.4 Starch Digestion

Starch was completely absent in 98.0% (n
= 147) of control individuals; trace amounts (+)
were observed in only 2.0% (n = 3). In striking
contrast, all 503 infected individuals showed
evidence of incomplete starch digestion, with
56.9% (n = 286) exhibiting significant starch
amounts (++) and 43.1% (n = 217) exhibiting very
large amounts (+++) (Table 2). The distribution of
starch grades differed significantly between
groups (Mann—Whitney U test, p < 0.001).

Table 2. Starch content in feces

The presence of abundant extracellular
and intracellular starch was frequently
accompanied by iodophilic flora (bacteria staining
brown with Lugol's solution), suggesting active
fermentation in the large intestine. Starch granules
were observed both within plant cells (intracellular)
and free in the fecal debris (extracellular). In
samples from individuals with diarrhea, starch was
particularly abundant and often associated with a
liquid, yellow-brown stool with an acidic pH (tested
by litmus paper in a subset of samples). In
constipated individuals, starch was less abundant
but still clearly detectable, and the feces often had
a putrid odor and contained visible mucus.

3.1.5 Additional Coprological Findings

Mucus was observed in 267 infected
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individuals (53.1%), typically mixed with feces in
diarrheal samples but appearing as surface
coatings in constipated samples. Leukocytes
(primarily neutrophils) were detected in 98 infected
individuals (19.5%), usually in small numbers; no
erythrocytes or epithelial casts were noted.
Protozoan trophozoites or cysts
of Blastocystis were identified in all infected
samples, confirming the diagnosis; no other
pathogenic protozoa or helminths were detected in
either group.

3.2. Discussion

The present study provides a
comprehensive coprological characterization of
digestive disturbances associated
with Blastocystis spp. infection. The results
demonstrate profound alterations in the digestion
of proteins, carbohydrates, and plant fibers,
reflected in significant reductions in detritus
content, impaired muscle fiber digestion, elevated
digestible plant fiber, and complete failure of
starch digestion in all infected individuals. These
findings extend our previous observations of
dysbiotic shifts in the intestinal microbiota during
blastocystosis (Bugero et al., 2019; Bugero et al.,
2020) and underscore  the  functional
consequences of Blastocystis colonization on
nutrient processing.

3.2.1 Detritus as an Indicator of Digestive
Efficiency

Detritus, the amorphous granular material
resulting from complete enzymatic and microbial
breakdown of food residues, is considered a
marker of effective digestion (Kamyshnikov, 2015;
Kim, 2021). In our control group, near-maximum
detritus content (+++++) was the norm, indicating
efficient utilization of nutrients. In contrast, more
than 75% of infected individuals had reduced
detritus (++ or +), suggesting
that Blastocystis infection impairs the overall
digestive process. This reduction may reflect a
combination of factors: accelerated intestinal
transit (particularly in diarrheal cases), diminished
activity of pancreatic and brush-border enzymes,
and altered microbial metabolism. Similar
reductions in detritus have been reported in other
conditions associated with maldigestion, such as
exocrine pancreatic insufficiency and celiac
disease, but our data are the first to document this
phenomenon systematically in blastocystosis.

3.2.2 Impaired Protein Digestion

The observation of well-preserved
cylindrical muscle fibers with transverse striation in
over 80% of infected individuals indicates
inadequate proteolysis. Normally, muscle fibers
are digested by pepsin in the stomach and trypsin
and chymotrypsin in the small intestine, resulting
in fibers with blurred outlines, longitudinal striation,
or complete loss of structure (Kamyshnikov,
2015). The presence of transverse striation is a
classic sign of insufficient proteolytic enzyme
activity or rapid transit preventing adequate
exposure. Our findings align with those of
Kamyshnikov (2015), who noted that in conditions
of accelerated intestinal passage, muscle fibers
often appear undigested. Interestingly, Kim (2021)
observed similar muscle fiber abnormalities in
patients with colonic polyps, suggesting that any
disturbance of the intestinal environment can
impair protein digestion. However, the high
prevalence in our Blastocystis-infected cohort
(81.9%) points to a specific association with this
protozoan. The lack of significant differences in
connective tissue fibers suggests that gastric
function (which primarily digests connective
tissue) remains relatively preserved, localizing the
defect to the small intestinal phase of protein
digestion.

3.2.3 Carbohydrate Maldigestion: Starch and
Plant Fiber

The most striking finding was the complete
absence of normal starch digestion in all infected
individuals. In healthy controls, starch is efficiently
broken down by salivary and pancreatic amylase,
and any residual starch is fermented by colonic
bacteria, leaving no detectable starch in feces
(Karpishchenko, 2004). The presence of abundant
intra- and extracellular starch in 100% of infected
subjects indicates either amylase deficiency, rapid
small intestinal transit, or inhibition of amylase
activity by factors related to the parasite. The
concomitant presence of iodophilic flora suggests
that undigested starch reaches the colon, where it
is fermented by bacteria, producing short-chain
fatty acids and gases, which may contribute to
symptoms such as bloating, flatulence, and
diarrhea. Indeed, the association of high starch
content with liquid stool (57% of infected) and the
acidic reaction of diarrheal samples support the
role of fermentative diarrhea in blastocystosis. The
lower starch content in constipated individuals (but
still present) may reflect more complete bacterial
fermentation due to prolonged colonic retention,
as suggested by our digestible fiber data.
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Digestible plant fiber, normally broken
down by bacterial enzymes in the large intestine,
was significantly elevated in infected individuals,
and its quantity varied inversely with colonic transit
time (greatest in diarrhea, least in constipation).
This pattern corroborates the hypothesis
that Blastocystis alters the composition and
activity of the cellulolytic and hemicellulolytic
bacterial community. Previous studies from our
group have documented a decrease in beneficial

bacteria (bifidobacteria, lactobacill) and an
increase in opportunistic pathogens
(enterobacteria, staphylococci,  fungi) in

blastocystosis (Bugero, 2012; Bugero et al., 2019;
Bugero et al, 2020). Such dysbiosis likely
compromises the metabolic capacity of the
microbiota to ferment plant fibers, leading to their
accumulation in feces. The persistence of
indigestible fiber, which is unaffected by microbial
enzymes, was expected and serves as an internal
control.

3.2.4 Clinical Implications and Mechanistic
Insights

The coprological abnormalities observed in
this study have direct clinical implications. First,
the coprogram emerges as a simple, inexpensive,
and widely available tool for detecting functional
gastrointestinal disturbances in patients with
suspected parasitic infections. In settings where
molecular diagnostics are unavailable, the
presence of undigested starch and muscle fibers,
together with reduced detritus, can raise suspicion
of Blastocystis infection and prompt targeted
parasitological examination. Second, our findings
provide a pathophysiological basis for the
symptoms reported by  patients  with
blastocystosis. Abdominal pain, bloating, and
diarrhea may be attributable to osmotic and
fermentative effects of malabsorbed
carbohydrates, while the presence of undigested
proteins may contribute to altered stool odor and
composition. The alternating diarrhea and
constipation observed in some patients
(Maximova et al, 2015) may reflect dynamic
changes in transit time and bacterial metabolism,
as suggested by the variation in fiber and starch
content with stool consistency.

The mechanisms underlying these
digestive disturbances are likely
multifactorial. Blastocystis has been shown to
modulate host immune responses, alter epithelial
barrier function, and produce proteases that may
interfere with digestive enzymes (Deng et al.,
2021). Moreover, the parasite's ability to disrupt

the intestinal microbiota (Bugero et al., 2020) may
indirectly impair digestion by reducing the
abundance of bacteria that contribute to nutrient
breakdown. The persistence potential
of Blastocystis, including antilysocyme and
antilactoferrin  activities, may facilitate its
colonization and perpetuation of dysbiosis
(Bugero et al., 2020). The predominance of
fermentation processes and excessive organic
acid formation, as evidenced by the acidic reaction
of diarrheal stools, indicates that the small
intestine is the primary site of involvement, with
accelerated chyme movement preventing
adequate enzymatic digestion.

3.2.5 Comparison with Previous Studies

Our findings are consistent with earlier
reports of altered fecal parameters in parasitic
infections. Kamyshnikov (2015) described similar
muscle fiber abnormalities in patients with various
enteropathies, and Kim (2021) noted reduced
detritus in colonic polyposis. However, the present
study is the first to systematically quantify these
changes in a large cohort of Blastocystis-infected
individuals and to demonstrate the association
with stool consistency. The observation that 57%
of infected individuals had diarrhea and 29% had
constipation aligns with our previous work (Bugero
et al.,, 2019) and with the literature (Maximova et
al., 2015). The mechanisms determining whether
a patient develops diarrhea or constipation remain
unclear but may involve host
genetics, Blastocystis subtype (ST1-ST3
predominate, but their pathogenic potential differs;
Bachi et al., 2022), and the composition of the
residual microbiota.

3.2.6 Study Limitations

This study has several limitations. First, the
coprological examination was performed without
prior dietary standardization, which may have
introduced variability in fecal composition
unrelated to infection. However, this approach
reflects real-world clinical practice and enhances
the generalizability of our findings. Second,
reliance on light microscopy
for Blastocystis detection may underestimate
infection intensity and cannot discriminate among
subtypes; molecular subtyping would provide
additional insights into genotype-phenotype
correlations. Third, the cross-sectional design
precludes assessment of causality and temporal
relationships between infection and digestive
changes. Fourth, the control group was smaller
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than the infected group, which may have reduced
statistical power for some comparisons, although
the effect sizes observed were large. Fifth, the
study was conducted at a single center in Russia,
and results may not be directly applicable to
populations with different dietary habits, sanitation
conditions, or Blastocystis subtype distributions.
Finally, we did not perform quantitative
measurements of pancreatic enzymes, bile acids,
or intestinal transit time, which would help
elucidate the mechanisms underlying the
observed maldigestion.

3.2.7 Future Directions

Future research should focus on molecular
subtyping of Blastocystis isolates to determine
whether specific subtypes are associated with
more  severe  coprological  abnormalities.
Longitudinal studies are needed to assess
whether successful eradication of the parasite
leads to normalization of fecal parameters.
Investigations combining coprology with advanced
metabolomics and microbiome sequencing could
reveal the specific metabolic pathways disrupted
by Blastocystis colonization and identify potential
targets for therapeutic intervention. Finally,
interventional studies testing the efficacy of
probiotics, prebiotics, or dietary modifications in
improving digestion in blastocystosis would be
valuable.

4. CONCLUSIONS:

This comprehensive coprological
investigation of 503 individuals
with Blastocystis spp. infection, compared with
150 healthy controls, has vyielded several
important findings that advance our understanding
of the functional digestive consequences of this
common parasitic infection.

First, the study conclusively demonstrates
that Blastocystis infection is associated with
profound and multifaceted disturbances in
gastrointestinal digestive function. The significant
reduction in detritus content observed in over 75%
of infected individuals indicates impaired overall
digestive efficiency, reflecting the cumulative
effect of inadequate enzymatic breakdown and
altered microbial processing of food substrates.
This finding establishes the coprogram as a
sensitive indicator of functional impairment in
blastocystosis.

Second, the evidence of protein

maldigestion, manifested by the presence of
well-preserved cylindrical muscle fibers with
transverse striation in more than 80% of infected
individuals, points to a defect in proteolytic activity.
This abnormality suggests either insufficient
pancreatic enzyme secretion, rapid intestinal
transit preventing adequate enzyme-substrate
contact, or potential interference with enzyme
function by factors related to the parasite. The
preservation of normal connective tissue digestion
localizes the defect primarily to the small intestinal
phase of protein digestion rather than gastric
function.

Third, the most striking and uniform finding
was the complete absence of normal starch
digestion in all 503 infected individuals. The
presence of abundant intra- and extracellular
starch, together with iodophilic flora, indicates that
undigested carbohydrates reach the colon, where
they undergo bacterial fermentation. This
fermentative process likely contributes
significantly to the symptoms experienced by
patients, including bloating, flatulence, abdominal
discomfort, and diarrhea. The variation in starch
and digestible fiber content with stool
consistency—highest in diarrhea, intermediate in
normal stool, and lowest in constipation—
suggests that colonic transit time modulates the
extent of bacterial carbohydrate metabolism and
may explain the alternating bowel habits observed
in some patients.

Fourth, the elevated levels of digestible
plant fiber in infected individuals provide further
evidence of altered microbial metabolic capacity.
The inverse relationship between fiber content and
colonic transit time (least in constipation, most in
diarrhea) supports the hypothesis that prolonged

retention allows more complete bacterial
degradation, while rapid transit limits fermentation.
These findings align with our previous

documentation of dysbiotic shifts in the intestinal
microbiota during blastocystosis, characterized by
reduced beneficial bacteria and increased
opportunistic pathogens (Bugero et al, 2019;
Bugero et al., 2020).

Fifth, the study confirms that the
coprogram, a simple, inexpensive, and widely
available laboratory technique, has high
diagnostic value for detecting functional
gastrointestinal  disturbances in  parasitic
infections. The characteristic pattern of reduced

detritus, undigested muscle fibers, elevated
digestible plant fiber, and absent starch digestion
should raise clinical suspicion
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of Blastocystis infection and prompt targeted
parasitological examination. In resource-limited
settings where molecular diagnostics are
unavailable, the coprogram can serve as a
valuable screening tool and guide clinical
management.

The clinical implications of these findings
are substantial. The symptoms reported by
patients with blastocystosis—abdominal pain,
bloating, flatulence, and altered bowel habits—can
now be understood as consequences of
demonstrable physiological abnormalities:
malabsorbed carbohydrates undergoing
fermentation, undigested proteins altering stool
composition, and dysbiosis disrupting normal
intestinal function. This mechanistic
understanding may inform therapeutic strategies,
including dietary modifications (e.g., reduced
fermentable carbohydrates), probiotics to restore
beneficial microbiota, and targeted antiprotozoal
therapy. The  persistence of  digestive
abnormalities across all stool consistency
categories suggests that treatment should
address not only eradication of the parasite but
also restoration of normal digestive function and
microbial balance.

The study achieved its primary aims: to
characterize the structural and chemical changes
in the gastrointestinal tract
during Blastocystis infection, to evaluate the
diagnostic value of coprogram indicators, to
quantitatively compare digestive parameters
between infected and control individuals, and to
relate  coprological abnormalities to stool
consistency patterns. The data presented provide
a comprehensive reference for the coprological
features of blastocystosis and establish a
foundation for future research.

Several directions for future investigation
emerge from this work. Molecular subtyping
of Blastocystis isolates is needed to determine
whether specific subtypes are associated with
more severe digestive disturbances and whether
subtype influences the pattern of coprological
abnormalities. Longitudinal studies following
patients before, during, and after treatment would
establish whether successful parasite eradication
leads to normalization of fecal parameters and
resolution of symptoms. Integration of coprological
analysis with advanced techniques such as
metabolomics, metagenomics, and measurement
of pancreatic function could elucidate the precise

mechanisms underlying the observed
maldigestion. Interventional trials testing the
efficacy of probiotics, prebiotics, dietary
modifications, and combination therapies in

restoring digestive function would translate these
findings into improved patient care.

In conclusion, this study demonstrates
that Blastocystis spp. infection causes significant,
measurable alterations in intestinal digestive
processes, primarily characterized by impaired
protein digestion, complete failure of carbohydrate
digestion, and altered plant fiber metabolism.
These abnormalities reflect the complex interplay
between the parasite, the host, and the intestinal
microbiota, and they provide a physiological basis
for the clinical manifestations of blastocystosis.
The coprogram emerges as an accessible and
informative tool for assessing these functional
disturbances and guiding clinical management. By
elucidating the coprological characteristics of
blastocystosis, this work contributes to a more
complete understanding of the pathogenesis of
this common but understudied parasitic infection
and provides a foundation for evidence-based
approaches to diagnosis and treatment.

5. DECLARATIONS
5.1. Study Limitations

This  study acknowledges several
limitations that may affect the interpretation and
generalizability of results:

Methodological limitations: The
coprological examination was conducted without
prior dietary standardization, which may have
introduced variability in fecal composition
unrelated to parasitic infection. While established,
reliance on microscopic identification methods
may have limitations for detecting low-density
infections or distinguishing
between Blastocystis subtypes.

Sample limitations: The study population
was drawn from individuals presenting with
gastrointestinal symptoms at a single regional
center (Pskov Regional Clinical Center),
potentially introducing selection bias. The control
group, while matched for age and sex, was smaller
(n = 150) than the study group (n = 503),
potentially limiting statistical power for some
comparisons.

Generalizability limitations: Findings are
based on a population from the Pskov region of
Russia and may not be directly applicable to
populations with different dietary habits, sanitation
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conditions, or Blastocystis subtype distributions.
The prevalence and manifestations  of
blastocystosis may vary significantly across
geographic regions.

Scope limitations: The study focused
exclusively on coprological parameters and did not
include molecular subtyping
of Blastocystis isolates, clinical severity scoring, or
long-term follow-up data. The cross-sectional
design limits the ability to establish temporal
relationships between parasitic infection and
observed digestive changes.
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Table 1. Detritus content in fecal matter

Amount of Blastocystis-infected Comparison group (n  p-
detritus individuals (n = 503) = 150) value*
n % n %
+++++ 0 0 144 96.00
++++ 3 0.6 4 2.67
+++ 120 23.85 2 1.33
++ 281 55.86 0 0
+ 99 19.69 0 0
Total 503 100 150 100  <0.001

*Mann-Whitney U test for comparison of ordinal distributions between groups.

Table 2. Starch content in feces

Amount of Blastocystis-infected Comparison p-
starch individuals (n = 503) group (n = 150) value*
n % n %
— (absent) 0 0 147 98.00
zrinsignificant) 0 0 3 2.00
++ (significant) 286 56.85 0 0
Ege) (very 547 43.15 0 0
Total 503 100 150 100 <0.001

*Mann-Whitney U test.
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RESUMO:

Introducao: A busca por alternativas sustentaveis aos combustiveis fésseis tem impulsionado a pesquisa em
biocombustiveis no Brasil, um pais com vasta biodiversidade e economia fortemente baseada no agronegécio.
Esta entrevista apresenta a perspectiva da Professora Doutora Ana Carina Furtado de Carvalho, pesquisadora
com formagédo em Engenharia de Alimentos, mestrado em Engenharia Quimica e doutorado em Biotecnologia
Industrial pela Universidade de Sao Paulo, sobre os desafios e oportunidades no campo dos biocombustiveis e
bioprocessos no contexto brasileiro. Objetivos: Esta entrevista visa explorar as contribuiges cientificas, visao e
experiéncia da Prof. Ana Carina no campo dos biocombustiveis e aproveitamento de residuos agroindustriais,
abordando aspectos técnicos, econdmicos, ambientais e sociais relacionados ao desenvolvimento de
bioprocessos sustentaveis no Brasil. Métodos: Foi realizada uma entrevista semiestruturada com dez perguntas
abrangendo temas como motivacdo pessoal para pesquisa em biocombustiveis, tecnologias de producgdo de
biodiesel, uso de enzimas imobilizadas, potencial das biorrefinarias, interagdo academia-industria, experiéncias
internacionais e estratégias de ensino. A entrevista teve duragdo aproximada de 25 minutos e foi conduzida por
um entrevistador néo profissional. Resultados: A entrevistada destacou a importancia do desenvolvimento de
biocombustiveis a partir de residuos agroindustriais no contexto brasileiro, enfatizando trés aspectos principais:
social, ambiental e econdmico. Apresentou como caminho promissor para o biodiesel a utilizacdo conjunta de
matéria-prima lipidica de fonte renovavel, etanol e catalisadores enzimaticos em substituicdo aos quimicos.
Apontou o uso de biomassa com atividade lipolitica como alternativa para redugao de custos na producao de
biodiesel enzimatico. Defendeu o conceito de biorrefinarias integradas como solugao para otimizar processos e
reduzir custos logisticos, além de destacar a importancia da cooperacgéo internacional e da interagdo academia-
industria para o avango das pesquisas. Discussao: A entrevista evidencia a visdo multidimensional necessaria
para o desenvolvimento sustentavel dos biocombustiveis, integrando aspectos econémicos, ambientais e sociais.
A pesquisadora aponta para a necessidade de integracéo entre diferentes setores produtivos (biodiesel, etanol,
alimentos) como forma de viabilizar economicamente a produgéo de biocombustiveis e compostos de alto valor
agregado. Sao discutidos os desafios técnicos e econdmicos da produgdo enzimdtica de biodiesel, as
oportunidades para valorizacao de residuos agroindustriais e a importancia da cooperagéo internacional para
ampliar a visdo sobre problemas comuns. Conclus6es: A pesquisa em biocombustiveis e bioprocessos
representa um caminho promissor para o desenvolvimento sustentavel no Brasil, com potencial para reduzir a
dependéncia de combustiveis fésseis, valorizar a biomassa disponivel e promover desenvolvimento
socioeconomico. As tecnologias enzimaticas, embora ainda enfrentem desafios de competitividade econ6mica,
oferecem vantagens ambientais significativas por operarem em condigdes mais brandas de temperatura e
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pressao. O conceito de biorrefinarias integradas emerge como solugdo para otimizar recursos e processos,
reduzindo impactos ambientais e custos logisticos. A formagédo de novos pesquisadores na area € fundamental
para continuar avangando rumo a processos mais sustentaveis que contribuam para o progresso do pais.

Palavras-chave: Biocombustiveis, Biotecnologia, Biorrefinaria, Residuos Agroindustriais, Bioprocessos.

ABSTRACT

Introduction: The search for sustainable alternatives to fossil fuels has driven research into biofuels in Brazil, a
country with vast biodiversity and an economy strongly based on agribusiness. This interview presents the
perspective of Professor Dr. Ana Carina Furtado de Carvalho, a researcher with a background in Food
Engineering, a Master's in Chemical Engineering, and a PhD in Industrial Biotechnology from the University of
Sao Paulo, regarding the challenges and opportunities in the field of biofuels and bioprocesses in the Brazilian
context. Objectives: This interview aims to explore the scientific contributions, vision, and experience of Prof.
Ana Carina in the field of biofuels and the utilization of agro-industrial waste, addressing technical, economic,
environmental, and social aspects related to the development of sustainable bioprocesses in Brazil. Methods: A
semi-structured interview was conducted with ten questions covering themes such as personal motivation for
biofuel research, biodiesel production technologies, the use of immobilized enzymes, the potential of biorefineries,
academia-industry interaction, international experiences, and teaching strategies. The interview lasted
approximately 25 minutes and was conducted by a non-professional interviewer. Results: The interviewee
highlighted the importance of developing biofuels from agro-industrial waste in the Brazilian context, emphasizing
three main aspects: social, environmental, and economic. She presented the joint use of lipid raw materials from
renewable sources, ethanol, and enzymatic catalysts to replace chemical ones as a promising path for biodiesel.
She pointed out the use of biomass with lipolytic activity as an alternative for reducing costs in enzymatic biodiesel
production. She advocated for the concept of integrated biorefineries as a solution to optimize processes and
reduce logistics costs, in addition to highlighting the importance of international cooperation and academia-
industry interaction for the advancement of research. Discussion: The interview highlights the multidimensional
vision necessary for the sustainable development of biofuels, integrating economic, environmental, and social
aspects. The researcher points to the need for integration between different productive sectors (biodiesel, ethanol,
food) as a way to make the production of biofuels and high value-added compounds economically viable. The
technical and economic challenges of enzymatic biodiesel production, the opportunities for valorizing agro-
industrial waste, and the importance of international cooperation to broaden the perspective on common problems
are discussed. Conclusions: Research in biofuels and bioprocesses represents a promising path for sustainable
development in Brazil, with the potential to reduce dependence on fossil fuels, valorize available biomass, and
promote socioeconomic development. Enzymatic technologies, although still facing challenges in economic
competitiveness, offer significant environmental advantages by operating under milder temperature and pressure
conditions. The concept of integrated biorefineries emerges as a solution to optimize resources and processes,
reducing environmental impacts and logistics costs. The training of new researchers in the area is fundamental
to continue advancing towards more sustainable processes that contribute to the country's progress.

Keywords: Biofuels, Biotechnology, Biorefinery, Agro-industrial waste, Bioprocesses.

Introducao Quimica e doutorado em Biotecnologia Industrial,
os dois na Universidade de Sao Paulo. E até hoje
venho pesquisando a é&rea de bioprocessos,
desde a Iniciacdo Cientifica, passando pelo pés-

doutorado, até a minha pesquisa atual.

Entrevistador: Hoje n6s temos a honra de
conversar com a professora-doutora Ana Carina
Furtado de Carvalho. Professora, a senhora
poderia fazer uma breve apresentacao da sua
carreira?

Entrevistador: Perfeito. Professora, antes

Dra. Carvalho: Sim, Luiz, muito obrigada
pelo convite, primeiramente. Para falar da minha
carreira, eu posso dizer que foram trés etapas. Eu
sou engenheira de alimentos de formagéo,
formada pela Universidade Federal do Ceara,
onde sou natural. Fiz mestrado em Engenharia

de iniciarmos a nossa entrevista propriamente
dita, preciso fazer alguns comunicados. Tudo
bem?

Primeiro: a nossa entrevista sera
disponibilizada através de uma licenga Creative
Commons.
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Segundo: a transcricdo da nossa
entrevista sera disponibilizada em portugués pelo
Periédico Tché Quimica e em inglés pelo
Southern Journal of Sciences. Também vamos
compartilhar o video da nossa entrevista com uma
emissora de televisao local.

Terceiro: a duracdo prevista da nossa
entrevista é de aproximadamente 45 minutos.

E quarto: eu ndo sou um reporter
profissional. Tudo bem?

Dra. Carvalho: Tudo bem.
Entrevistador: Obrigada.

Entrevistador: Professora, a sua
pesquisa tem forte foco em biocombustiveis e
aproveitamento de residuos agroindustriais. O
que motivou a senhora a seguir nessa area e qual
vocé considera ser a sua contribuigdo mais
significativa até o momento?

Dra. Carvalho: Essa é uma muito boa
pergunta. Quando eu comecei a pesquisar
biocombustivel, foi no mestrado. Antes, eu
trabalhava apenas com a parte de alimentos,
6leos e gorduras. Quando veio a possibilidade de
pesquisar biocombustiveis no mestrado, achei
muito importante, pois o Brasil estava iniciando
junto com a adesao da adicdo do biodiesel ao
diesel. Entdo, achei fundamental iniciar nessa
area e ver o quanto temos de biomassa no nosso
pais que pode virar biocombustivel. Pensando a
nivel de Brasil, que é um pais com uma economia
baseada no agronegdcio, nés geramos muitos
residuos agroindustriais. Por que nao transforma-
los em biocombustivel?

Entrevistador:  Perfeito. = Professora,
passando para a nossa segunda pergunta: como
a senhora vé o futuro dos biocombustiveis no
Brasil, especialmente considerando as recentes
politicas energéticas e ambientais?

Dra. Carvalho: Certo, Luis. Entdo, eu vou
te falar de trés aspectos: o social, 0 ambiental e
também o econémico. O Brasil agora esta tendo
incentivos para pesquisa de biocombustivel,
principalmente pela aprovagdo da Lei do
Combustivel do Futuro, que eu acredito que vocés
devem ter ouvido falar, que foi recente. E também
pensando no ambiental: se cada vez mais nés
tivermos uma produgcdo consolidada do
biocombustivel e  competitva com  os
combustiveis fosseis, nds estamos cada vez mais
buscando esse desenvolvimento sustentavel a

partir de fontes renovaveis de combustivel.

Imagem 1: Dra. Ana Karine Furtado de Carvalho

Atrelado a isso, o social. Nao s6 no aspecto
econdmico, mas qual é a ideia principal do
biocombustivel? Que ele possa ser produzido no
local onde ele sera consumido. Entao, pensamos
no Brasil, um pais com extensdes continentais,
que o combustivel produzido com a biomassa
presente no Nordeste seja consumido la, no
Norte, no Sul e assim por diante. Assim, vamos
valorizar a agricultura familiar também. E
pensando no desenvolvimento social, nos
aspectos da saude publica: quanto menos
emissoes de CO2, melhor a saude publica.

Entrevistador:  Perfeito, professora.
Partindo para nossa terceira pergunta:
considerando a sua experiéncia com diferentes
tecnologias de producdo de biodiesel, qual a
senhora acredita ser o caminho mais promissor
para tornar esse biocombustivel mais competitivo
e sustentavel no longo prazo?

Dra. Carvalho: Assim, eu acredito que a
gente tem que pensar na palavra sustentabilidade
num conceito maior. Nao pensando s6 no viés
econbémico da produgdo, mas também nos
processos de recuperagdo do produto e nos
processos de tratamento de efluentes.

Entdo, eu acredito que o biodiesel sera
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considerado totalmente renovavel quando noés
utilizarmos: a matéria-prima lipidica, que ja é a
fonte renovavel (béleos vegetais ou Oleos
microbianos, que é a principal linha de pesquisa
do meu trabalho); a matéria-prima alcodlica, o
etanol, que ja tem uma cultura consolidada no
nosso pais e é produzido em larga escala; e, como
catalisador, utilizarmos o catalisador enzimatico e
ndao o catalisador quimico, no qual se gastam
muitos litros de agua para que ele seja retirado do
biodiesel, do produto final. Esse catalisador
enzimatico, além de ser de fontes renovaveis, é
de facil recuperacdo. Entdo, pode até ser um
processo um pouco mais caro, porém, n0s vamos
economizar nos processos downstream, nos
processos de purificacdo desse biodiesel. Eu
acredito que esse processo de conseguir que as
trés principais matérias-primas do biodiesel
venham de origem renovavel fara com que a
gente alcance esses patamares de
sustentabilidade.

Entrevistador:  Perfeito, professora.
Vamos partir para a nossa proxima pergunta (a
quarta, na verdade). Recentemente, a senhora
tem um trabalho com enzimas imobilizadas e
células integras em bioprocessos. Quais sao as
principais vantagens dessa abordagem e quais 0s
desafios técnicos envolvidos?

Dra. Carvalho: Essa é uma boa pergunta
que complementa a anterior que vocé fez. O
biodiesel enzimatico nao consegue ser
competitivo ainda com a via quimica, que é muito
mais barata e muito mais rapida. O processo de
producdo da enzima purificada é muito caro.
Entdo, a linha de pesquisa do meu trabalho,
quando a gente utiliza a biomassa com atividade
lipolitica — onde a enzima esta no préprio fungo,
na biomassa do fungo —, o fungo passa a ser o
proprio biorreator, sem a necessidade de
purificacdo, estabilizagdo, confinamento ou
imobilizagcdo dessa enzima. Assim, a gente
economiza ainda mais nesse processo, toda essa
estrutura.

E vocé pode observar também que eu
trabalho com fungos filamentosos que tém lipidio
na sua composicdo. Entdo, esses fungos
oleaginosos: 0 que é que a gente pensa? Que
eles, produzindo a lipase e o lipidio, a gente s6
precisaria de uma matéria alcodlica para que o
biodiesel acontecesse ali num instante, de uma
maneira muito mais rapida, diminuindo as
operacgdes unitarias e, assim, o custo de produgao
desse combustivel. Entdo, € essa a nossa
vertente de trabalhar com a biomassa para

baratear esse processo de produgdo de enzima.

Entrevistador: Perfeito. Professora Ana, seu
trabalho abrange desde a producao de biodiesel
até a sintese de compostos de alto valor
agregado. Como a senhora equilibra a pesquisa
béasica e aplicada em seus projetos?

Dra. Carvalho: A pesquisa vai surgindo
conforme os resultados vao surgindo, né? A gente
vai direcionando os resultados e aproveitando
sempre. Nunca achando que aquele resultado
que nao deu tdo bom foi uma coisa que nao é
publicavel ou que nao pode chegar a ser um
produto.

Muitos dos lipidios com os quais a gente
trabalha, das oleaginosas do Brasil, sdo muito
dificeis de converter a biodiesel devido ao
tamanho da cadeia pela via enzimatica. Entao, a
gente também tem que pensar que o biodiesel
necessita de compostos que tragam nao s6 uma
boa fluidez para o combustivel, mas também
estabilidade oxidativa. E os 6leos vegetais tém
muitas cadeias insaturadas de acidos graxos, que
deixam esse biocombustivel suscetivel a
oxidacao. Entao, se nés separarmos numa cadeia
alguns acidos graxos direcionados a produgéo do
biodiesel, e esses &acidos poli-insaturados
direcionados a alimentos nutracéuticos — que séao
os famosos 6mega 3, dmega 6, émega 9 —, a
gente pode criar uma integragdo da industria de
biocombustivel com a industria de alimentos,
produzindo dois produtos de alto valor agregado.

Entrevistador:
Continuando...

Perfeito,  professora.

Dra. Carvalho: Esse é o sonho, né? Se a
gente conseguir fazer o biocombustivel mais
acessivel, a um preco mais barato, e destinar a
parte nobre do 6leo para os alimentos
nutracéuticos,

Entrevistador: seria o ideal. Chegaremos
la, se Deus quiser.

Dra. Carvalho: Se depender
estamos no caminho.

de mim,

Entrevistador: Professora, o curriculo da
senhora mostra um interesse crescente em
biorrefinarias. Como a senhora vé o potencial
dessa abordagem para o desenvolvimento
sustentavel no Brasil?
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Dra. Carvalho: Isso € o complemento da
resposta anterior. Se a gente conseguir colocar
tudo mais proximo... Qual é o conceito de
biorrefinaria? A biorrefinaria € um conceito ainda
em construgdo. Vai ser um local onde a gente tem
varios processos de diferentes matérias-primas
que vao gerar diferentes produtos, onde o
coproduto de um processo € insumo para outro.
Entao, eu vejo que isso é o futuro.

Imagem 2: Representacao artifical de uma
biorefinaria. Google Gemini.

Se a gente fizer a integragao, por exemplo,
da industria do etanol, da industria do biodiesel,
da industria de alimentos e da biorrefinaria ali no
mesmo local, a gente vai economizar muito,
principalmente com os gastos de logistica. Como
€ que vocés acham que chega o biodiesel
produzido aqui no Sudeste até o Nordeste ou no
Sul? Como é que o etanol, que é utilizado como
matéria-prima para a producao de biodiesel, sai
da usina de etanol e chega a industria de
producdo do biodiesel? A gente gasta diesel.
Entdo, a gente esta gastando combustivel para
transportar combustivel para produzir
combustivel. O caminhdo que leva a cana de
acucar do campo para a usina gasta diesel. Entao,
a gente ainda nao pode ter esse retrocesso
quando vai falar de sustentabilidade.

Cada vez mais, se a gente quer essa
biorrefinaria — ou seja, todas as industrias
operando esses processos em um mesmo local —
, a gente vai conseguir esse desenvolvimento
sustentavel tdo sonhado. Ao meu ponto de vista.

Entrevistador: Do meu também. Que
bom. Dra. Ana, a senhora tem experiéncia tanto
na academia quanto em colaboragbes com a
industria. Como essa interagdo influencia sua
abordagem de pesquisa?

Dra. Carvalho: Essa é uma boa pergunta.

Ainda sdo passos curtos dessa interagdo da
academia com a industria, por diversos motivos. A
gente sabe da protecéo intelectual, sabe de todo
esse trabalho que noés temos de fazer uma
pesquisa no Brasil com poucos recursos. Ai a
industria vem para nos ajudar, a trazer novas
tecnologias, melhores recursos financeiros, e
assim a gente sempre esta inovando e trazendo o
novo: o que a industria esta precisando e o que
ela pode nos fornecer. Isso melhora muito nao sé
o aprendizado dos alunos na academia, mas
também acelera 0s nossos resultados de
pesquisa. Eu vejo que isso € uma coisa muito boa.
A gente esta sempre trabalhando para produzir
realmente artigos e produtos que vao chegar a
sociedade e a criacdo de politicas publicas
também que vao chegar até a sociedade, o
desenvolvimento social mesmo por meio da
academia e da industria juntos.

Entrevistador: Perfeito. Dra. Ana, a
senhora participou de diversos projetos
internacionais e cursos no exterior. Como essas
experiéncias moldaram sua visdo sobre a
pesquisa cientifica?

Dra. Carvalho: Isso é muito importante.
Quando a gente esta em um s6 lugar, a gente néo
consegue ter essa visao ampla, a gente fica com
a visdo miuda da situacdo. Por exemplo, a
pesquisa do etanol e biodiesel. Quando eu fui para
a Argentina, que é um dos nossos principais
parceiros de pesquisa, eu vi que eles tém outros
problemas com a produgdo de etanol: eles ainda
nao tém o aproveitamento total de produtos
produzidos pela industria do etanol, como a
vinhagca, que é utilizada aqui ja no Brasil, bem
utilizada para a frente de irrigagédo, porque eles
tém um solo rico em fosfato.

Entdo, quando a gente sai e a gente
consegue desenvolver mais tecnologia em
parceria, principalmente conversando com o0s
pesquisadores de outro pais que tém outra visao
sobre os mesmos tipos de pesquisa que a gente
faz, temos novas linhas de pesquisa. Eu acho isso
importantissimo. Acho que todos os alunos devem
ser incentivados a fazerem um intercambio entre
paises, entre universidades, entre laboratorios,
para ampliar essa visdo sobre a pesquisa e sobre
os pontos de vista dela, principalmente eu acho,
no ramo do biocombustivel. Eu acho que toda a
América do Sul tem esse pioneirismo da pesquisa
com os biocombustiveis e, devido a nossa
biodiversidade, estamos, eu diria, até um passo a
frente para a produgdo desses novos
combustiveis.
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Entrevistador: Otimo! Professora, como a
senhora integra sua pesquisa ao ensino? Que
estratégia a senhora usa para inspirar 0s seus
alunos?

Dra. Carvalho: Muito boa pergunta
também. Eu tive muita sorte de pesquisar a area
de biocombustiveis e hoje lecionar na area de
energias. Entdo, as minhas disciplinas sao
Energias Renovaveis e Recursos Energéticos.
Entao, casa super bem com a minha pesquisa e
ai eu consigo levar os alunos para o laboratério,
para as visitas técnicas, geralmente com os meus
parceiros de pesquisa.

E muito importante vocé estudar hoje no
Brasil recursos energéticos e energias
renovaveis; € um estudo sem fim. O Brasil tem o
pioneirismo das energias renovaveis, do
desenvolvimento da energia edlica, solar, energia
das ondas. Entdo, é um estudo dindmico e sem
fim. A gente nunca vai parar de estudar em um sé
semestre. Entdo, d4 muito para atrelar a parte de
laboratério para que os alunos consigam nao ficar
sO na aula tedrica, mas também ir a campo, visitar
essas empresas e o laboratério, ver uma planta
piloto de biodiesel, uma planta piloto de destilagdo
de etanol. Isso porque a minha pesquisa esta
diretamente relacionada as disciplinas que eu
leciono.

Entrevistador: Muito bem. Professora
Ana, estamos chegando na nossa Ultima
pergunta.

Dra. Carvalho: Ah, passou rapido.

Entrevistador: Pois é, eu devia ter ido
mais devagar. Entdo, com a sua experiéncia em
orientagdo de alunos, que conselho a senhora
daria para jovens pesquisadores que desejam
seguir uma carreira de biotecnologia e

bioprocessos?
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Imagem 3: Representacgéo artifical de bioprocessos.
Google Gemini.

Dra. Carvalho: Olha, assim, eu acredito
que o futuro sédo dos bioprocessos. Cada vez mais
a quimica fina ela nunca vai deixar de existir, mas
cada vez mais a gente vai buscar que esses
processos acontecam em condicdes mais
brandas para gerar menos poluicdo, menos
residuos e ter um menor gasto de energia.

Eu vou dar um exemplo: quando eu pego
um processo via quimica, que usa altas
temperaturas e pressdo, e substituo por um
bioprocesso que utiliza enzimas, eu ndo so trago
um catalisador renovavel, mas também trago
condicdes de operacdo bem mais brandas de
temperatura e presséo. Eu falo isso para vocés:
reduzir processos que sdo a 500 graus para 45
graus. Isso nado sé traz um menor gasto
energético, como também traz uma seguranga do
trabalho, para evitar explosées de reatores ou
alguma elevagéo brusca de temperatura. Entdo, a
gente esta trazendo uma melhoria nas condi¢des
de trabalho, além das condicbes ambientais e
menos gastos com os processos de tratamento
dos efluentes.

O conselho que eu dou para os alunos é
que estudem bastante, ndo s para ver os novos
e gerar novos processos, mas também para ver
0S processos que ja existem e verificar de que
forma eles podem tornar esses processos mais
sustentaveis e trazer mais fontes renovaveis. Eu
disse na minha tese de doutorado que, quando a
gente traz  esse  desenvolvimento —
principalmente na area dos biocombustiveis —,
tornar o nosso pais, se nao totalmente
independente, mas com uma menor dependéncia
dos combustiveis fésseis, faz com que a gente
evita até possiveis guerras no futuro pelas fontes
de petroleo. Entdo, eu acho que quem decide
pesquisar essa darea esta acompanhando o
desenvolvimento sustentavel e ajudando o
progresso do pais. Esse € o meu conselho:
estudem bastante para desenvolver os novos
processos.

Entrevistador: Verdade. Professora, em
nome de toda a equipe da conferéncia, eu gostaria
de agradecer a senhora pela disponibilidade de
nos receber esta tarde e nos conceder essa
entrevista. Espero ter a oportunidade de encontrar
a senhora em novembro.

Dra. Carvalho: Olha, Luiz, eu que
agradeco a oportunidade de falar um pouco do
meu trabalho. Nem eu sabia tanto de mim quanto
as suas perguntas! Fiquei muito feliz, viu? Muito
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obrigada e espero encontrar vocé e todas as
pessoas que vao participar em novembro
também.

Entrevistador: Muito obrigado.

Esta entrevista fez parte do projeto de
parceria de divulgagao cientifica interinstitucional
da conferencia SSCON — 20024, segue para a
futura edicdo em 2026 RJ.

2026
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Imagem: Logotipo da SSCON 2026.
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RESUMO

Introdugao: O ensino de quimica analitica no nivel superior enfrenta o desafio de integrar teoria e pratica para
desenvolver o senso critico e cientifico dos alunos. Metodologias que contextualizam o conhecimento, como
sequéncias didaticas com experimentos préaticos e replicaveis, sdo essenciais para preparar estudantes para o
mercado de trabalho. Objetivo: Relatar uma sequéncia didatica de trés ensaios praticos, de baixo custo, para o
ensino de quimica analitica a estudantes de Ciéncias Biol6gicas. O estudo visa familiarizar os alunos com as
técnicas de cromatografia e espectrofotometria, usando folhas de goiabeira como material-base. Métodos: O
estudo seguiu uma sequéncia didatica com trés atividades. Amostras de folhas de goiabeira foram submetidas a
cromatografia classica em coluna e em camada delgada (CCD) para separar e visualizar pigmentos. A deteccao
de flavonoides foi realizada com cloreto de aluminio. Em seguida, um extrato metandlico foi preparado e sua
capacidade antioxidante determinada por espectrofotometria, usando o teste de DPPH e calculando o valor de
ECso. Resultados e Discussao: A cromatografia em coluna separou eficientemente pigmentos como
carotendides e clorofilas. A CCD confirmou a separacao e indicou a possivel presenga de flavonoides, reforcando
o perfil fitoquimico da planta. O teste antioxidante demonstrou um valor de ECs, de 15,42 ug/mL para o extrato,
evidenciando sua atividade bioldgica. A metodologia de ensino provou ser eficaz para integrar teoria e pratica,
promovendo o0 engajamento e a compreensdo das técnicas. Conclusoes: A sequéncia didatica € uma ferramenta
valiosa para o ensino de quimica analitica, pois promove o aprendizado técnico e o pensamento critico. Os
resultados validaram a metodologia como um modelo replicavel para a educacao em ciéncias. Futuras pesquisas
poderiam aprofundar a identificacdo dos compostos com equipamentos mais sofisticados

Palavras-chave: Educacido, Cromatografia, Espectrofotometria, Antioxidante, Ensino
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ABSTRACT

Background: Teaching analytical chemistry at the university level faces the challenge of integrating theory and
practice to develop students' critical and scientific thinking. Methodologies that contextualize knowledge, such as
practical, replicable didactic sequences, are essential for preparing students for the job market. Aim: To report a
low-cost, practical didactic sequence of three experiments for teaching analytical chemistry to Biological Sciences
students. The study aims to familiarize students with chromatography and spectrophotometry techniques using
guava leaves as the base material. Methods: The study followed a three-activity didactic sequence. Guava leaf
samples were subjected to classical column and thin-layer chromatography (TLC) to separate and visualize
pigments. Flavonoid detection was performed using 5% aluminum chloride in methanol. A methanolic extract was
prepared, and its antioxidant capacity was determined by spectrophotometry using the DPPH radical scavenging
assay to calculate the EC5, value. Results and Discussion: Column chromatography efficiently separated
pigments like carotenoids and chlorophylls. TLC confirmed the separation and indicated the possible presence of
flavonoids, reinforcing the plant's phytochemical profile. The antioxidant test showed an ECs, value of 15.42
pug/mL for the extract, demonstrating its biological activity. The teaching methodology proved effective in
integrating theory and practice, promoting engagement and understanding of analytical techniques.
Conclusions: The presented didactic sequence is a valuable tool for teaching analytical chemistry, promoting
students' technical learning and critical thinking. The results validated the methodology as a replicable model for
science education. Future research could further refine compound identification using more sophisticated
equipment.

Keywords: Education, Chromatography, Spectrophotometry, Antioxidant, Teaching

exigindo conhecimento prévio e habilidades
especificas para a realizagdo de experimentos
(Silva et al., 2020). Nesse contexto, a quimica
analitica ganha destaque, principalmente em
cursos da area biolégica, pois seus métodos séao
fundamentais para obter informagdes detalhadas
sobre amostras, processos e reagdes quimicas

1. INTRODUCAO:

A aprendizagem é um processo continuo
de construg¢ao de conhecimento, onde cada etapa
leva a aquisicao de novos saberes (Martins et al.,
2018). No ensino superior, especialmente em

cursos de ciéncias exatas, biolégicas e da saude,
a experiéncia em laboratério é fundamental. A
curiosidade dos alunos por essas praticas é
essencial para o desenvolvimento de um senso
critico, analitico e cientifico. Para atender a essa
demanda, diversas metodologias de ensino tém
sido utilizadas ao longo dos anos, desde as
abordagens tradicionais até as mais inovadoras,
como as metodologias ativas, o uso de
tecnologias da informacdo e a promocédo da
autonomia total do aluno (Arruda e Siqueira,
2021).

Em vista disso, encontrar a melhor
abordagem pedagdgica para cada turma é crucial
para o processo de ensino-aprendizagem. Uma
ferramenta eficaz para esse fim sdo as
sequéncias didaticas: um conjunto de atividades
planejadas em etapas que guiam os alunos até o
objetivo do aprendizado (Franco, 2018). Essa
metodologia ja se mostrou consolidada,
apresentando resultados relevantes ao combinar,
de forma flexivel, metodologias ativas e
tradicionais em todos os niveis de ensino.

A quimica no ensino superior se distingue
da do ensino basico pela sua maior complexidade,

(Dutra et al., 2022). Dentre as técnicas mais
empregadas, a cromatografia e a
espectrofotometria sdo amplamente usadas para
detectar e quantificar analitos.

A cromatografia € uma técnica que separa
substancias com base na polaridade, utilizando
uma fase movel (solvente) e uma fase
estacionaria (adsorvente) (Collins, 2006). Existem
diversos tipos, como a cromatografia em papel,
em camada delgada, e a de coluna, sendo a
cromatografia liquida de alta eficiéncia (HPLC) a
mais sofisticada, sensivel e seletiva, porém, de
maior custo  (Marston, 2007). Ja a
espectrofotometria baseia-se na absorcao de luz
por substancias quimicas, permitindo a deteccao
em comprimentos de onda especificos (Amax e
Amin) e a quantificagdo de compostos, como na
andlise de compostos fendlicos (Dadi et al, 2022).

A goiabeira (Psidium guajava L.) apresenta um
perfil fitoquimico caracterizado por altos teores de
compostos fendlicos, taninos, &acidos fendlicos e
terpenos, o0s quais conferem a espécie
reconhecidas  atividades  antioxidantes e
antimicrobianas (Huynh et al., 2025). Essas
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propriedades tornam a planta uma candidata
adequada para experimentos didaticos em
quimica analitica, especialmente em praticas
envolvendo preparo de amostras, extracao e
quantificacdo de compostos bioativos. Nessa
perspectiva, o uso de materiais botanicos no
ensino reforca o carater interdisciplinar da
quimica, permitindo a integracdo entre
conhecimentos de métodos analiticos, quimica
organica e biologia, a0 mesmo tempo em que
estimula o pensamento critico por meio de
atividades préticas vinculadas ao cotidiano dos
alunos (Lima et al., 2022; Visentainer et al., 2011;
Anjos & Miranda, 2023). No entanto, por ser
ensino superior, € crucial que os alunos aprendam
a usar os materiais e equipamentos de forma
correta, preparando-os para o futuro no mercado
de trabalho (Dutra et al., 2022).

Com o objetivo de oferecer uma experiéncia
analitica pratica a alunos de Ciéncias Bioldgicas
da Universidade Estadual de Montes Claros, este
estudo descreve uma sequéncia de trés ensaios
experimentais e de facil replicagdo. Para isso,
foram utilizadas folhas de goiaba (Psidium
guajava) como material-base, devido a sua
acessibilidade e familiaridade com o ambiente do
campus universitario.

2. DESENVOLVIMENTO

A sequéncia didatica consiste em trés
atividades praticas passo a passo. Durante a
execugdo, foram realizadas  abordagens
comunicativas para reforcar e consolidar os
conceitos basicos.

2.1. Materiais

2.1.1 Quimicos

Silica gel 60 intervalo de 0,06-0,2 mm 70-
230 mesh (Neon, Brasil); hexano P.A, acetato de
etila P.A, acetona P.A (Hexis, Brasil); acido
acético glacial P.A, acido férmico P.A (Synth,
Brasil); metanol P.A (Neon, Brasil), Cloreto de
aluminio P.A (Dinamica, Brasil); DPPH (2,2-
difenil-1-picrilhidrazil) ~ (Sigma-Aldrich,  USA);
placas de aluminio pré-revestidas com silica gel
60, de 0,2 mm de espessura, com um indicador
fluorescente F 254 (Macherey-Nagel, Alemanha).

2.1.2 Vidrarias e equipamentos

Bureta de 50 mL; capela de fluxo laminar
com luz UV-254nm; luz negra UV-365-395nm
(Luatek, Brasil); gral e pistilo (Chiarotti, Brasil);
béqueres; tubos de ensaio; pipetas Pasteur;
frasco de vidro com 12cm de diametro; frasco de
vidro com capacidade de 1L; frasco com borrifador

spray; Micropipetas monocanal de 10-100, 20-200
e 100-1000 uL (Eppendorf, Alemanha); ponteira
para micropipeta de 0,5-10 uL (Kasvi, Brasil);
papel filtro (Brigitta, Brasil); evaporador rotativo
(SP labor, Brasil); triturador IKA A11 (IKA, Brasil);
espectrofotbmetro  UV-VIS 2550 (Shimadzu,
Kyoto).

2.1.3 Obtencao da amostra vegetal

Como parte da atividade pratica, foi
coletado 90 gramas de folhas adultas, saudaveis
e sem lesdes ou marcas de herbivoria de um
exemplar de goiabeira (Psidium guajava). A coleta
se deu dentro do campus da universidade, as 13h
e 15 minutos do dia 13 de maio de 2025, com as
coordenadas 16W 43' 15" | 43S 52' 37". A
identificacao da espécie vegetal foi realizada pelo
responsavel pela aula pratica, com base nas
caracteristicas taxondémicas e estruturais da
espécie. Por se tratar de uma atividade
educacional, sem fins de pesquisa posterior, 0
material nao foi depositado em herbario. Parte do
material foi utilizado fresco para as aulas e outra
parte do material foi submetido a secagem em
estufa de circulacao de ar forgcada por sete dias a
temperatura 40°. Foi avaliado como material seco
0 peso constante da amostra durante a secagem
em estufa.

2.2. Métodos
2.2.1 Preparo da coluna cromatografica

Uma suspensdo foi preparada com 30
gramas de silica e 50 mL de uma mistura de
hexano:acetona:acetato de etila (60:40:5, v/v/v),
fase mével com bons resultados na separacgao de
pigmentos vegetais (Veloso et al., 2025). Para o
empacotamento da coluna, um pedago de
algodao foi colocado na parte inferior para conter
a fase estacionaria. Apés a silica ser compactada,
adicionou-se uma aliquota de 35 mL da mesma
mistura e o fluxo foi verificado em mL por minuto.

2.2.2 Preparo do extrato de folhas frescas

Aproximadamente 59 de folhas frescas de
goiabeira foram trituradas em um gral. Em
seguida, foram adicionados 5 mL de uma solugéo
de hexano:acetona:acetato de etila (na proporgéao
60:40:5, v/v/v) e o material foi macerado com um
pistilo para extrair os compostos orgénicos
(Veloso et al., 2025). O extrato foi entdo coletado,
filtrado e uma aliquota de 0,5 mL foi aplicada na
coluna cromatografica para a eluigao.

2.2.3 Sistema de eluicao

Duas fases moveis foram usadas para a
eluicdo. A primeira era uma mistura de
hexano:acetona:acetato de etila (60:40:5, v/v/v), e
a segunda, uma mistura de acetato de etila:acido
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acético glacial:acido férmico:agua (100:11:11:26,
v/viviv) (Wagner e Bladt, 1996). O segundo
sistema foi introduzido apés a eluicdo das
substancias de menor polaridade.

2.2.4 Coleta e agrupamento das fracoes

Durante a eluicéo, fracées de 2 mL foram
coletadas e caracterizadas visualmente pela cor.
A similaridade quimica dessas fragdes foi
posteriormente avaliada por cromatografia em
camada delgada.

2.2.5 Cromatografia em camada delgada

As fragdes agrupadas foram analisadas
por cromatografia em camada delgada (CCD),
usando o mesmo solvente da coluna:
hexano:acetona:acetato de etila (60:40:5, v/v/v). A
andlise foi feita em uma cuba saturada, e os
resultados observados sob luz visivel, luz UV em
254 nm e 365-395 nm. Em seguida, um revelador
quimico de cloreto de aluminio a 5% em metanol
foi aplicado para observacao sob luz UV (365-395
nm), de acordo com Sultana et al (2024) com
modificagdo de 2% para 5%, com ganho no
processo de deteccdo. Os dados foram entdo
processados e alinhados no CorelDraw.

2.2.6 Preparo do extrato metandlico

Folhas de goiabeira (30g), coletadas e
secas previamente, foram submetidas a uma
maceracgao exaustiva por sete dias, com agitacao
ocasional. Para obter o extrato hidrometandlico,
utilizou-se a proporgéo de 1g de material vegetal
em pd para 10 mL de solvente, de acordo com
Manikandan et al. (2013), com adaptacao de 1:6
para 1:10, com maiores teores de solvente
possibilitando melhor extragéo e maior superficie
de contato entre o p6 vegetal e o solvente. Apds o
periodo de extragdo, o material foi filtrado, seco e
teve seu rendimento calculado.

2.2.7 Avaliacao da capacidade antioxidante

A capacidade antioxidante foi determinada
por meio do método espectrofotométrico de
sequestro de radicais livres com DPPH (Brand-
Williams;  Cuvelier;  Berset, 1995). As
concentracdes do extrato bruto e das fragdes (2,0
mL) variaram de 2,0 a 95,0 yg.mL™" e foram
misturadas a 3,0 mL de uma solucao etandlica de
DPPH de 40,0 pg.mL™. Apds agitacdo, as
misturas foram incubadas no escuro por 30
minutos, e a absorbancia foi medida a 517 nm em
um espectrofotdmetro Shimadzu UV-Vis. O &cido
gélico foi utilizado como controle positivo (0,8 a
2,4 pg.mL™"), e a absorbancia da solugédo de
DPPH foi medida como controle negativo.

A capacidade antioxidante foi calculada
usando uma equacao linear para determinar o
valor de ECso, — a concentragao necessaria para
inibir 50% dos radicais DPPH (Mbaebie; Edeoga;
Afolayan, 2012). O Indice de Atividade
Antioxidante (AAl) foi calculado pela razdo entre a
ECso e a concentragcado do DPPH, sendo
considerado forte quando o valor de AAIl é
superior a 2 (Scherer; Godoy, 2009). Todos os
ensaios foram realizados em triplicata. Com os
valores de absorbancia, a porcentagem de
atividade antioxidante foi calculada pela equacgéao
(Rufino et al., 2007):

{(AbsCont—AbsAmos)/AbsCont} x 100

onde:

AbsCont: representa o valor de absorbancia do
controle;

AbsAmos: representa o valor de absorbancia da
amostra.

3. RESULTADOS E DISCUSSAO:

3.1. Resultados
3.1.1 Analises cromatograficas

A coluna foi empacotada de maneira que a
fase estacionaria ficasse distribuida de forma
homogénea. O fluxo de eluigéo foi de 2 mL por
minuto. Apés a aplicacdo do extrato de folhas de
goiabeira, os pigmentos foram carreados pelo
solvente, formando faixas verdes e amarelas ao
longo da coluna (Figura 1).

Figura 1. Processo de eluicdo dos pigmentosde
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goiabeira (Psidium guajava). Fonte: Autores
(2025)

Foram coletadas 39 fragbes (Figura 2)
durante o processo de eluicdo. Quando aplicada
a fase movel 1, observou-se que a fragcdo 1 era
incolor, as fragdes 2 a 4 apresentaram coloracao
amarela (indicando presenga de carotenoides) e a
fracdo 5 apresentou coloragdo amarelo-
esverdeada, sugerindo uma transicao entre
carotendides e clorofilas. As fracoes 6 a 8
mostraram coloracdo verde azulada, possivel
clorofila a, enquanto as fragées 9 a 11 indicaram
coloragao esverdeada, compativel com clorofila (3.
As fragbes 12 a 24 exibiram tons amarelos mais
claros, sendo possivelmente compostas por
xantofilas. As fragbes 25 a 32 foram incolores,
enquanto as fragbes 33 a 37 apresentaram
coloragdo amarela. As fracoes 38 e 39
apresentaram coloragao levemente esverdeada.

A separacdo cromatografica  dos
pigmentos extraidos demonstrou a eficiéncia da
técnica. A fase movel 1, composta por hexano,
acetona e acetato de etila, facilitou a eluicdo de
substdncias menos  polares, como 0s
carotendides, enquanto a adicdo de solventes
mais polares, como acetona e acetato de etila,
permitiram a migracdo de substancias como
clorofilas e xantofilas. Quando foi adicionado a
fase mével 2, houve um aumento da polaridade, o
que ajudou na eluigao de outras substancias mais
polares.

Flgura 2. Fragoes coltadas do extrato de
goiabeira. Fonte: Autores (2025).

As fragbes coletadas foram analisadas e
agrupadas de acordo com a classe de pigmentos
predominantes, sendo organizadas em: Fracdes
Carotendides (F1 e 2), Fracdes Clorofilas (F3-10),
Fracbes Xantofilas (F11-34), Fracbes Polares
(F35-39) e aplicados 30 yL de cada amostra com
o auxilio de capilares, e a amostra do extrato bruto
como referéncia (Figura 3-6).

i

- = 3911 mm-——»

A 23.00 mm =

Figur 3. A- Luz visivel. Fonte: Autores 2025).

Figura 4. Luz UV-254nm. Fonte: Autores (2025).

Figura 5. Luz UV-365-395nm. Fonte: Autores
(2025).

Figura 6. Apds revelagdo com cloreto de
aluminio 5%. Fonte: Autores (2025).
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Sob luz visivel, a fragdo FC1 apresentou
colorag@o compativel com carotenoides (Rf = 1,0).
A FCL1 revelou compostos com Rf 0,89, 0,83 e
0,77, compativeis com feofitina, clorofila A e B. A
FCL2 mostrou predominancia de clorofila B (Rf =
0,77). As fragcdes FX1, FX2 e FX3 indicaram
possiveis xantofilas (Rf = 0,72 e 0,44). A FP1 teve
coloracao levemente amarelada (Rf = 0,72). Sob
luz UV 254 nm, foram observadas bandas
fluorescentes em todas as fragoes, com destaque
para Rf = 0,90 e bandas adicionais em F34 e F39
(Rf = 0,72). Em 365 nm, todas revelaram uma
substéancia fluorescente comum (Rf = 0,91) e F39
mostrou uma segunda fluorescéncia (Rf = 0,72).
Apo6s uso do revelador de cloreto de aluminio, foi
observada luminescéncia em todas as fracées,
com destaque para substancias adicionais nas
fracoes FX1, FX2, FX3 e FP1.

3.1.2 Rendimento do extrato hidrometandlico

O extrato hidrometandlico seco foi pesado
e feito o célculo de rendimento, no qual obteve-se
30% de rendimento total, ou 300 mg. O extrato
obtido possui coloragdo marrom, com brilho
caracteristico de extratos vegetais.

3.1.3 Capacidade antioxidante

Na determinacdo da  capacidade
antioxidante, foi utilizado o teste in vitro com 2,2-
difenil-1-picrilhidrazila (DPPH). Para determinar a
ECso em ug/mL, foi utilizada a equacao da reta
padrdo para o acido galico e para a amostra
(Gréfico 1) (Tabela 1). O R? para o extrato
metandlico de folha de goiabeira foi de 0.9796
(ECso= 15,43 £ 1,49 ug/mL) (Tabela 1)(Grafico 2).
O indice da atividade antioxidante foi calculado
para o acido galico, com o valor de 13,29, e para
o extrato que foi de 2,59.

Tabela 1. Dados ensaio DPPH acido galico e

goiabeira
Amostra EC50 + DP*
ug/mL
Acido galico 3,01 £ 0,01
EXMFG** 15,43 £+ 1,49

*Desvio padrdo, ** Extrato hidrometandlico de
folhas de goiabeira. Fonte: Autores (2025).
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Grafico 1 - Curva padréo acido galico.
Fonte: Autores (2025)
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Grafico 2 - Curva amostra.
Fonte: Autores (2025)

3.2. Discussao

Ao promover atividades praticas em
laboratério, constréi-se uma importante ponte do
conhecimento, ndo de forma bancaria, mas
tecnicista, abordando métodos e técnicas que
possam ser aplicadas no futuro (Arruda e
Siqueira, 2021). Especificamente no presente
trabalho, a construgdo do conhecimento por meio
de um processo sequencial favorece o
aprendizado em etapas. Logo a assimilagao das
atividades e contexto ganham sentido e
promovem a interagdo entre os envolvidos. Essas
acOes, do aprender e fazer, encaixam-se no
pensamento freiriano da autonomia, uma vez que
ensinar exige reconhecer os envolvidos como
sujeitos de sua propria aprendizagem, e a partir
disso construir o conhecimento junto por meio de
dialogos (Freire, 1996).

A atividade inicial consistiu na preparacao
e eluicao de pigmentos vegetais por cromatografia
classica em coluna, na qual a escolha dos
solventes de extragcado, assim como os sistemas
de eluicdo promoveram a separagdo dos
pigmentos pela polaridade (Collins et al., 20086,
Veloso et al., 2024, Veloso et al, 2025). A
funcionalizagdo final com outro sistema de
solvente, esse ja aplicado em cromatografias
planares para a eluicdo de flavonoides, foi
utiizada como estratégia para retirada de
residuos que poderiam estar aderidos a silica.
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A eluicdo inicial promoveu a separagao de
grupos de pigmentos, o primeiro de
carotenos/carotendides (amarelo), o segundos
das clorofilas A (verde azulado) e B (verde
amarelado) e o terceiro das xantofilas (amarelo e
tons amarelados), 0 mesmo pode ser observado
em trabalho que envolve a cromatografia planar
(Veloso et al., 2025). Conjunto de pigmentos ja
reconhecidos pela afinidade com a fase mével a
qual foi utilizada na coluna (Collins et al., 2006). A
segunda eluigdo, com o maior indice de
polaridade relativa, além de promover a limpeza
da coluna, correu substancias residuais,
possivelmente flavonoides.

A cromatografia em camada delgada,
realizada posteriormente a coluna classica
possibilitou avaliar a separagdo e agrupamento
das fragbes, assim como averiguar a pureza do
que foi eluido (Marston, 2007). As fragbes que
continham carotenos e xantofilas apresentaram
maior teor de separagdo e isolamento quando
comparado as clorofilas, que apesar de
aparentemente bem isoladas, a similaridade nao
proporcionou a separacdo maxima. Além da
observacao em luz visivel a utilizagao de luz UV-
254nm e 365-395nm possibilitou a observagao de
pontos com demarcagdes nao observaveis
anteriormente (245 nm) e fluorescéncia (365-395
nm) antes e apds a revelagdo da placa com
cloreto de aluminio a 5%. A fluorescéncia
intensificada apos a utilizagéo do revelador, pode
indicar a presenca de flavonoides na amostra, o
que corrobora com o proprio perfil quimico das
folhas de goiabeira, que possuem flavonoides
aglicona e glicosilados em suas folhas (Marston,
2007).

O extrato produzido anteriormente, foi
preparado na concentracdo de 30ug/mL, e
triagem inicial realizada na busca da faixa ideal
para o ensaio da capacidade antioxidante. Esse
realizado sob observagéao e orientac¢ao, no qual foi
determinado o ECsp da amostra, ou seja a
capacidade do extrato de neutralizar 50% dos
radicais livres. O resultado encontrado para o
padrao positivo, o acido galico foi de 3,01 + 0,01
ug/mL e para o extrato foi de 15,43 £ 1,49 ug/mL.
Excelente resultado quando comparado ao acido
galico, substancia pura, conhecida pela alta
capacidade antioxidante.

Além dos resultados analiticos obtidos, a
aplicagdo desta sequéncia pratica em contexto
didatico favorece a construcdo do conhecimento,
uma vez que os estudantes serdo desafiados a
interpretar reagbes quimicas, propriedades
estruturais dos  metabdlitos com  seus

comportamentos cromatograficos e compreender
a logica dos calculos envolvidos na determinagéo
do ECs,, aliando duas caracteristicas, ilustrativa e
investigativa (Oliveira, Barbosa e Flores, 2020).
Além disso, a execugao dessa sequéncia exige
infraestrutura minima de laboratério (placas de
CCD, solventes, lampadas UV), o que pode limitar
a replicagdo em instituicbes com recursos
reduzidos, sendo considerada uma barreira
amplamente relatada em préaticas de quimica
analitica no ensino superior (Apkarian et al.,
2021).

O experimento levou a capacidade do
pensamento, e a indugdo de questdes
relacionadas ao funcionamento dos reagentes e
da amostra, assim como a realizagao dos calculos
(Dadi et al., 2022).

4. CONCLUSOES:

Este estudo demonstrou a eficacia de uma
sequéncia didatica para o ensino de quimica
analitica a estudantes de Ciéncias Bioldgicas. O
trabalho utilizou a cromatografia e a
espectrofotometria para a separagdo e
caracterizacdo de compostos em folhas de
goiabeira, uma amostra acessivel e relevante
para os alunos.

As principais contribuicbes da pesquisa
incluem a integracdo de conceitos tedricos e
praticos por meio de experimentos de baixo custo
e replicaveis. Isso nao apenas enriquece o
processo de aprendizagem, mas também
desenvolve o senso critico e cientifico dos alunos,
preparando-os para futuros desafios na area.

O trabalho concluiu que a sequéncia
didatica € uma ferramenta de ensino valiosa, que
promove 0 engajamento e a compreensao das
técnicas analiticas. Os resultados obtidos
confirmaram a presenga de diferentes pigmentos
e a capacidade antioxidante da amostra,
validando a metodologia e alcangando o objetivo
principal do estudo. Futuros trabalhos poderiam
aprofundar a identificagdo dos compostos usando
técnicas mais avangadas, mas a base pedagogica
aqui estabelecida ja se mostra um importante
avanco.

5. DECLARACOES
5.1. Limitacoes do Estudo

Este estudo apresenta algumas limitagdes
que merecem ser destacadas. A principal delas
reside na auséncia de andlises mais
aprofundadas para a identificagéo e quantificagéo
precisa dos compostos isolados. Para tal, seria
necessario 0 uso de equipamentos mais
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avangados, como a cromatografia liquida de alta
eficiéncia (HPLC) acoplada a espectrometria de
massas (LC-MS), que nao estavam disponiveis. A
andlise se baseou principalmente em métodos de
baixo custo e facilmente replicaveis, o que,
embora tenha atendido ao propésito didatico do
trabalho, restringe a  profundidade da
caracterizagao quimica dos extratos. Além disso,
a avaliagao da capacidade antioxidante, realizada
in vitro com o método DPPH, nao reflete
necessariamente a atividade bioldgica in vivo.
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6. ESTUDOS RELACIONADOS COM
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RESUMO

Introducédo: O uso inadequado e ndo regulamentado de medicamentos veterinarios na produgao de alimentos
de origem animal pode ser prejudicial tanto a sadde do consumidor quanto a industria leiteira. A presenca de
residuos de antibiéticos no leite contribui para o surgimento de bactérias resistentes a antibiéticos, que podem
ser transmitidas dos animais aos seres humanos, levando ao desenvolvimento de alergias e ao desequilibrio
da microflora intestinal. Objetivo: Este estudo teve como objetivo detectar residuos dos antibiéticos penicilina
G e estreptomicina em leite pasteurizado e leite cru na cidade de Karbala, utilizando um isolado local de
Bacillus subtilis. Métodos: B. subtilis HS foi isolado de uma area agricola e utilizado como micro-organismo
teste para a deteccao de residuos de antibidticos em amostras de leite. Um total de 45 amostras de leite,
incluindo 32 leites crus provenientes de diferentes fazendas e 13 leites pasteurizados adquiridos em mercados,
foi coletado no periodo de setembro de 2024 a abril de 2025. Os residuos de antibidticos nas amostras de leite
foram detectados por meio do método de difusdo em poco em agar e cromatografia em camada delgada
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(CCD). Resultados: O ensaio de difusdo em pog¢o em agar demonstrou que, das 45 amostras analisadas (4/13
de leite pasteurizado e 12/32 de leite cru), 30,76% e 37,5% foram positivas, respectivamente. As amostras de
leite apresentaram uma taxa de prevaléncia total de 35,5% para residuos de antibioticos. Os resultados da
CCD evidenciaram a presenca de residuos de penicilina G em 9 amostras de leite (56,25%), sendo 1 de leite
pasteurizado e 8 de leite cru, as quais apresentaram mancha idéntica a do antibiético padrao ao valor de Rf de
0,85. Quanto a presenca de residuos de estreptomicina, 2 amostras (12,5%) de leite cru apresentaram mancha
idéntica a do antibiético padrédo ao valor de Rf de 0,51. Ambos os residuos de antibidticos foram detectados
simultaneamente em 2 amostras (12,5%) de leite cru. Discussdo: A maior ocorréncia de residuos de
antibidticos no leite cru em comparagao ao leite pasteurizado pode ser atribuida ao ndo cumprimento, por parte
dos produtores, dos periodos de caréncia estabelecidos pela Comissdo do Codex Alimentarius apos a
administracdo de medicamentos aos animais. Contribui também para esse cenario a auséncia de controle
sobre a comercializagdo do leite cru, vendido diretamente pelos produtores sem a realizagdo de testes
rigorosos. Conclusées: A presenca de residuos de antibiéticos nas amostras de leite evidencia a necessidade
de que as autoridades monitorem a qualidade do leite cru que chega ao mercado consumidor.

Palavras-chave: Seguranca alimentar, cromatografia em camada delgada, ensaio de difusdo em poco em
dgar, Bacillus subtilis, leite pasteurizado.

ABSTRACT

Background: The improper and unregulated use of veterinary drugs in animal food production can be harmful
to both consumer health and the dairy industry. The presence of antibiotic residues in milk contributes to the
emergence of antibiotic-resistant bacteria that could be transmitted from animals to humans, leading to the
development of allergies and disturbances in the balance of intestinal microflora. Aim: This study aimed to
detect penicillin G and streptomycin antibiotic residues in pasteurized and raw milk in Karbala city using a local
isolate of Bacillus subtilis. Methods: B. subtilis HS was isolated from an agricultural area and used as a test
microorganism for antibiotic residues in milk samples. A total of 45 milk samples, including 32 raw milks from
various farms and 13 pasteurized milks from markets, were collected from September 2024 to April 2025.
Antibiotic residues in milk samples were detected using Agar Well diffusion method and thin-layer
chromatography (TLC). Results. Agar well diffusion assay showed that, out of 45 samples (4/13 pasteurized
milk and 12/32 raw milk), 30.76% and 37.5% were positive, respectively. The milk samples had a total
prevalence rate of 35.5% for antibiotic residues. The results of TLC showed the presence of penicillin G residue
was out of 9 milk samples (56.25%), 1 (pasteurized milk), and 8 (raw milk) had an identical spot with the
standard antibiotic at Rf value of 0.85. Regarding the presence of streptomycin residue, 2 samples (12.5%) from
raw milk showed an identical spot with the standard antibiotic at Rf of 0.51. Both antibiotic residues were
detected in 2 samples (12.5%) of raw milk. Discussion: The higher occurrence of antibiotic residues in raw milk
compared to pasteurized milk samples could be attributed to farmers not following the withdrawal periods set by
the Codex Alimentarius Commission after administering medication to their animals. Also, the lack of control
over raw milk sales, where farmers are sold directly without undergoing strict testing. Conclusions: The
presence of antibiotic residues in milk samples necessitates that authorities monitor the quality of raw milk
entering the consumer market.

Keywords: Food safety, thin layer chromatography, Agar well diffusion assay, Bacillus subtills, pasteurized
milk.
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1. INTRODUCTION:

The mitigation of the increasing threat of
antimicrobial residues in milk and dairy products
is the farmer’'s responsibility. Antibiotics are
widely used in livestock farming for disease
prevention, infection treatment, and growth
promotion, accounting for more than 70% of
global antibiotic consumption (Allen et al., 2013;
Jechalke et al.,, 2014; Salim et al., 2018). Most
antibiotics used in animals are the same as or
closely related to those used in humans (Marshall
and Levy, 2011; Ma et al., 2021). It is well known
that antibiotic contamination creates selective
pressure for resistant bacterial strains (Tello et
al., 2012; Arséne et al., 2022). The most widely
used antibiotics for both animal and human are

classified within the p-lactam group, which
includes: carbapenem, monobactam,
cephalosporin, and penicillin (Prescott and

Hardefeldt, 2024; Garkavenko et al.,2021). Other
classes include macrolides such as erythromycin
and azithromycin. Aminoglycosides such as
streptomycin,  gentamycin  (Conceicdao et
al.,2023). Some antibiotics are incompletely
absorbed and metabolized in animals, so the
residues are excreted unchanged through urine
(Chee-Sanford et al., 2009). Consequently, high
concentrations of residual antibiotics are released
in animal manure (Qian et al., 2018).

The presence of antibiotic residues in
food products, especially milk, has certain
harmful effects on public health. A study
conducted by Zhang found that antibiotic
residues in the muscles, kidneys, and livers of
cattle and sheep, may pose a threat to human
health (Zhang et al.,2021). Another study found
antibiotic residues in milk (Titouche et al., 2013;
Batah et al, 2025). Moreover, poultry may
contain antibiotic residues, which can cause
numerous adverse health effects in humans.
Antibiotic residues have been detected in chicken
production (meat and eggs) (Chang et al., 2015).
The accumulation of penicillin residues in milk led
to the development of allergies in some
hypersensitive individuals, while the accumulation
of sulfamethazine and oxytetracycline could
increase the risk of cancer (Hou et al., 2015).
Also, the presence of gentamicin residues is

causing nephropathy and disturbances in the
intestinal microbiota (Back et al, 2020).
Therefore, the detection of veterinary drug
residues in food represents an important food
safety issue

The bioanalytical techniques used to
detect antibiotic residues in food products are
mainly categorized into two groups: screening
methods and Confirmatory Methods (Chafer-
Pericas et al., 2010). Screening methods such as
microbial inhibition tests, immunoassays like
ELISA, and lateral flow tests are characterized by
their quickness, ease of use, and affordability
(Ghimpeteanu et al., 2022). They detect the
presence of antibiotic residue above a certain
limit rather than identifying the specific type
(Chéfer-Pericas et al, 2010). Confirmatory
methods, such as chromatography coupled with
mass spectrometry (LC-MS/MS) and (GC-
MS/MS), require expensive equipment and
trained personnel (Wang et al.,2022). However,
these methods are particularly powerful, capable
of identifying and quantifying over 100 different
antibiotics at very low levels in a single test
(Berendsen et al.,2013).

Bacillus subtilis is referred to as a “soil
dweller,” with its natural niche in soil. It is a spore-
forming, Gram-positive, rod-shaped, motile
bacterium (Norris & Wolf, 1961). B. subtilis is
considered an effective microorganism that is
used to detect antibiotic residues in milk for
several reasons: first, the broad sensitivity, where
many studies showed that B. subtilis is naturally
sensitive to a wide range of antibiotics such as
penicillin, amoxicillin,  cephalosporins, and
tetracyclines (Sharma et al,2025). This wide-
ranging sensitivity enables a single test of B.
subtilis to effectively detect contamination of food
with a variety of different antibiotics (Lee et al.,
2007; Navratilova et al.,, 2024). B. subtilisis an
ideal organism for commercial test kits because it
produces spores, which are a stable, inactive
state and highly resistant to both heat and drying.
This characteristic gives the test kits a long shelf
life and allows them to be stored and transported
easily (Gondova et al, 2014; Trufanov et al.,
2015). Also, microbial tests using B. subtilis are
more practical and quicker for screening than
chromatography or mass spectrometry. They are
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simpler, faster, and much cheaper (Ferone et
al.,2020).

1.1. Aims

Due to public health concerns, milk and
dairy products containing antibiotic residues
above safe levels are not considered safe for
people to drink (Plumb, 2018). However, there's
been growing concern about how often veterinary
drug residues are found in food, especially milk.
Despite this, no previous studies have specifically
examined antibiotic residues in milk sold in
Karbala Province. So, this study aims to detect
these residues in pasteurized milk (market) and
raw cow milk (dairy farm) in Karbala using the
Agar well diffusion method and thin-layer
chromatography.

2. MATERIALS AND METHODS:

2.1. Materials

2.1.1 Isolation and Identification of Bacillus
subtilis

B. subtilis is isolated selectively, as
recommended by Vehapi et al. (2023), with a
slight modification. Soil samples were collected
from an agricultural area in the College of
science/, Karbala University. Ten soil samples,
taken to a depth of 10 cm, were placed in sterile,
sealed bags and transported to the laboratory.
From each soil sample, 1 g was weighed and
placed in a test tube containing 9 mL of sterile
saline solution. To obtain a homogeneous
suspension by breaking up aggregated soil
particles, the samples were shaken in a vortex
machine at the highest speed for 20 minutes. To
obtain B. subtilis spores, the soil suspension from
each sample was heated in a water bath at 80 °C
for 20 minutes to eliminate vegetative bacterial

cells. Then 10 pL of the soil suspension was
transferred and spread on a solid culture surface
of sterile nutrient agar. The plates were incubated
at 30 °C in an incubator for 24-48 hours.

An initial confirmation test was used to
identify the selected isolates, including the Gram
stain and catalase tests (Amin et al, 2015). All
isolates were identified as B. subtilis. After that,
the Viteck 2 test was performed for more
accurate identification. The strain was designated
as “HS”.

2.1.2 Preparation of Bacillus subtilis HS spore
suspension

The spore suspension of B. subtilis HS
was prepared according to the method described
by ElI Atabani et al. (2014). Under sterile
conditions, several colonies of the bacteria were
transferred to sterile nutrient agar culture plates
and incubated at 30 °C for 10 days to induce
bacterial cells to produce spores. At the end of
the incubation period, the cells were harvested in
10 mL of sterile saline (0.8% Sodium chloride),
then centrifuged at 3000 rpm for 10 minutes
(repeated twice). The suspension was heated at
70 °C in a water bath for 30 minutes to kill the
vegetative cells. The hot suspension was
transferred to a centrifuge and spun at 3000 rpm
for 10 minutes; the supernatant was discarded.
Another 10 mL of sterile saline was added to
wash the remnants of the vegetative cells. The
mixture was concentrated at the same speed and
duration (repeated twice) to obtain a pure spore’s
suspension.

2.1.3 Antibiotic sensitivity test for B. subtilis HS

Antibiotic sensitivity tests for B. subtilis HS
were performed using the Kirby-Bauer method,
following the guidelines for antimicrobial disk
susceptibility testing established by the Clinical
and Laboratory Standards Institute (CLSI, 2012).
Nine types of antibiotics (Oxoid, UK) used have
been used. The selected antibiotic belonged to
five classes of antimicrobials. These antibiotics
include aminoglycosides: Kanamycin (K, 30 ug),
Neomycin (N, 30 ug) and Streptomycin (S, 10
ug); B-lactam: Ampicillin (AM, 10 pg), Amoxicillin
(AmC, 30 pg) and Penicilin G (P, 10 ug);

fluroquinolones: Ciprofloxacin  (CIP, 5 pg);
phenicols:  Chloramphenicol (C, 30 ug);
tetracyclines: Tetracycline (Te, 30 upg). An

overnight bacterial suspension was made to
match the turbidity of a 0.5 McFarland standard.
This suspension was then evenly spread across
Muller Hinton agar plates using a cotton swab.
Four antibiotic disks were impregnated on the
plates, with a distance of 10 mm between each.
The plates were transferred to a fridge for 20
minutes, then incubated at 35 °C for 24 hours.
Zone inhibition around each disk was measured
in millimeters (mm), and the results were
recorded.

2.1.4 Milk sample collecting

Two types of milk samples were randomly
collected from September 2024 to April 2025.
Samples of all types were collected from Karbala
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province. The first one was different brands of
unflavored pasteurized milk samples (13),
denoted by (P), purchased at the point of sale.
The other one was raw milk samples from cows
(32), denoted by (C), that were collected from
different farms. The samples were kept under
cold conditions until transported to the laboratory.

2.1.5 Preparation of standard antibiotic

concentrations

Two antibiotics were used in this study:
penicillin G and streptomycin, which were kindly
supplied by the State Company for Drug
Industries and Medical Appliances, Samarra,
Irag. The stock solution for each antibiotic was
prepared at a concentration 0.1 mg/mL by
dissolving in methanol. Working stock solutions of
Penicillin G and streptomycin were sterilized
using a Millipore filter and stored at 4 °C until
used.

2.2. Methods

2.2.1 Detection of antibiotic residue using Agar

well diffusion method

To perform this test, 100 uL of B. subtilis HS
spore suspension (diluted with normal saline to
achieve a turbidity of McFarland’s standard
solution (0.5) that equivalent to about 1.5x10%
CFU/mL) were transferred to each 100 mL of
solid culture medium of Muller- Hinton agar
cooled to 45 °C (prior to solidification of the
medium) and mix well. The medium was then
poured into sterilized Petri dishes and left to
solidify at room temperature. Using a sterile cork
borer, four holes (8 mm in diameter) spaced 20
mm apart were drilled into the surface of the
Muller-Hinton culture medium. Each well was
filled with 100 pL of the milk samples,
individually. The plates were incubated at 30 °C
for 24 hours under aerobic conditions. The
presence of antibiotic residues was indicated by
the formation of an inhibition zone around the
wells (absence of bacterial growth). The inhibition
zones around the wells were measured, and the
results were recorded (Al-Mashhadany et
al.,2018). The prevalence percentage of antibiotic
residue is determined using Equation 1

Number of positive samples

Prevalence (%) = ( ) x100

Total number of samples tested

(Eq. 1)

Detection of minimum inhibition zone
diameter was performed by preparing a serial
dilution of each antibiotic (25, 10, 5, 2, 1 pg/mL).
Then add the prepared antibiotic solution to
antibiotic-free milk, followed by the extraction of
antibiotics from the spiked milk. The steps for the
Agar well diffusion method, as mentioned above,
were repeated. Then determine the lowest
antibiotic concentration that yields the smallest
inhibition zone (mm).

2.2.2 Detection of antibiotic residue using the
thin-layer chromatography (TLC) technique

2.2.2.1 Mobile phase of TLC

The mobile phase was prepared as
described by Kaya and Filazi (2010). This
solution was composed of Acetone-chloroform-n-
propanol-impregnation liquid (16 + 20 + 27 + 16).

The impregnation liquid was a pre-
prepared solution (0.1 N phthalate, pH 3.75, and
glycerin, 19+1).

2.2.2.2 Thin-layer chromatography

The samples that showed a positive result
(a clear inhibition zone; 4 pasteurized milk, 12
raw milk) were applied to thin-layer
chromatography as described by Kaya and Filazi
(2010). In the current study, two TLC plates were
used, one for the pasteurized milk sample and
the other for the raw milk samples. The TLC plate
used for pasteurized milk was divided into 6
equal channels (4 pasteurized milk and 2
standard antibiotics), while the TLC plate used for
raw milk samples was divided into 14 equal
channels (12 raw milk and 2 standard antibiotics).
Ten microliters of the extract were spotted onto a
glass capillary tube. The plates were then
allowed to dry for 5 minutes at room temperature
to prevent sample decomposition. Subsequently,
each plate was placed in a TLC tank containing
the mobile phase, which had been prepared an
hour beforehand to achieve an optimal saturated
environment, and the tank was covered with a lid.
Once the solution front reached to the line drawn
below 1 cm from the up edge, the plates were
removed, dried, and then transferred to a freshly
tank. Two methods were used to visualize the
spots: UV detection box at 254 nm (Skorupa and
Gierak, 2011; Hayati and Anggraini, 2023) and
evaporated lodine. To calculate the Retardation
factor (Rf), sample spots were marked with a
pencil. The Rf value is determined using Equation
2 (Kumar et al., 2013).
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__distance travelld by component

Rf =

(Ea. 2)

distance traveled by solvent

A matching Rf value between a sample and a
standard indicates that two compounds are
identical (Fink et al.,1963; Ciesla et al.,2009)

2.2.2.2 Quality control

The limit of detection (LOD) and the limit
of quantification (LOQ) to evaluate the sensitivity
of TLC for penicillin G and streptomycin, a serial
dilution was prepared. Different concentrations
(50, 25, 10, 5, 1, and 0.5 ug/mL) were prepared
by dissolving the standard antibiotics in methanol
to obtain the desired concentrations. These
concentrations were used for minimum
detectable concentrations, as mentioned by Kaya
and Filazi (2010).

The recovery (%) of an antibiotic with a
milk sampling was detected by adding a known
concentration of (50, 25, 5 ug/mL) of standard
antibiotic to a milk-free antibiotic sample.
Followed by extracting the antibiotic from milk as
described by Tyczkowska et al. (1989), one mL of
the milk sample was mixed with 1 mL of protein
precipitation  solution  (acetonitrile-methanol-
deionized water at a ratio of 40:20:20,
respectively) in a centrifuge tube. After gently
shaking the tube, it was centrifuged at 3000 rpm
for 10 minutes. Then spiking the samples in the
TLC plate. Recovery (%) was calculated using
Equation 3.

R ) Amount detected after extraction 100
= X
ecovery is Amount of originality added

(Ea. 3)

The detection of Precision (RSD%) of the
TLC method was evaluated by performing
replicate analyses (n=4) of spiked milk samples
with a known concentration of antibiotic (25, 10,
and 5 ug/mL. The RF value was measured for
each run. The RSD% was calculated using

Equation 4. RSD% values below 5% are
considered good precision.
SD
RSD (%) = 51— ~ 100 (Eq. 4)

2.3 Statistical Analysis

SPSS version 20 software for descriptive
statistical analysis was used for results analysis.
To evaluate the prevalence of antibiotic residues,
milk samples were categorized as 'positive’ or
'negative’ based on the presence of an inhibition
zone 22 mm. Given the unequal group sizes
(n=13vs.n=32) and the presence of small
expected frequencies in some
categories, Fisher’s Exact Test was employed
to determine if the proportion of positive antibiotic
detections differed significantly between raw and
pasteurized milk. This approach provides a
robust, non-parametric assessment of the
association between milk processing type and the
presence of veterinary drug residues. Results
were considered statistically significant if P <
0.05. Also, the Confidence Interval (Cl) at 95%
was calculated

3. RESULTS AND DISCUSSION:
3.1. Results
3.1.1. Antibiotic sensitivity test for B. subtilis

B. subtilis HS was found to be sensitive to all
the antibiotics tested. The results, shown in Table
1, demonstrated its susceptibility to kanamycin,
neomycin, streptomycin, ampicillin, amoxicillin,
penicillin G, ciprofloxacin, chloramphenicol, and
tetracycline. Because of this broad sensitivity, B.
subtilis HS is a strong candidate for use as a test
microorganism to detect antibiotic residues in
milk.

3.1.2. Detection of antibiotic residue in milk
using the Agar well diffusion method

The results of the Agar well diffusion
method for detecting antibiotic residues showed
that, out of 13 pasteurized samples collected
from markets, only 4 (30.76%) gave a positive
result (formation of an inhibition zone around the
holes). Of 32 raw milk samples, only 12 (37.5%)
tested positive for antibiotic residues. Altogether,
the milk samples showed a total occurrence of
antibiotic residues of 35.5%, as presented in
Table 2. The positive and negative results for the
antibiotic residue in milk are shown in Figure 1.

The diameter of the inhibition zone was
varied between pasteurized and raw milk Figure
2. The raw milk showed a larger zone of inhibition
than pasteurized milk. Even within the same
group, the inhibition zone was varied. However,
there was no significant difference between
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pasteurized and raw mik (p<0.05=0.52).
Statistically, the 95% confidence interval for both
pasteurized and raw milk samples was 14.75%-
22.59%.

The minimum inhibition zone diameter for
antibiotic residues in milk was detected using
Agar well diffusion method at concentrations of
25, 10, 5, 2, and 1 ug/mL). Results in Table 3
and Figure 3 showed that the minimum inhibition
zone diameters for Penicillin G and Streptomycin
were 10 ul/mL and 5 pl/mL, respectively.

3.1.3. Detection of Penicillin G and
Streptomycin antibiotic residue in milk using
the TLC method

The milk samples that showed a positive
result (inhibition zone) were subjected to a TLC
test to identify the antibiotic residue present in the
milk. Penicillin G and Streptomycin were used as
standard antibiotics. As shown in Table 4, the
Retardation factors (Rf) were varied between and
within the milk samples. For the presence of
Penicillin G residue, there were 9 milk samples
(56.25%), 1 belonging to pasteurized milk; P11
and 8 belonging to raw cow milk; C3, C8, C12,
C17, C18, C22, C26, and C30 showed an
identical spot with the standard antibiotic
penicillin G at Rf value 0.85. Regarding the
presence of Streptomycin residue, 2 samples
(12.5%) from raw cow milk (C29 and C34)
showed an identical spot with the standard
antibiotic streptomycin at an Rf of 0.51. On the
other hand, the combination of Penicillin G and
Streptomycin antibiotic residues was detected in
2 samples (12.5%) from raw cow milk (C1 and
C20), which showed 2 spots identical to the
standards. However, 3 samples from pasteurized
milk (P3, P6, and P7) showed spots that were not
identical to the standard antibiotic, with different
Rf values.

The precision test (RSD%) values for
Penicillin G and Streptomycin are shown in Table
5. Where the RSD% for penicilin G was 1.7%
and for streptomycin was 2.3%.

3.1.4. Quality control

The sensitivity of the TLC method was
evaluated by determining the limit of detection
(LOD) and limit of quantification (LOQ) for
Penicillin G and Streptomycin in milk. The LOD
values for Penicilin G were found to be 0.5

ug/mL as shown in Table 6 and Figure 4. For
Streptomycin, the LOD values were found to be 1
pg/mL as shown in Table 6 and Figure 5. The
LOQ values for Penicillin G and Streptomycin
were 1.5 ug/mL and 3 pg/mL, respectively (Table
6).

The recovery % for Penicilin G was 82-
87%, while for Streptomycin was 85-89%, which
are considered good values, Table 6.

3.2. DISCUSSION

Since  Alexander Fleming discovered
antibiotics, millions of lives have been saved.
Despite that, the future of antibiotics used in
medicine is more complicated than anyone
expected (Hutchings et al., 2019). The overuse of
antibiotics contributes to the development of
antibiotic-resistant strains. This resistance is
based on the concept of Darwinian survival of the
fittest (Fleming, 2006). The use of antibiotics is
not limited to human pathogenic infections; it also
includes animal and plant infections (Arsene et
al., 2022). Reports of antibiotic residues in
milk began appearing in the 1960s, but
detections significantly rose after 2000. This
issue has drawn considerable attention recently,
driven by growing concerns over food safety and
public health (Sachi et al., 2019). The presence
of antimicrobial residues in milk and dairy
products is considered a serious threat to public
health (Ghimpeteanu et al.,2022).

Therefore, simple, and effective screening tests
are important for identifying residues of various
classes of antimicrobials in food, particularly milk
(Islam et al., 2020). In the current study, the
occurrence of antibiotic residues in raw milk
samples collected from the fields using Agar well
diffusion method was higher (37.5%) than in
pasteurized milk samples collected from markets
in Karbala (30.76%). This could be attributed to
several reasons; first, farmers do not follow the
withdrawal periods set by the Codex Alimentarius
Commission after administering medication to
their animals, which can result in contamination
of their raw milk (Alimentarius, 2010). As is well
known, withdrawal periods refer to the time
required for an animal to fully metabolize and
eliminate a given antibiotic from its tissues,
thereby reducing it to a safe and acceptable level
for consumption (Virto et al, 2022). Each
antibiotic has a specific withdrawal time, such as
Penicillin 72 hours, Amoxicillin 60 hours
(Burmanczuk et al., 2017), and a combination of
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Streptomycin with Penicillin 72 hours (Karande et
al., 2021). Accordingly, milk produced during that
time must be disposed of. Secondly, the lack of
control over raw milk sales, where farmers sell
raw milk directly without undergoing strict testing
or meeting quality control standards (Zavala and
Revoredo-Giha, 2022). Unlikely, the milk
intended for pasteurization is usually tested for
antibiotic residues at collection centers; milk
exceeding safe limits is rejected, ensuring that
the raw milk used for pasteurization has very low
or undetectable levels of these residues (Rahman
et al., 2021).

To sum up, the greater detection of antibiotic
residues in raw milk compared to pasteurized
milk is largely due to residues originating from
farm-level veterinary drug use. However, the
pasteurization process, along with the quality
control measures in place for milk intended for
pasteurization, degrades or inactivates some of
these residues, resulting in lower levels in the
final product. Despite that, the percentage of total
occurrence of antibiotic residue in the current
study was 35.5%, which was concordant with
other studies with a total occurrence ranging from
28-35%, such as Iran 34% (Olatoye et al.,2016),
Kenya 30.7% (Orwa et al, 2017), and Somalia
30% (Mohamed et al., 2020). Although many
studies have detected antibiotic residues in milk
samples, the overall incidence has varied. This
variation was low in some regions (Kumarswamy
et al,, 2018) and high in others (Stella et al,
2020). This variation could be attributed to many
factors, such as withdrawal time of milk, the
method used to detect antibiotic residues, and
the stability of the antibiotic in milk (Sachi et al.,
2019). Also, the experimental season was
conducted. A study by Moghadam et al. (2016)
showed that the winter season had a higher
incidence of antibiotic residues in milk than the
spring season. Likewise, this study was
conducted during the winter season
when antibiotic residues are typically more
common. This can be attributed to colder
temperatures and shorter days, which lead
animals to be kept indoors more often, increasing
the risk of infections and, in turn, prompting the
use of an antibiotic for treatment (Alimohammadi
et al., 2020).

In the current study, the choice of B.
subtilis to detect penicilin G and streptomycin
residues in milk samples is due to its remarkable
sensitivity to these antibiotics (Titouche et al.,
2022). This led to the next part of the work, which
was the use of penicillin G and streptomycin as a
standard for performing TLC tests on samples

that showed a positive result. Table 2 clearly
demonstrated that penicillin G had the highest
antibiotic residue in milk samples (56.25%),
followed by streptomycin (12.5%) and the
combination of penicilin G and streptomycin
(12.5%). The reasons for the higher occurrence
of penicillin G as an antibiotic residue in milk
compared to streptomycin are that penicillin G
belongs to the beta-lactam antibiotics, known for
its wide spectrum of activity against gram-positive
pathogens such as  streptococcal and
staphylococcal infections (Okonko et al., 2009).
Also, penicilin G has fewer side effects than
streptomycin, which can cause an allergic
reaction in cattle (Hirvonen et al, 1994).
Additionally, the low cost, availability, and
effectiveness of treatment for infectious diseases
lead farmers in remote areas to use penicillin G
without veterinary guidance (Layada et al., 2016;
Batah et al., 2025). In general, this study agrees
with other studies that reported a high rate of
penicillin G in milk samples compared to other
antibiotics (Kaya and Filazi, 2010; Malgwi et al.,
2023).

Numerous analytical techniques exist for
detecting antibiotic residues in milk,
including microbiological tests, chromatographic
methods, immunochemical assays, and receptor-
and enzyme-based tests (Kantiani et al., 2009;
Kaya and Filazi, 2010). Among these,
microbiological tests, particularly the agar well
diffusion method, are frequently used in the dairy
industry to detect antibiotic residues (Titouche et
al, 2013; Almashhadany, 2021). The
combination of thin-layer chromatography (TLC)
with microbiological detection methods, such as
the agar well diffusion assay, is an effective
approach for detecting antibiotic residues in milk.
This method is valued for its simplicity, low cost,
sensitivity, and specificity in identifying various
antibiotics (Kaya and Filazi, 2010; Piech et al.,
2016).

At this point, robust disease prevention
practices should be implemented to minimize the
need for antibiotic overuse in livestock. Three
main pillars are considered cornerstones for
protecting livestock health: smart husbandry,
biosecurity, and hygiene (Paramitadevi et al.,
2023; Jimenez et al.,, 2023). Smart husbandry,
using technology to control and optimize all
environmental conditions inside livestock houses,
is ideal for controlling disease spread. An
example of smart husbandry is the use of
sensors to adjust ideal temperature, humidity,
and ventilation levels (Ongom, 2023), smart
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feeding by balancing the quantity of feed that
meets the demands of animals (Makkar, 2016),
and utilizing sensors to track animal health,
behavior, and productivity (Kistanova et al.,2024).
The biosecurity sector involves restricting and
controlling antibiotic prescribing and vaccinating
animals (Renault et al, 2021). To achieve
biosecurity, many practices are used today,
including food safety, limiting and managing
invasive species, and controlling the risk of
pathogen transfer (zoonosis) (Subasinghe et al.,
2023). Hygiene is the third crucial sector for
protecting livestock health. To prevent disease, it
is important tomaintain a  clean-living
environment, provide clean water and food, and
practice good personal hygiene. Regular cleaning
and disinfection of housing, equipment, and
vehicles are also very effective in reducing
disease risk (Jimenez et al., 2023).

To mitigate the harmful effects of antibiotic
residue in milk, it's crucial to educate farmers
about these risks. This could be accomplished by
using an alternative antibiotic, such as a vaccine
or phage therapy. Also, the use of prebiotics and
probiotics in animal feed, and the use of
traditional medicinal herbs to reduce the need for
antibiotics in foodstuffs are considered promising
steps towards minimizing the use of antibiotics.

4. CONCLUSIONS:

This study was conducted in Karbala
province, where two types of milk samples were
collected. Raw milk from cows was collected from
the fields, and pasteurized milk from different
brands was purchased from the markets. This
study clearly demonstrated that the antibiotic
residues in raw milk was higher than in
pasteurized milk. The presence of antibiotics in
milk is a serious public health concern. This issue
stems from the improper use of veterinary drugs
and the failure to monitor the withdrawal period -
the time required between giving antibiotics to the
animal and collecting its milk. This could lead
to long-lasting illnesses, which would
cause medical costs to go up and high mortality
rates. Consequently, this points to inefficient and
failing public health rules and to farmers using
antibiotics carelessly, which is dangerous for
consumers.

5. DECLARATIONS

5.1. Study Limitations

The main limitations of this study were the
unclear history of antibiotic use among farmers in
Karbala city and the lack of a clear schedule and
protocols for veterinarians. For these reasons,
the results provide an overall picture of antibiotic
residues in milk rather than explaining them in
detail. However, the cows in the city are
distributed in small groups (fewer than 10 per
farmer), so the sample size needs to be large to
capture the city's geographic distribution, which is
very expensive.

Although TLC is a highly accessible and
economical screening method for antibiotic
residues, its detection threshold often exceeds
the strict MRLs mandated by Codex. Advanced
analytical platforms (HPLC/LC-MS/MS) offer
superior sensitivity but are significantly more
expensive. In this study, TLC was utilized as a
viable alternative for preliminary contamination
assessment despite these sensitivity constraints.”
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Table 2. Confidence Interval (Cl 95%) and antibiotic residue ocurance for pasteurized and raw
milk samples using the Agar well diffusion method depending on the values of the inhibiotion zone

(mm)

Parameters Pasteurize

d milk

P3
P6
P7
P11

No. of
positive
samples

95% ClI

Antibiotic
residue
Occurance

Inhibition zone
(mm) as positive
results out of 13

o A~ O O

3.70%-6.30%

30.7%

Raw
milk

C1

C3

C8

C12
C17
c18
C20
C22
C26
C29
C30
C34

Inhibition zone Total

(mm) as positive
results out of 32

14
10
16
24
10
15
13
12
17
13
12
8

12 16

11.05%-16.29% 14.75%-22.59%

37.5% 35.5%
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Table 3. The minimum inhibition zone diameter for antibiotic residues in milk was detected using Agar

well diffusion method at concentrations (25, 10, 5, 2,1 ug/mL) for Penicillin G and Streptomycin. (+),

presence of inhibition zone and (-), no inhibition zone.

Concentration (ug/mL)

Table 4. Retardation factor (Rf) of pasteurized milk and raw milk samples compared to standard

25
10

penicillin G streptomycin

+

+

antibiotics, penicillin G and streptomycin, measured by TLC.

Milk sample

P3
P6
P7
P11
C1

C3
C8
C12
c17
C18
C20

c22
C26
C29

C30
C34

Rf identical with
penicillin G®

0.85
0.85

0.85
0.85
0.85
0.85
0.85
0.85

0.85
0.85

0.85

a = Retardation factor of standard penicillin G was 0.85
b = Retardation factor of standard streptomycin was 0.51
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Rf identical
with

+

+

+

streptomycin®

Not identical

0.29
0.71
0.29
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Table 5. The Precision test (RSD%) for (n=4) depending on Retardation Factor (Rf) of spiked milk
samples (pasteurized and raw milk) for penicillin G and streptomycin.

Antibiotic Mean RF SD RSD (%)
Penicillin G 0.85 0.015 1.7%
Streptomycin 0.51 0.012 2.3%

Table 6. Quality control for the TLC test, including LOD, LOQ, and Recovery (%).

Antibiotic LOD LOQ Recovery (%)
Penicillin G 0.5 ug/ml 1.5 ng/ml 82-87%
Streptomycin 1ug/ml 3ug/ml 85-89%

Figure 1. The inhibition zone (mm) of a milk containing an antibiotic, a positive result (A) and milk
without antibiotic, a negative result (B) using the Agar well diffusion method.
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Figure 2. The dimension of the inhibition zone (mm) of pasteurized milk and raw milk using the Agar
well diffusion method. P: Pasteurized milk and C: Cow milk

Figure 3. The minimum inhibition zone diameter for antibiotic residues in milk. (A), penicillin G at
concentration 10 ug/mL and streptomycin at 5ug/mL using Agar well diffusion method.
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A. B. C. D. E. F. G. H.

Figure 4. TLC analysis of penicillin G antibiotic standard at different concentration. Spots
corresponding to the following concentration: (A) 100 ug/mL, (B) 50 ug/mL, (C) 25 ug/mL, (D) 10
ug/mL, (E) 5 ug/mL, (F) 1 ug/mL, (G) 0.5 ug/mL and (H) milk-free antibiotic extract used as a negative
control.

A. B. C. D. E. F. G. H.

Figure 5. TLC analysis of streptomycin antibiotic standard at different concentration. Spots
corresponding to the following concentration: (A) milk-free antibiotic extract used as a negative
control, (B) 100 ug/mL, (C) 50 ug/mL, (D) 25 ug/mL, (E) 10 ug/mL, (F) 5 ug/mL, (G) 1 ug/mL and (H)
0. ug/mL.
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RESUMO

Introducéo: O rapido crescimento no nimero de fontes de energia renovavel (FER) conectadas a rede elétrica
tem gerado um problema significativo de qualidade de energia (QE), com instabilidade de tens&o no Ponto de
Acoplamento Comum (PAC) devido a sua intermiténcia. Embora diversos controladores tenham sido propostos
para tratar essas questdes, um controlador DSTATCOM baseado em Rede Neural Artificial (RNA) para a rede
hibrida é comumente utilizado. No entanto, uma RNA autbnoma tipicamente perde sua capacidade de manter o
controle do DSTATCOM devido a convergéncia prematura resultante do ajuste subétimo dos pesos durante
mudancas repentinas nas condi¢des climaticas. Objetivo: Desenvolver um método aprimorado para o ajuste
dos pesos de uma RNA, a fim de melhorar sua resposta a variagdes rapidas na geragao de energia renovavel,
garantindo, ao mesmo tempo, que o controlador opere com éxito sob essas condigbes. Métodos: Este estudo
propde o uso de um algoritmo de Otimizacdo por Enxame de Particulas (PSO) para otimizar os pesos de ajuste
de um controlador RNA-DSTATCOM, visando a regulacdo da tensao do barramento CC de um Sistema Hibrido
de Energia composto por Painéis Fotovoltaicos (PV), Turbinas Edlicas (TE) e geragdo convencional de
eletricidade. O controlador proposto foi implementado e avaliado por meio de simulagbes em
MATLAB/Simulink. Resultados: Os resultados foram obtidos a partir de simula¢gdes comparando o controlador
PSO-RNA proposto com controladores Pl e RNA auténomos ja existentes. O controlador PSO-RNA apresentou
desempenho significativamente superior aos outros dois tipos de controladores em termos de estabilidade do
sistema e redugdo de oscilagdes. A Distorcao Harmobnica Total (DHT) medida foi de 2,74% para tensao e
3,37% para corrente, atendendo a conformidade com a norma IEEE 519, além de apresentar uma velocidade
de resposta notavel e superior na restauracdo da estabilidade do sistema apds eventos de perturbagao ou
falha. Discussao: O desempenho aprimorado do controlador PSO-RNA em comparagdo com outras solugdes
€ atribuido a capacidade do algoritmo PSO de otimizar eficientemente os pesos da RNA, de modo que o
controlador PSO-RNA possa ser mais adaptavel as condigées variaveis resultantes do uso de fontes de
energia renovavel. Devido as limitagbes impostas a este estudo pelos cenarios de simulagao utilizados,
trabalhos futuros incluirdo validagao fisica e expansao para sistemas hibridos de maior porte. Conclusdes: O
controlador DSTATCOM baseado em PSO-RNA aqui descrito representa um meio eficiente de aprimorar tanto
a qualidade de energia quanto a estabilidade dindmica de sistemas hibridos de energia renovavel.

Palavras-chave: Rede neural artificial; DSTATCOM,; Sistemas hibridos de recursos energéticos (SHRE);
Otimizagao por Enxame de Particulas; Controle PI; Qualidade de energia.

ABSTRACT

Background: The rapid growth in the number of renewable energy sources (RES) connected to the electrical
grid has created a significant power quality (PQ) issue with voltage instability at the Point of Common Coupling
(PCC) due to their intermittency. Although several controllers have been proposed to address these issues, an
artificial neural network (ANN) based on a DSTATCOM controller for the hybrid grid is commonly used.
However, a standalone ANN typically loses its ability to maintain DSTATCOM control due to premature
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convergence caused by suboptimal weight tuning during sudden changes in weather conditions. Aim: The goal
of this research project is to develop an improved method for tuning the weights of an ANN to enhance its
response to rapid changes in renewable energy output while ensuring the controller operates successfully under
these conditions. Methods: This study proposes using a Particle Swarm Optimization (PSO) algorithm to
optimize the ANN-DSTATCOM controller's tuning weights to regulate the DC-link voltage of a Hybrid Power
System comprising Photovoltaics (PV), Wind Turbines (WT), and conventionally generated electricity. The
proposed controller is implemented and evaluated using MATLAB/Simulink simulations. Results: Our results
were based on simulations comparing the proposed PSO-ANN controller with existing Pl and standalone ANN
controllers. The PSO-ANN controller performed far better than the other two controller types in terms of system
stability and oscillation reduction. Total Harmonic Distortion (THD) is measured at 2.74% for voltage and 3.37%
for current, which meets IEEE 519 compliance while providing a record-breaking, superior response speed that
restores system stability after disturbance or fault events. Discussion: The improved performance of the PSO-
ANN controller compared to other solutions is attributed to the PSO algorithm's ability to efficiently optimize ANN
weights so that the PSO-ANN controller can be more adaptable to varying conditions resulting from the use of
renewable energy sources. Due to the limitations imposed by the simulation scenarios used, future work will
include physical validation and expansion to larger hybrid systems. Conclusions: The PSO-ANN-based
DSTATCOM controller described here represents an efficient means of enhancing both the power quality and
the dynamic stability of hybrid renewable energy systems.

Keywords: Artificial neural network; DSTATCOM; Hybrid energy resource systems (HRES); Particle Swarm
Optimization; Pl Control, Power Quality;
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1. INTRODUCTION: Ranjan et al., 2024). These problems are caused
by the intermittent nature of RES, which can
make the grid as a whole unstable (Habib et al.,

Today, reliance on Renewable Energy
2025). Power compensation devices that help

Sources (RES) has become vital for supplying _
include

power to underserved populations. Solar and
wind energy have generally gained more global
attention because they are plentiful and
sustainable (Das et al., 2022). When connecting
RES to the utility grid, challenges arise regarding
PQ issues such as voltage sags/swells, THD, and
changes in power factor (Sahoo et al, 2023;

overcome some of these problems
UPQC, SVC, DVR, and DSTATCOM (Jha &
Shaik, 2023). However, DSTATCOM is regarded
as the most beneficial of these devices due to its
cost-effectiveness, compactness, and efficient
reactive power support (Etanya et al., 2025). The
performance of any power compensation device
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is influenced by how the function of the
compensator is controlled. On the other hand,
while traditional controllers are easy to
implement, they struggle to maintain stability over
long periods due to fluctuations in renewable
energy generation (Choudhury & Kumar, 2024).
There is a need for advanced intelligent
controllers that respond to changes dynamically
and provide high reliability.

Many control techniques have been tested
recently to improve the performance of
DSTATCOM technology in hybrid systems.
Historically, Conventional Controllers (Especially
the Pl Controller) have been the most common
controller types used because they are easy to
use and implement (Raju et al., 2019). However,
the main drawback of Conventional Controllers is
that they are difficult to tune the proportional and
integral gain parameters to maintain stability
under highly nonlinear and dynamic load
conditions. Hence, researchers have turned to
Fuzzy Logic Controllers (FLC) as a better
alternative that does not require an exact
mathematical model of the system (Rajshekar et
al., 2025).

The problem with FLC is that its
performance depends on the designer’s
knowledge of how to define the rule base and
membership functions, thereby creating a high
computational cost for complex systems. Another
improvement in this area has been to use
Optimization Algorithms to help fine-tune the
traditional controllers’ parameters. Khadse and
Beohar (2024), Alwaeli et al. (2025), Srilakshmi et
al. (2025), and Hammad et al. (2023) used
algorithms to significantly improve the transient
responses of Pl Controllers. Even though these
methods provided improved performance, no
method exists to provide sufficient adaptability to
account for the random variation found in
renewable energy resources.

As a result, the emphasis has shifted to
using Al techniques, especially ANNs, as they
are best at learning and adapting to changes in a
system  (Bousbai, 2026; Hemalatha &
Ramasamy, 2020; Sah & Singh, 2023). The latest
research indicates an increasing trend toward
hybrid intelligent systems to achieve maximum
accuracy. By using optimization algorithms with
Al models for training and weight optimization,
some researchers have achieved improved
control performance (Zaro, 2021). Table 1 shows
the literature comparison.

While advancements have been made in
control strategies for power electronics, several

important gaps remain in the literature. Firstly,
there is a lack of a systematic methodology for
optimizing ANN architectures. Consequently, they
are typically deployed without systematic
refinements, resulting in limited stability across
the entire system. Often, current research either
focuses on Pl controllers that do not perform well
under nonlinear disturbances or completely
replaces them with complex Al-type controllers,
thereby imposing a significant computational
burden and a high implementation cost without
differentiating between critical and non-critical
control loops. Secondly, the interaction between
regulating the DC-link voltage in RES generation,
such as a PV system, and operating
DSTATCOMs has received very little research
attention; therefore, the potential effects this
interaction could have on PCC voltage stability
during both transient and dynamic events have
not been fully explored.

1.1. Aims

To address these challenges, this study
contributes to the field by developing a selective
control strategy that replaces conventional
controllers in the critical DC-link voltage loops of
the PV system and the DSTATCOM with an
intelligently optimized ANN. The PSO algorithm is
employed to develop the optimal ANN structure
and weights in a systematic manner, thereby
significantly improving the stability and dynamic
response of the PCC voltage.

Moreover, these improvements are
achieved with minimal additional system
complexity by continuing to use traditional

controllers in non-critical loops. Thus, the main
contribution of the present research is not only to
implement an ANN optimization based on PSO
but also to introduce a selective control
deployment  that balances performance
improvement and practical implementation in
hybrid renewable energy systems. Comparative
simulations are performed to evaluate the
effectiveness of the proposed control strategy
relative to traditional Pl and standard ANN
controllers under multiple dynamic operating
scenarios, including voltage sag and swell
disturbances,  simultaneous  variations in
renewable energy generation sources, and
single-line-to-ground faults. The results obtained
are used to quantitatively demonstrate the impact
of the proposed control strategy on PCC voltage
stability and power quality. The remainder of this
paper is structured as follows: Section 2 details
the System Configuration. Section 3 explains the
Proposed PSO-ANN Control Strategy. Section 4
presents and analyzes the Results and
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Discussion, and Section the

Conclusion of the study.
2. MATERIALS AND METHODS:

5 provides

2.1. Materials

The system being researched is a grid-tie
hybrid power generation system that combines
renewable energy technologies (PV and WT) with
a traditional electrical grid supply. A DSTATCOM
is used at the point of connection between the
grid and the hybrid system to provide power-
quality improvements (through reactive power
control) and maintain voltage stability as
operating conditions vary. This overall system is
modeled and simulated using MATLAB/Simulink.
To facilitate the development and evaluation of
Intelligent Controllers, a dataset consisting of
9000 sample points was created based on
analyzing the steady-state response of the hybrid
system when operating with a standard analog PI
Controller. This data set is then utilized to train
and validate the ANN-based Controllers. The
technical systems parameters used in the
simulations are summarized in Table 2.

2.2. Methods
2.2.1. System Configuration

The architecture of the hybrid system
evaluated in this paper is depicted in Fig. 1. The
hybrid system comprises two main renewable
energy sources, i.e., a solar PV system and a
wind energy conversion system. It provides
power to the electric utility grid and support load
growth, with the intent of supporting the electric
utility grid in its ability to accommodate the
increase in electric load demand on the utility
grid, taking advantage of the facts that solar and
wind energy sources are two of the most reliable
and sustainable forms of renewable energy
sources (Parija et al., 2019). A DSTATCOM is
used to provide voltage regulation at the PCC.
The primary purpose of the hybrid system is to
determine the interactions among the renewable
energy sources and the effectiveness of the
control strategy in maintaining PCC stability
(Taya et al., 2024). Solar energy systems convert
sunlight into electrical energy (solar irradiance),
and the amount of electricity produced depends
on the intensity of sunlight. Moreover, wind
energy systems use wind to extract kinetic
energy and generate electricity. The output of
wind energy systems also varies with wind
speed. Both solar and wind have problems due to
fluctuations in sunlight and wind. Therefore, they

both contribute to continuous variations in active
power, leading to issues with voltage stability,
reactive power imbalance, and increased THD at
the PCC. A DSTATCOM can help resolve these
issues through dynamic reactive power
compensation and voltage regulation (Prasad et
al., 2026). The DSTATCOM's performance will be
based on the controller used to regulate the
inverter output, which controls both the inverter
output voltage magnitude and phase angle to
adjust the amount of reactive power injected into
or withdrawn from the grid. The amount of
reactive power exchanged with the grid can be
expressed mathematically as in Equation 1:

_ i (Vy—Vcosa)

@ = hthuos) (Eq. 1)

where V1 is the grid voltage, V2 is the inverter
output voltage, Z is the coupling impedance, and
a is the phase angle between the voltages.
Proper control of V2 and « allows effective
voltage regulation and improved power quality.
To achieve this in the synchronous dq reference
frame, the AC terminal voltage regulation is
managed by calculating the error according to
Equation 2:

Verr(n) = Vref — Vactuar (M) (Eq. 2)

This error is processed by an outer PI
controller to generate the reference quadrature
current Iqref as Equation 3:

[CIref(n) = [CIref(n -+ Kp{Verr(n) -

Verr(n — D} + KiVerr (n) (Ea. 3)

where Kp and Ki are the proportional and
integral gain constants. The Iq from the abc to dq
conversion is done using Park Conversion on all
the supply currents. Then, it analogizes Iq and
Iqref, and uses that to feed an inner Switched Pl
current controller that generates Vq (Equations 4
and 5).
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Iqerr(n) = Iqref(n) - Iq(n) (Eq 4)
Vq(n) = Vq(n -+ Kp{lqerr(n) -
Iqerr(n - 1)} + Kilqerr(n) (Eq 5)

Simultaneously, the stabilization of the DC-
link voltage Vdc is critical for maintaining the
required inverter performance. The DC voltage
error is defined in Equation 6:

Vdcerr(n) = Vdcref = Vac(m) (Eq 6)

This error is processed by an outer PI
controller to generate the reference quadrature
current Idref as Equation 7:

[dref(n) = Iderf(n -+ Kp{Vdcerr(n) -
Vdcerr (n - 1)} + Kincerr (n) (Eq 7)

The Id from the abc to dg conversion is done
using Park Conversion on all the supply currents.
Then, it analogizes Id and Idref, and uses that
to feed an inner Switched PI current controller
that generates Vd. Equations 8 and 9.

lyerr(n) = Idref(n) —1g(n) (Eq. 8)
Vd (n) = Vd (Tl - 1) + Kp{lderr(n) -
Iderr(n - 1)} + Kilderr(n) (Eq 9)

Traditionally, a Pl controller is used to DC-link
voltage regulation for both the PV system and the
grid-connected DSTATCOM due to its simplicity.
However, its performance is sensitive to
parameter tuning and may degrade under rapid
fluctuations in renewable generation. ANNs can
improve control, but a standard ANN alone
cannot solve many dynamic control problems
across a wide range of operating conditions.
Therefore, this research proposes an ANN
optimized using PSO. The PSO-ANN will provide

enhanced system response and power quality for
any dynamic control application, as discussed in
the subsequent sections of the paper.

2.2.2. Proposed PSO-Optimized ANN Control
Strategy

To enhance the dynamic performance of the
hybrid system, the PSO algorithm is applied with
an ANN control strategy proposed to regulate the
DC-link voltage of both the PV system and the
DSTATCOM. Accurately and quickly regulating
DC voltage is very important for the safe
operation of the inverter and for providing
sufficient reactive power. To achieve this, the
dataset used to train the ANN controller was
generated from simulation results of the
conventional Pl controller under different
disturbance conditions. A total of approximately
9,000 sample values were collected from both
steady-state and transient responses of the DC
link voltage. This sample was split into three
portions: 70% for training, 15% for validation, and
15% for testing. The ANN inputs are the DC-link
voltage error and its derivative, while the output is
the control signal applied to the voltage regulation
loop. The PSO algorithm was implemented in two
phases to optimize both the ANN architecture
and its connection weights. The PSO was
configured with a swarm size of 30 particles, a
maximum of 100 iterations, acceleration
coefficients C1 = 1.5 and C2 = 1.5, and an inertia
weight of 0.7. The first phase of optimization used
PSO to determine an optimal network topology by
calculating the number of hidden neurons that
yielded the lowest mean squared error (MSE).
This optimal structure consisted of two hidden
layers: the first with 18 neurons and the second
with 28.

After modifying the network topology, the
ANN weights were optimized using PSO to
improve convergence and dynamic performance
(Figure 2). As shown in Table 3, the final reported
MSE provides a good representation of the
overall optimization process and shows the
minimum error achieved by this combined search
for both architecture and weights. The PSO-ANN
control is subsequently implemented in the
system as the replacement for the conventional
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PI Controller. Compared to the fixed-parameter
Pl controller, the proposed PSO-ANN benefits
from better adaptability to different solar
irradiance and wind speed conditions. Therefore,

this results in quicker DC-link voltage
stabilization, less overshoot, and overall
improvement to the performance of the
DSTATCOM to mitigate power quality

disturbances. Fig. 3. summarizes the selection of
controls in the proposed methodology.

Initialize PSO Parameters and ANN

Population size N, inertia weight w, cognitive
coefficient cl,

social coefficient ¢2, maximum iterations T,
initial ANN structure

v

Stage 1: Determine Optimal Hidden Neurons

- Define candidate hidden neuron numbers
- Evaluate fitness function (MSE of DC-link voltage error)
- Select optimal number of hidden neurons

v

Fix ANN Structure

v

Stage 2: Optimize ANN Weights (Using PSO)

Generate Initial
Particle Population

Update Particle
Velocity and Position

v

Evaluate Fitness Function
(MSE of DC-link voltage error)

|

\ 4 \ 4

Update Personal Best Update Global Best
(pbest) (gbest)

Update ANN

Weights

v

No Max Iterations Ye
' Reeached?

-

select Best Solution

Figure 2. Flowchart of the PSO-ANN algorithm

System Start: Hybrid System
(PV +WT + Grid + DSTATCOM )

! |

PV DSTATCOM
Control Loops Control Loops

NA 7

Sensitivity Evaluation

Is this control loop sensitive
to operating condition
variations?

No— —Yes

PI Controller PSO-ANN Controller

® PV DC-Link voltage control
® DSTATCOM DC-Link
voltage Control

® AC Voltage Regulation
® P.Q Current Control Loops
® Inner Current Loops

Figure 3. Proposed hybrid control system.

2.2.3. Controller Tuning and Comparison
Setup

To compare the controllers fairly, all controller
operations occurred under the same system
model, disturbances, and simulation conditions.
Conventional Pl-controller parameters were
tuned using standard methods to achieve stable
regulation of the output DC-link voltage under
nominal operating conditions, with no variation or
noise in the input variables. In contrast, a
standard-tuned ANN controller was trained on
data generated from the Pl-based system's
responses, without utilizing PSO optimization
techniques. The proposed PSO-ANN controller
uses PSO to find an improved set of ANN
parameters; therefore, this setup allows for a
performance comparison that reflects changes in
performance due to differences in the
optimization process.

2.2.4. Statistical Analysis

Because the results come from deterministic
simulations, no traditional statistical testing will be
performed. Assessments will instead be made
based on engineering performance metrics. The
performance of the controller will be compared
with other controllers using standard indices such
as THD and the Integral of Time-weighted
Absolute Error (ITAE). Both of these indices are
commonly used to classify the amount of
waveform distortion and the transient response
performance of an electrical system.
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The ITAE is defined as Equation 10:

ITAE = [ tle(t)|dt (Eq. 10)
where e(t) is the error between the desired and
the actual measured voltage of the DC-link, and T
is the total time that the simulation was run. The
ITAE penalizes errors that persist for extended
periods, which makes it a good indicator of
transient response.

The THD is computed as follows:

2
THD = /2;’;;2‘;—" X 100%
1

where V, is the fundamental component, and Vn
represents the harmonic components of the
voltage or current. The THD is used to quantify
the degree of harmonic distortion in an electrical
system.

All test data were obtained from simulation
output files, and none were missing. Lower
values of THD and ITAE indicate better power
quality and a more rapid dynamic response,
respectively.

(Eq. 11)

3. RESULTS AND DISCUSSION:

3.1. Results

The proposed control approach has been
demonstrated through simulation results to be
capable of addressing power quality issues in
grid-interconnected  hybrid  systems.  The
proposed controller is well-suited to handle
dynamic fluctuations in renewable generation
sources and disturbances at the PCC, such as
voltage fluctuations and faults, thereby enhancing
system stability at the PCC level. Regarding
harmonic performance, the proposed controller
achieved a THD of 2.74% for voltage and 3.37%
for current. Both of these THD values meet the
IEEE 519 limits on THD and therefore indicate
that the power quality provided to the system
during testing met acceptable standards. In
addition, the proposed controller provides a much
more stable voltage profile and a significantly
improved dynamic response than other control
methods, as evidenced by reduced oscillations
and quicker recovery from disturbances. The core
findings from the various testing scenarios are
summarized quantitatively in Table 4.

3.2. Discussion

This study assesses both the evaluation of
the methodology applied and the effect that the
use of this new methodology has on improving
power quality and maintaining system stability.
The hybrid generation system consists of PV/WT
connected to the utility grid, with DSTATCOM
connected at the PCC. The simulations are
performed in MATLAB/Simulink to evaluate the
proposed control strategy against a conventional
PI controller and ANN methods. To demonstrate
that the proposed control method works across
various operating conditions, several scenarios
reflecting typical grid-connected power system
operation are simulated.

3.2.1. DSTATCOM performance during a voltage
swell and sag

Using a programmable AC power source in
MATLAB/Simulink, our proposed methodology is
tested with voltage sags and swells. A voltage
swell occurs from 0.2s to 0.3 s, followed by a
voltage sag from 0.3s to 0.4s (as shown in Figure
4(a)), demonstrating how D-STATCOM plays an
important role by either absorbing or injecting
reactive power into the system to reduce
fluctuations caused by these disturbances. When
voltage sags occur, the DSTATCOM operates in
capacitive mode to inject reactive current into the
system and help stabilize the voltage. When
voltage swells occur, the DSTATCOM uses
inductive mode operation to absorb excess
reactive power from the system (acting as an
inductor) as shown in Figure 4(b). The
effectiveness of reactive power compensation
from the DSTATCOM is evidenced by the rapid
return to steady-state, with minimal oscillation, of
the voltage at the PCC following each
disturbance (as shown in Figure 4(c)).

3.2.2. Performance Under Concurrent Dynamic
Disturbances

This examination tests the proposed
approach's ability to handle multiple simultaneous
disturbances and reflects challenging, typical
operating environments. The solar radiation
decreased rapidly from 1000 W/m? to 800 W/m?
att=1 s and returned to 1000 W/m2 att=1.5s.
Parallel to this decrease, wind speed increased
instantaneously from 15 m/s to 20 m/s att = 1.5
s, along with an additional load change att=2s.
The voltages at the PCC in Fig. 5 show that the
PSO-ANN approach had the least voltage
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overshoot and the fastest settling time across all
scenarios for voltage control. The PSO-ANN
approach also had a greater ability to
compensate for reactive power, as illustrated in
Fig. 6. In addition to these tests and the voltage
sag/swell disturbances, the proposed controller
successfully reduced the THD to 3.37% for
current and 2.74% for voltage. These values not
only exceed the performance of traditional
controllers but also comply strictly with the IEEE
519 international standards. Thus, it can be
concluded that the proposed system improves
power quality and produces a pure sine wave
even during many dynamic operational changing
conditions.

3.2.3. Performance Under Single-Line to Ground
Fault

The testing is designed to confirm the
performance of the system and control algorithm
in terms of dynamic response to a Single Line-to-
Ground (SLG) fault, which commonly occurs. An
SLG fault is simulated from t = 0.2 seconds to t =
0.3 seconds to evaluate how quickly the D-
STATCOM and controllers can provide reactive
power to mitigate the voltage sag caused by the
SLG fault and return the system to normal as
soon as the fault is cleared. The performance of
the system during the pre-fault, fault, and post-
fault periods is illustrated in Fig. 7. During the
SLG fault, the D-STATCOM effectively alleviates
the voltage drop by providing the required
reactive power with very good accuracy. The
PSO-ANN controller shows a slightly faster
recovery from the SLG fault, with a total settling
time of 0.01386 seconds after the fault is cleared,
while some controllers require approximately
0.014005 seconds to reach steady-state.
Although the numerical difference is relatively
small, the results consistently indicate that the
optimized PSO-ANN controller provides a slightly
faster recovery under the studied disturbance
conditions.

4. CONCLUSIONS:

In this work, a new integrated
DSTATCOM system employing a hybrid PSO-
ANN algorithm is proposed to improve power
quality in modern power systems. The work
included the creation and simulation of a hybrid
power system comprising PV, wind, and a
conventional source, connected to a utility grid at
the PCC. The DSTATCOM is installed as the
primary  measure for  reactive  power

compensation and voltage stabilization at PCC to
help overcome dynamic challenges. The main
contribution of this work is the use of a "multiple-
selective-level control strategy,” in  which
traditional PI controllers are used for non-critical
control loops due to their simple functionality and
low processing time. Similarly, the optimized
PSO-ANN intelligent controller is positioned to
control the most important loops (i.e., the DC Link
voltage control that serves both the PV system
and the DSTATCOM), critical to ensuring that the
entire integrated system operates at an
acceptable level of stability.  Through
comprehensive simulation tests under a range of
dynamic conditions, including load changes and
faults, the proposed controller demonstrates
improved performance compared with
conventional Pl and standard ANN controllers.
The results indicate that a significant reduction in
THD to 2.74% for voltage and 3.37% for current
is required to be fully compliant with IEEE 519
standards. Future, it shows the ability to quickly
restore the stability of the hybrid system after a
fault, achieving this within 0.01386 sec, slightly
quicker than that of the standard ANN (0.013875
sec) and conventional Pl (0.014005 sec) control
methods. Thus, the results indicate that the
proposed theory provides a computationally
efficient means of stabilizing complex hybrid
power systems.

5. DECLARATIONS
5.1. Study Limitations

Methodological limitations: This study
relies entirely on deterministic simulations
performed in MATLAB/Simulink. The system
models employ idealized component parameters
and do not account for real-world non-idealities
such as switching losses, electromagnetic
interference, measurement noise, or
communication delays between controllers.

Limitations in sample size: The ANN
training dataset comprises approximately 9,000
sample points derived exclusively from the
steady-state and transient responses of a
conventional Pl controller. This dataset may not
capture the full range of dynamic operating
conditions encountered in real hybrid power
systems, potentially limiting the generalization
capability of the trained network.

Resource or equipment limitations: No
Hardware-in-the-Loop (HIL) testing or physical
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prototype validation was conducted. All results
are based on software simulation, and the actual
performance of the PSO-ANN controller in a real-
time embedded environment remains unverified.

Generalizability limitations: The proposed
controller was evaluated on a single hybrid
system configuration (2 MW PV, 2 MW WT, 3
MVAR DSTATCOM, 25 KV grid). Its performance
under different system scales, network
topologies, higher penetration levels of renewable
energy, or alternative renewable sources (e.g.,
biomass, small hydro) has not been investigated.
Additionally, only balanced three-phase load
conditions and a limited set of fault types (voltage
sag/swell, SLG fault) were considered.
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Table 1. Literature comparison

Ref. Control Method Key findings Limitations
(Raju et al., | PI Controller Successfully compensated for | Slow response during
2019) reactive power, stabilizing the | disturbances
grid through projects completed
using PSCAD/EMDTC.
(Rajshekar | fuzzy PID- | Reduced grid and load currents' | Complex rule design
et al., 2025) | controlled THD to under 0.15% and 0.02%,
respectively, while improving
MPPT extraction from wind-
BESS systems.
(Alwaeli GWO-PI Maintained PCC within a range | Better than manual PI, but still
et al., 2025) | controlled of 0.92 and 0.97 pu during | struggles with nonlinear
three-phase faults, enabling | stochastic solar/wind changes.
improved dynamic response.
(Khadse & | WACH-PI Used the Weighted Chimp | Using traditional distribution
Beohar, controlled Optimization method to optimize | networks that have not been
2024) the fundamental weights of load | validated against the uncertain
currents in improving PQ for | intermittency of hybrid
either balanced or unbalanced | renewable energy sources
loads. (both PV and WT).
(Hemalatha | Standard ANN Implemented constant DC-link | Depends on training data
& voltage, reduced harm output | quality
Ramasamy, versus using traditional Pl and
2020) fuzzy controllers.
(Sah & DBN-CNN Used Deep Belief Nets and | Cost estimates were based on
Singh, Convolutional ~ Networks  to | much larger data sources, and
2023) perform advanced levels of | diverse and new scientific
harmonic feature extraction for | methods were used to collect
the purpose of reducing | real-time implementation data
harmonic levels. for this project. A hybrid
renewable  energy  source
system has never been utilized
within this concept.
Proposed | PSO-ANN Successfully balanced ease/low | Current validation is restricted
work cost of implementation versus |to simulation environments.

accuracy  of performance,
generating THDv of 2.74% and
THDi of 3.37% (per IEEE 519).
Achieved high speeds, while
minimizing oscillations.

future work requires Hardware-
in-the-Loop (HIL)
implementation and real-time
experimental testing.
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Table 2. Parameters of the System

System Parameters Value
Main Grid 25 kV,50Hz
Total Capacity 2MW
PV DC Voltage set point 1200 V
WT WT 2MW
Tr. PV 480 V/ 25 kV
Tr. WT 575 V/ 25 kV
Tr. Load 25kV /600 V
Linear load 4 MW, 0.2MVAR; 600 V
Source Power 3 MVAR
DC Voltage set point 2400 V
DSTATCOM Line Resistance 0.12Q
Line Inductance 0.0039H
DC Link Capacitance 10 mF

Pl Controller parameters

AC Voltage Regulator
DC Voltage Regulator

Current Regulator

Kp=0.55, K;=2500
Kp=0.55, K;=2500

Kp=0.8, K;=200

Table 3. Training performance comparison between ANN and PSO-ANN

Algorithm Hidden (L1) Hidden (L2) Total Final MSE
Epochs
ANN 20 - 116 0.0034904
PSO-ANN 18 28 130 0.002443
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Table 4. Comparative System Performance Results

Performance Conventional Standard Proposed
Parameter Pl ANN PSO-ANN
THDv 3.15% 3.10% 2.74%
THDi 3.47% 3.46% 3.37%
Settling Time 0.014005s 0.013875s 0.01386s
after Fault
ITAE 5.0719e-06 5.0122e-06 4.6594e-06
List of abbreviations
Full From Abbreviation

Artificial intelligence

Artificial neural network
Convolutional Neural Network
Deep Belief Network
Dynamic Voltage Restorer
Dynamic Static Compensator
Grey Wolf Optimization
Particle Swarm Optimization
Photovoltaic

Point of common coupling
Power quality
Proportional-Integral

Static VAR Compensator
Total Harmonic Distortion
Unified Power Quality Conditioner

Weighted Chimp Optimization Algorithm

Wind Turban

Al
ANN
CNN
DBN
DVR
DSTATCOM
GWO
PSO
PV
PCC
PQ

Pl
SVC
THD
UPQC
WdCH
WT
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RESUMO

Introducdo: A resisténcia antimicrobiana (RAM) é uma ameaca global a salde publica, com a resisténcia
antiprotozodria recebendo menos atencdo, especialmente em populagbes vulneraveis. Pacientes com
transtornos mentais, frequentemente sob terapia psicotropica de longo prazo, podem apresentar alteragées no
microbioma intestinal que potencializam infec¢des parasitérias e resisténcia a medicamentos. Objetivo: Este
estudo teve como objetivo investigar a prevaléncia de parasitoses intestinais e caracterizar a resisténcia de
Blastocystis hominis aos antiprotozoarios metronidazol e trimetoprima em pacientes com transtornos mentais.
Métodos: Foi conduzido um estudo retrospectivo com andlise de prontuarios de 40 pacientes de um centro
psiquiatrico. A parasitocenose intestinal foi avaliada por métodos bacterioscépicos e de cultivo em meio de Jones.
A sensibilidade de cepas de Blastocystis hominis isoladas foi determinada pelo método de disco-difusao e pela
concentracao inibitéria minima (CIM). Resultados: Infeccoes protozoarias foram detectadas em 27,5% (11/40)
dos pacientes, com Blastocystis hominis sendo o mais prevalente (53,8% dos casos positivos). Entre as cepas
isoladas, 42,9% foram sensiveis ao metronidazol e 57,1% a trimetoprima; as demais foram resistentes. A CIM
para metronidazol foi de 1072 mg/mL e para trimetoprima, 107* mg/mL. Conclusoées: Foi identificada uma alta
taxa de resisténcia antiprotozodaria em Blastocystis hominis nesta populacdo vulneravel, possivelmente associada
a disbiose intestinal induzida por psicofarmacos. Os resultados enfatizam a necessidade de monitoramento
parasitoldgico e teste de sensibilidade antes da terapia empirica nesse grupo.
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Palavras-chave: Blastocystis hominis; Resisténcia antiprotozoaria; Metronidazol;, Trimetoprima,; Transtornos
mentais; Microbioma intestinal.

ABSTRACT

Background: Antimicrobial resistance (AMR) is a global public health threat, with antiprotozoal resistance
receiving less scrutiny, particularly in vulnerable populations. Patients with mental disorders, often on long-term
psychotropic therapy, may have altered gut microbiomes that could predispose them to parasitic infections and
drug resistance. Aim: This study aimed to investigate the prevalence of intestinal parasitosis and characterize
Blastocystis hominis resistance to the antiprotozoal drugs metronidazole and trimethoprim in patients with mental
disorders. Methods: A retrospective study was conducted by analyzing medical records of 40 patients from a
psychiatric center. Intestinal parasitocenosis was assessed using bacterioscopic and culture methods on Jones'
medium. The susceptibility of isolated Blastocystis hominis strains was determined by the standard disk diffusion
method and by assessing the minimum inhibitory concentration (MIC). Results: Protozoal infections were
detected in 27.5% (11/40) of patients, with Blastocystis hominis being the most prevalent (53.8% of positive
cases). Among the isolated strains, 42.9% were sensitive to metronidazole and 57.1% to trimethoprim; the
remaining strains were resistant. The MIC for metronidazole was 1072 mg/mL, and for trimethoprim, 10™* mg/mL.
Conclusions: A high rate of antiprotozoal drug resistance in Blastocystis hominis was identified in this vulnerable
population, potentially linked to antipsychotic-induced gut dysbiosis. The findings underscore the need for
parasitic monitoring and susceptibility testing prior to empirical therapy in this group.

Keywords: Blastocystis hominis; Antiprotozoal resistance; Metronidazole; Trimethoprim; Mental disorders; Gut
microbiome.

AHHOTALIUA

BBeneHue: AHTUMUKpOBHas pesnucteHTHocTb (AMP) npeactasnsaeT cobon rnobanbHyto yrpo3y obLecTBEHHOMY
3[00pPOBbLI0, MPUYEMY PE3NCTEHTHOCTU MPOCTENLUNX yAenseTcs MeHbLle BHUMaHUSA, OCOOEHHO cpeau ysi3BUMbIX
rpynn Hacenenus. [laumeHTbl C MCUXMYECKMMM PacCTPOMCTBaMW, 4acTO Haxogsdwmecs Ha ANUMTenbHOW
MCUXOTPOMHONM Tepanuu, MOryT UMETb U3MEHEHUS MUKPOOMOMA KWLLEYHMKA, CNOCOBCTBYIOWME NapasuTapHbIM
WMHEKUNAM 1 pas3BUTUIO NeKkapcTBeHHOM ycTondmBocTu. Lenb: ViccnegoBaTtb pacnpoCTpaHEHHOCTb KULLEYHbIX
napasnTo30B M OxapakTepu3oBaTb PEe3NCTEHTHOCTb Blastocystis hominis k aHTMNPOTO30WHBLIM MpenapaTam
MEeTPOHMAA30My U TPUMETONPUMMY Yy MAUMEHTOB C MNCUXUYecKkumun paccTtporictBamu. MeTtoabl: [MpoBeageHo
peTpoCneKkTUBHOE WUCCNeAoBaHNE Ha OCHOBE aHanu3a MeauMuMHCKMX kapT 40 nauueHToB MCUXMaTpUyecKoro
ueHTpa. KuweyHasa napasuToLeHO3 oueHnBanach 6akTepMoCKONUYEeCKMM MeETOAaMN U KyNbTUBUPOBAHMEM Ha
cpene [xoHca. YyBCTBUTENBHOCTb BblAENEHHbIX LWTaMMOB Blastocystis hominis onpepensnacb MeToaoMm
ONCKOBOWM Onpdy3snm 1 OLEHKOM MUHMManbHOM nopasnsowen koHueHtpauun (MIK). PesynbTtathbl:
MpoTo3onHble HdeKUnn BbisBReHb! Y 27,5% (11/40) nauneHToB, npu aTom Blastocystis hominis 6e1n Hanbonee
pacnpocTpaHeH (53,8% nonoxuTenbHbix criydaeB). Cpean BblAENEHHbIX WTamMMOB 42,9% Oblnv YyBCTBUTENbHbI
K MeTpoHunaasony n 57,1% K TpumMeTonpumMy; ocTasbHble LWTaMMbl Obinn peancteHTHbl. MK ana meTpoHugasona
coctasuna 107° wmr/mn, gns Ttpumetonpuma — 107 wmr/mn. BbiBoabl: BbiSIBNeH BbICOKMIA YPOBEHb
PEe3NCTEHTHOCTU K aHTUNPOTO30MHbIM NpenapaTam y Blastocystis hominis B 4aHHOW ySa3BUMOW NONynsLmn, YTO,
BO3MOXXHO, CBSI3aHO C MHOYLIMPOBAHHOW aHTUMCUXOTUKAMMU OUCOMOTUYECKON CPeaon KulieyHuka. PesynbTtaThl
noayvepknBaloT HeobXo0AMMOCTb NapasnTONOrMYeckoro MOHUTOPUHIa U TECTUPOBaHMUS YyBCTBUTENbLHOCTN Nepes
Ha3HayYeHneMm aMNMpUYEecKon Tepanumn B 3TOW rpynne.

KnioueBble cnoBa: Blastocystis hominis; AHmunpomo3olHass pe3ucmeHmMHOCMb;
Tpumemonpum;, lNcuxudeckue paccmpoticmea; KuweyHbil MUKpobuom.

Memponudason;

1. INTRODUCTION:

The escalating crisis of antimicrobial
resistance (AMR) stands as one of the most
formidable challenges to global public health in the
21st century, threatening to undermine the
foundational pillars of modern medicine. The
World Health  Organization (WHO) has

consistently ranked AMR among the top ten global
health threats, warning that without urgent and
coordinated action, the world is drifting toward a
post-antibiotic era where common infections and
minor injuries could once again become fatal
(Courvalin, 2016). The ramifications of widespread
antimicrobial inefficacy are profound and
multifactorial, encompassing increased morbidity
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and mortality, prolonged illness duration, higher
frequencies of severe complications and
bloodstream infections, and staggering economic
burdens on healthcare systems and societies
worldwide (Mukhina, 2017; Namazova-Baranova
& Baranov, 2017). Crucially, the viability of
advanced  medical interventions—including
complex surgeries, organ transplantation, cancer
chemotherapy, and management of chronic
diseases—is fundamentally contingent upon the
ability to prevent and treat infectious
complications, a capability critically eroded by the
rise of resistant pathogens (Chernenkaya &
Godkov, 2015; Kapoor et al., 2017).

While the phenomenon of bacterial
resistance to antibiotics has justifiably dominated
scientific discourse, public health initiatives, and
media attention for decades, the parallel and
equally critical issue of resistance among
eukaryotic pathogens, particularly parasitic
protozoa, has received disproportionately less
scrutiny. This disparity is concerning given the
immense global burden of parasitic diseases,
which disproportionately affect populations in
regions with limited access to clean water,
inadequate sanitation, and fragile healthcare
infrastructure (Kappagoda et al., 2011). Protozoal
infections such as amoebiasis, giardiasis, and
blastocystosis contribute significantly to global
morbidity, causing diarrheal disease, malnutrition,
and growth stunting, particularly in children
(Nurtayeva et al., 2018). The clinical arsenal of
antiprotozoal drugs is inherently limited, and the
pipeline for developing novel agents is sluggish
and underfunded. Consequently, the preservation
of existing therapies through prudent use, robust
surveillance, and a deep understanding of
resistance mechanisms is not merely important
but essential for maintaining global health equity
(El-Taweel, 2015).

The human intestinal microbiome, a
complex and dynamic ecosystem comprising
trillions of bacteria, archaea, viruses, fungi, and
eukaryotes, is now recognized as a central
orchestrator of host physiology. Its functions
extend far beyond digestion to include nutrient
metabolism, vitamin synthesis (notably B vitamins
and vitamin K), immune system modulation and
education, protection against colonization by
pathogens (a phenomenon known as colonization
resistance), and maintenance of intestinal barrier
integrity (Rudzki et al., 2021). In recent years, a
paradigm-shifting body of evidence has elucidated
the existence of a bidirectional communication
network between the gut and the brain, termed the
gut-brain axis. This axis involves neural,

endocrine, immune, and metabolic pathways—
including the vagus nerve, the hypothalamic-
pituitary-adrenal (HPA) axis, and systemic
circulation of microbial metabolites—through
which the gut microbiota exerts a significant
influence on central nervous system (CNS)
function, neurodevelopment, neuroinflammation,
and ultimately, behavior (Meng et al., 2021; Li et
al., 2021).

A direct consequence of this
understanding is the recognition that a state of
imbalance or dysbiosis in the gut microbial
community is implicated in the pathogenesis of a
diverse array of disorders. These range from
gastrointestinal conditions like inflammatory bowel
disease (IBD) and irritable bowel syndrome (IBS)
to systemic metabolic disorders such as obesity
and type 2 diabetes, autoimmune diseases, and,
most pertinently for this research, neuropsychiatric
conditions including major depressive disorder,
anxiety disorders, schizophrenia, bipolar disorder,
and autism spectrum disorders (Torshin et al.,
2022; Wang et al., 2021). The mechanisms linking
dysbiosis to mental illness are multifaceted and
interconnected. Firstly, a healthy microbiota is
essential for the synthesis and metabolism of key
micronutrients, particularly B vitamins (B2, B6, B9,
B12), which serve as critical cofactors in the
synthesis of neurotransmitters such as serotonin,
dopamine, noradrenaline, and gamma-
aminobutyric acid (GABA). Deficiencies in these
vitamins have been clinically and experimentally
linked to the onset and progression of various
psychiatric conditions (Rudzki et al, 2021).
Secondly, dysbiosis can compromise intestinal
epithelial barrier function, leading to increased

intestinal  permeability ("leaky gut") and
subsequent translocation of bacterial
lipopolysaccharides (LPS) and other pro-

inflammatory microbial products into systemic
circulation. This triggers a state of chronic, low-
grade systemic inflammation and can activate
neuroinflammatory pathways in the brain, which is
increasingly recognized as a core component of
the pathophysiology of several mental disorders
(Meng et al, 2021). Thirdly, gut microbes
themselves produce and modulate a vast array of
neuroactive compounds, including short-chain
fatty acids (SCFAs), neurotransmitters, and
tryptophan metabolites, which can directly or
indirectly influence brain function.

A critical and often overlooked factor in this
equation is the pharmacological agent itself. It is
well-established that broad-spectrum antibiotics
cause profound and sometimes long-lasting
disruptions to gut microbial diversity and
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composition. However, a growing and compelling
line of evidence indicates that many psychotropic
medications—including  antipsychotics, mood
stabilizers, and antidepressants—also possess
intrinsic  antimicrobial properties and can
significantly alter the gut ecosystem (Maier et al.,
2018; Bugero, 2004). For instance, an influential
experimental study demonstrated that
administration of lithium, valproate, fluoxetine, or
escitalopram to rats over four weeks induced
selective and significant shifts in their gut
microbiota, notably increasing the relative
abundance of bacteria from the Clostridium genus,
which includes numerous opportunistic pathogens
(Maier et al., 2018). This drug-induced dysbiosis is
not a passive side effect but may create a self-
perpetuating cycle: psychotropic drugs alter the
microbiome, and the altered microbiome, in turn,
can affect the drug's pharmacokinetics
(metabolism, bioavailability), pharmacodynamics,
and even its clinical efficacy and side-effect profile
(Li et al, 2021). This reciprocal relationship
suggests that the gut environment in patients
undergoing long-term psychotropic therapy is
fundamentally distinct, potentially creating an
ecological niche that favors the proliferation of
specific microorganisms, including opportunistic
parasites.

Among intestinal protozoa, Blastocystis
hominis occupies a unique position. It is one of the
most common eukaryotic organisms found in the
human gastrointestinal tract worldwide, with
prevalence rates varying dramatically across
populations.  Blastocystis exhibits  significant
genetic diversity, with numerous subtypes (STs)
identified, of which ST1, ST2, ST3, and ST4 are
most frequently reported in humans (Stensvold et
al.,, 2010; llyina & Kasatkina, 2010). Its clinical
significance remains contentious, ranging from
being considered a commensal to a true pathogen
associated with irritable bowel syndrome-like
symptoms, urticaria, and chronic fatigue (Abedi et
al., 2022). The pathogen is transmitted via the
fecal-oral route, often through contaminated water
or food. Diagnosis traditionally relies on
microscopic examination of stained stool smears,
though this method lacks sensitivity and specificity
compared to modern molecular techniques like
polymerase chain reaction (PCR) (Gureser et al.,
2023; Rudzinska & Sikorska, 2023).

The therapeutic arsenal for blastocystosis
and other protozoal infections is limited. First-line
drugs include 5-nitroimidazoles like metronidazole
and tinidazole, nitazoxanide, and iodoquinol
(Kappagoda et al., 2011). However, the efficacy of
these drugs, particularly metronidazole, is

increasingly compromised by the emergence of
resistance. The molecular mechanisms of
resistance in protozoa are complex. In related
anaerobic protozoa like Giardia lamblia and

Entamoeba histolytica, resistance to
metronidazole is frequently associated with
reduced expression or activity of

pyruvate:ferredoxin oxidoreductase (PFOR) and
ferredoxin, enzymes critical for the intracellular
reductive activation of the nitro-group of the
prodrug into its cytotoxic nitroradical anion
(Kapoor et al., 2017; Lerminiaux & Cameron,
2019). Data on Blastocystis hominis susceptibility
are more variable, but studies consistently report
that not all clinical isolates are uniformly sensitive,
indicating a natural variation and potential for
selected resistance (llyina & Kasatkina, 2010).
Furthermore, the persistence and potential
pathogenicity of Blastocystis may be enhanced in
a dysbiotic gut environment, as suggested by
correlations  between its  antilysozyme/an_
tilactoferrin activity and the degree of intestinal
microbiota disruption (Bugero et al., 2020). Recent
evidence specifically links Blastocystis carriage
and metronidazole-resistant forms to patients with
schizophrenia, further supporting the relevance of
this investigation (Franklin et al., 2022).

Despite the clear intersections between
psychotropic drug use, gut dysbiosis, and
vulnerability to opportunistic infections, there
remains a profound and significant gap in the
scientific literature regarding the state of intestinal
parasitocenosis—and specifically antiprotozoal
drug resistance—in individuals with mental and
behavioral disorders. This patient population
represents a distinct high-risk cohort: subjected to
long-term pharmacological regimens that alter gut
ecology, potentially immunocompromised, and
often residing in congregate settings like
psychiatric  hospitals. These factors may
collectively foster an environment conducive to the
colonization, persistence, and selection of drug-
resistant parasitic strains. The scarcity of research
addressing this specific nexus constitutes a critical
oversight in both psychiatric and parasitological
clinical practice. Moreover, regional
epidemiological data on intestinal parasites,
including resistance patterns, are notably lacking
for the Pskov Region of Russia, rendering any
localized investigation of substantial public health
importance (Nurtayeva et al., 2018).

Therefore, this study seeks to bridge this
knowledge gap by investigating antiprotozoal drug
resistance using a novel and clinically relevant
model: the intestinal parasitocenosis of patients
undergoing treatment at a specialized psychiatric
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institution. By focusing on this pharmacologically
manipulated and vulnerable population, the
research aims to provide new insights into the
ecology of drug resistance beyond the traditional
bounds of bacterial pathogens.

1.1. Aims

The primary aim of this study was to
identify and characterize resistance to first-line
antiprotozoal  drugs (metronidazole  and
trimethoprim) in Blastocystis hominis strains
isolated from a high-risk cohort—patients with
diagnosed mental and behavioral disorders
receiving antipsychotic therapy.

The specific objectives derived from this
aim were:

1. To determine the prevalence and species
composition of intestinal parasites in the
studied patient cohort from a psychiatric
hospital.

2. Toisolate and identify Blastocystis hominis
from positive samples as the target
protozoan for resistance analysis.

3. To evaluate the in vitro susceptibility of the
isolated Blastocystis hominis strains to
metronidazole and trimethoprim using the
disk diffusion method.

4. To determine the minimum inhibitory
concentration (MIC) of metronidazole and
trimethoprim  against the  isolated
Blastocystis hominis strains.

2. MATERIALS AND METHODS:

2.1. Materials

The study utilized the following materials,
reagents, and equipment to ensure
methodological rigor and reproducibility:

Study Population and Data Source:
Retrospective data and results were extracted
from the anonymized medical records of 40
patients hospitalized at the Pskov Regional
Clinical Center for Psychiatry and Narcology
between May 2022 and February 2023.

Microbiological Culture Media: Jones'
medium, modified, prepared in-house for the

isolation and cultivation of Blastocystis hominis.
The medium was supplemented with 10% (v/v)
inactivated horse serum (Biolot, Russia) to
promote protozoal growth.

Staining Reagents: Lugol's iodine solution
(Microgen, Russia) for staining stool smears
during parasitological examination.

Antibiotic Disks for Susceptibility Testing:
Commercially available, standardized antibiotic
susceptibility disks (AB Biodisk, Sweden) were
used for the disk diffusion assay. The disks
contained the following agents and
concentrations: Metronidazole (5 pg/disk) and
Trimethoprim (5 pg/disk). The potency of each
disk lot was verified prior to use.

Antibiotics  for MIC  Determination:
Analytical standard grade Metronidazole (Sigma-
Aldrich, USA) and Trimethoprim (Sigma-Aldrich,
USA) were used to prepare stock solutions for the
broth microdilution tests.

Equipment: Biological safety cabinet class
Il (Biosan, Latvia); anaerobic workstation with gas
mixture (85% N3, 10% H,, 5% CO,) for incubation
of Blastocystis cultures (Don Whitley Scientific,
UK); binocular light microscope (Olympus CX23,
Japan) for microscopy; automatic micropipettes
(Eppendorf, Germany); 96-well flat-bottom cell
culture plates (Corning, USA) for MIC testing;
incubator maintained at 37°C (Binder, Germany).

2.2. Methods

2.2.1 Study Design and Population

A retrospective cohort analysis was
conducted. The initial screening identified patients
who had undergone mandatory parasitological
and bacteriological examination upon admission.
The final sample comprised 40 consecutive
medical records with complete datasets. Inclusion
criteria were: (1) age = 18 years; (2) a primary
diagnosis of a mental or behavioral disorder (FOO-
F99 according to ICD-10); (3) availability of
complete results from stool parasitological
analysis. All included patients were receiving
standard antipsychotic therapy (e.g., haloperidol,
chlorpromazine, levomepromazine). Exclusion
criteria were not applied based on gender, specific
psychiatric diagnosis, or somatic comorbidities to
reflect the real-world clinical population of the
center
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2.2.2 Parasitological Examination and Isolation of
Blastocystis hominis

Stool samples were processed according
to the methodological guidelines "MUK 4.2.735-
99: Parasitological methods for Ilaboratory
diagnosis of helminthiases and protozooses."
Direct microscopic examination of both native and
Lugol’'s iodine-stained smears was performed to
detect cysts and trophozoites of intestinal
protozoa. For the isolation and cultivation of
Blastocystis hominis, approximately 1 g of stool
sample was inoculated into 5 mL of Jones'
medium supplemented with 10% inactivated horse
serum. Cultures were incubated anaerobically at
37°C for 7-10 days. Culture purity and parasite
density were monitored daily by light microscopy.
Periods of maximum growth (typically days 3 and
7 post-inoculation), with protozoan concentrations
reaching 1-2 x 10® cells/mL, were selected for
subsequent resistance testing.

2.2.3 Antibiotic Susceptibility Testing

Disk Diffusion Method. The susceptibility of
Blastocystis hominis isolates to metronidazole and
trimethoprim was assessed using an adapted disk
diffusion protocol. A standardized inoculum was
prepared from a 3-day or 7-day culture, adjusted
to a density of 1-2 x 108 cells/mL in sterile saline.
This suspension was uniformly spread onto the
surface of solid agar plates (Jones' medium with
1.5% agar). Antibiotic disks were aseptically
placed on the inoculated surface. Plates were
incubated anaerobically at 37°C for 48 hours. The
diameter of the growth inhibition zone around each
disk was measured in millimeters using a
calibrated caliper. All tests were performed in
duplicate, and the mean diameter was calculated.
Laboratory personnel were blinded to any patient
identifiers during the reading of inhibition zones.

To ensure methodological validity, quality
control was performed using a reference strain of
Giardia lamblia (ATCC 30888) with known
sensitivity to metronidazole. The inhibition zones
for the control strain fell within the expected range
for the specific disk lot used.

Interpretation of results for Blastocystis
hominis was based on criteria adapted from
established parasitological research (llyina &
Kasatkina, 2010; Mirza et al, 2011), as
internationally standardized clinical breakpoints
(e.g., CLSI, EUCAST) are not currently defined for
this organism. Strains were classified as: Highly
Sensitive (inhibition zone > 25 mm), Sensitive (15—
25 mm), Low Sensitive (10—15 mm), and Resistant
(< 10 mm).

Determination of Minimum  Inhibitory
Concentration (MIC). A broth microdilution method
was employed to determine the MIC. Two-fold
serial dilutions of metronidazole and trimethoprim
were prepared in Jones' liquid medium in a 96-well
plate, resulting in a final concentration range of
512 pg/mL to 0.5 pg/mL for both drugs. Each well
was inoculated with a standardized culture of
Blastocystis hominis (final concentration ~1 x 10°
cells/mL). Positive control wells contained the
culture without antibiotics, and negative control
wells contained sterile medium only. The plate was
incubated anaerobically at 37°C for 72 hours. The
MIC was defined as the lowest concentration of
the antibiotic that completely inhibited visible
growth (no turbidity) compared to the positive
control, as assessed by visual inspection under a
microscope. Each assay was performed in
triplicate.

2.2.4 Statistical Analysis

Data analysis was performed using
Microsoft Excel 2019 and R Statistical Software
(v4.3.1). Descriptive statistics were applied.
Categorical variables (e.g., prevalence of
infection, sensitivity/resistance) are presented as
absolute counts (n) and percentages (%). Given
the sample size, 95% confidence intervals (Cls) for
proportions were calculated using the Wilson
score interval method to accurately represent the
precision of the estimates. Continuous variables
(e.g., inhibition zone diameters) are presented as
mean * standard deviation (SD). For comparison
of sensitivity rates between the two antibiotics,
McNemar's test was applied due to the paired
nature of the data (each strain tested against both
drugs). A p-value of < 0.05 was considered
statistically  significant. The reporting  of
comorbidity prevalence was corrected from mean
+ SD to simple percentages with counts (n/N) to
avoid statistical error propagation.

3. RESULTS AND DISCUSSION:

3.1. Results

3.1.1. Demographic and Clinical Characteristics of
the Cohort

The study analyzed data from 40 patients
(27 males, 13 females) aged 18 to 65 years (mean
age 33 + 10.5 years). Analysis of medical records
revealed the spectrum of comorbid somatic
conditions. Cardiovascular system diseases were
recorded in 26.7% of patients (10/40), nervous
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system disorders (excluding the primary
psychiatric diagnosis) in 31.2% (12/40), and
digestive system pathologies in 19.8% (8/40).
Respiratory and skin conditions were present in
lower frequencies.

3.1.2. Prevalence and Composition of Intestinal
Parasitocenosis

The parasitological examination revealed
that 32.5% (13/40; 95% ClI: 19.5-48.7%) of the
studied patients were infected with intestinal
parasites. The distribution of parasitic infections is
shown in Figure 1. Protozoan infections accounted
for the majority of cases, detected in 27.5% of all
patients (11/40; 95% Cl: 15.1-43.9%), while
helminth infection (Enterobius vermicularis) was
found in 5% (2/40; 95% CI: 0.9-16.9%).

Blastocystis hominis was the predominant
parasite, identified in 53.8% of all positive cases
(7/18; 95% Cl: 25.5-78.7%). Giardia lamblia was
found in 30.8% (4/13; 95% CI: 11.0-60.6%), and
Enterobius vermicularis in 15.4% (2/13; 95% CI:
2.7-46.3%). The species composition of the
identified parasitocenosis is presented in Figure 2.

3.1.3. Antibiotic Susceptibility of Blastocystis
hominis Isolates

All seven isolated Blastocystis hominis
strains were tested for susceptibility to
metronidazole and trimethoprim. Using the disk
diffusion method, 42.9% of strains (3/7; 95% CI:
15.8-75.0%) were classified as sensitive to
metronidazole, while the remaining 57.1% (4/7;
95% Cl: 25.0-84.2%) were resistant. For
trimethoprim, 57.1% of strains (4/7; 95% CI: 25.0—
84.2%) were sensitive, and 42.9% (3/7; 95% CI:
15.8-75.0%) were resistant. McNemar's test
revealed no statistically significant difference in
the distribution of sensitive/resistant phenotypes
between the two drugs within this cohort (x2 = 0.00,
p = 1.00), indicating a comparable, high level of
resistance for both agents.

3.1.4. Minimum Inhibitory Concentration (MIC)

The quantitative broth microdilution assay
confirmed the resistance patterns observed in the
disk diffusion test. The determined MIC values
were: 107 mg/mL for metronidazole and 107
mg/mL for trimethoprim. The sensitivity of the
tested Blastocystis hominis strains to the study
drugs is summarized in Figure 3.

27.5%

BNo parasitic infections ® Protozoosis  Helminthiasis

Figure 1. Distribution of intestinal parasitic
infections among the examined patients with
mental disorders (n=40). Data are presented as
percentage of total patients with 95% confidence
intervals.

30,8%

m Blastocystis hominis u Lamblia intestinalis

Figure 2. Species composition of intestinal
parasitocenosis in infected patients (n=13). Data
are presented as percentage of total positive
cases.

42.9%

57.1%

=R (Resistant) S (Sensitive)

®R (Resistant) S (Sensitive)

a) to metronidazole b) to trimethoprimus

Figure 3. In vitro susceptibility of
Blastocystis ~ hominis  strains  (n=7) to
metronidazole and trimethoprim. Left panel:
Proportion of sensitive and resistant strains
determined by disk diffusion method. Right panel:
Determined Minimum Inhibitory Concentration

(MIC) values for each drug.

3.2. Discussion

The present study provides novel and
clinically significant insights into the intersection of
antiprotozoal drug resistance, gut ecosystem
dynamics, and mental healthcare. Our findings
confirm the initial hypothesis that patients with
mental and behavioral disorders—a cohort subject
to long-term psychotropic pharmacotherapy—
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represent a high-risk group not only for intestinal
parasitic colonization but also for harboring drug-
resistant strains of Blastocystis hominis. The data
reveal a troubling epidemiological picture
characterized by a high prevalence of parasitosis
and substantial in vitro resistance to first-line
therapeutic agents.

The overall prevalence of intestinal
parasites (32.5%) in our cohort is markedly higher
than rates typically reported for the general adult
population in non-endemic regions of the Russian
Federation. This elevated burden underscores
specific vulnerabilities associated with severe
mental illness. These may include factors related
to the institutional environment, potential lapses in
personal hygiene during acute phases of illness,
and, most critically, the iatrogenic alteration of the
intestinal microenvironment. Our finding that
Blastocystis hominis was the dominant parasite
(53.8% of infections) aligns with its global status
as a common gut eukaryote. However, its
predominance in this specific setting is noteworthy
and may reflect a particular ecological advantage
within a dysbiotic gut. This observation is
consistent with recent findings by Franklin et al.
(2022), who reported a higher prevalence of
Blastocystis and metronidazole-resistant forms
specifically in schizophrenic patients compared to
controls.

The core and most alarming result of this
investigation is the high level of resistance to
metronidazole and trimethoprim observed in the
isolated Blastocystis hominis strains. Only 42.9%
and 57.1% of strains were sensitive to
metronidazole and trimethoprim, respectively, with
McNemar's test confirming no statistically
significant  difference in resistance profiles
between the two drugs (p=1.00). This statistical
equivalence indicates that within this cohort, the
efficacy of both frontline agents is comparably
compromised. The determined MIC values (1072
mg/mL for metronidazole and 10™ mg/mL for
trimethoprim) ~ quantitatively ~ support  this
resistance,  suggesting that  supracinical
concentrations would be required to achieve
inhibition in vitro. These resistance rates exceed
those described in some general population
studies of Blastocystis susceptibility (llyina &
Kasatkina, 2010; Kappagoda et al., 2011; Mirza et
al., 2011; Roberts et al.,, 2015), which have
demonstrated  significant  subtype-dependent
variations and the existence of naturally less
susceptible strains. However, the proportion of
resistant isolates in our psychiatric cohort appears
elevated compared to some general population
surveys, pointing to a potential selection pressure

unique to the psychiatric inpatient setting.

We posit that the long-term administration
of antipsychotic medications is a key driver of this
phenomenon, creating a perfect storm for the
selection of resistant protozoa. As reviewed in the
introduction, a growing body of evidence
demonstrates that psychotropic drugs possess
significant antimicrobial properties and can
profoundly reshape the gut microbiota (Maier et
al., 2018; Bugero, 2004). Drugs such as valproate
and lithium have been shown to increase the
abundance of Clostridium spp., while others alter
microbial diversity and metabolic output. This
drug-induced dysbiosis likely compromises the
gut's natural colonization resistance—the ability of
the resident microbiota to suppress pathogen
expansion. Furthermore, an altered biochemical
milieu (e.g., shifts in pH, redox potential,
metabolite availability) may directly or indirectly
apply selective pressure on parasitic populations.
For instance, sub-inhibitory exposure to drug
metabolites or a dysbiosis-associated
inflammatory environment could enrich for
protozoal strains with pre-existing or newly
acquired resistance mechanisms. In related
pathogens like Giardia lamblia, metronidazole
resistance is linked to downregulation of
nitroreductase enzymes (Kapoor et al., 2017; El-
Taweel, 2015). It is plausible that the chronic, low-
grade stress of a dysbiotic environment selects for
Blastocystis subtypes or phenotypic variants with
reduced drug activation or enhanced efflux
capabilities. Our prior research supports this,
showing a correlation between the persistent
potential of Blastocystis spp. and the degree of
intestinal dysbiosis (Bugero et al., 2020).

Our results find a compelling context within
the broader literature on the gut-brain axis in
psychiatry. Studies have consistently documented
significant gut dysbiosis in patients with
schizophrenia, depression, and bipolar disorder
(Torshin et al., 2022; Li et al., 2021). While these
studies focus on bacterial communities, they
establish that the "psychiatric gut" is a distinct and
altered ecosystem. Our work extends this concept
by demonstrating that this dysbiotic state may also
favor the establishment of drug-resistant
eukaryotic parasites, adding a new layer of clinical
complexity. The "microbiome
psychopathogenicity" indices described by
Torshin et al. (2022) may thus be indirectly linked
to risks beyond metabolic and immune
dysfunction, encompassing opportunistic parasitic
infections that are difficult to treat.

The clinical implications of these findings

are substantial. The standard empirical
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prescription of metronidazole for suspected
protozoal diarrhea in this patient population may
be ineffective in over half of the cases involving
Blastocystis hominis. Treatment failures can lead
to chronic, unresolved gastrointestinal symptoms,
which may be misattributed to functional disorders
or side effects of psychotropic medication, leading
to unnecessary diagnostic delays and altered
psychiatric  pharmacotherapy. Therefore, a
paradigm shift in clinical practice is warranted. For
psychiatric inpatients with persistent
gastrointestinal symptoms, routine parasitological
examination should be considered. More
importantly, when Blastocystis hominis is
detected, moving away from empirical therapy
toward treatment guided by in vitro susceptibility
testing, where feasible, could significantly improve
outcomes. This study serves as a clear signal for
the need for heightened vigilance regarding
parasitic infections in mental health facilities.

4. CONCLUSIONS:

This study represents the first systematic
investigation to identify and document the
phenomenon of antiprotozoal drug resistance in
Blastocystis hominis strains isolated from a
vulnerable and pharmacologically unique cohort—
patients with mental and behavioral disorders
undergoing antipsychotic therapy. The key
findings conclusively demonstrate:

A high prevalence of intestinal parasitosis
(32.5%) was confirmed in the examined
psychiatric inpatient cohort, with protozoan
infections constituting the majority of cases
(27.5%).

Blastocystis hominis was identified as the
most prevalent intestinal parasite, accounting for
over half (53.8%) of all positive findings.

A critically high level of resistance to first-
line antiprotozoal drugs was revealed. Only 42.9%
of Blastocystis hominis strains were sensitive to
metronidazole, and 57.1% to trimethoprim, with no
statistically significant difference in efficacy
between the two drugs.

Quantitative MIC analysis confirmed the
resistance, indicating the need for high drug
concentrations to achieve inhibition in vitro.

The obtained results strongly suggest that
the standard empirical prescription  of
antiprotozoal drugs, particularly metronidazole, in
this patient population has a high probability of
therapeutic failure. It is highly plausible that the
long-term use of antipsychotic therapy, by
inducing significant alterations in the gut
microbiome (dysbiosis), creates an intestinal

environment that not only facilitates colonization
by opportunistic protozoa like Blastocystis hominis
but also exerts a selective pressure favoring the
survival and dominance of drug-resistant strains.
Consequently, this research underscores an
urgent necessity for a change in clinical practice:
vigilant parasitological monitoring and a shift from
empirical therapy towards treatment guided by
antimicrobial susceptibility testing should be
considered integral components of managing
gastrointestinal comorbidities in patients with
severe mental disorders.

5. DECLARATIONS
5.1. Study Limitations and Future Directions

The limitations of this study must be
considered when interpreting its findings. The
sample size, particularly of isolated strains (n=7),
limits the statistical power and generalizability of
the resistance rates, as reflected by the wide 95%
confidence intervals. The retrospective, single-
center design and the absence of a matched
control group (e.g., non-psychiatric patients or
healthy individuals from the same region) prevent
definitive causal attribution of the observed
resistance to psychotropic drugs.
Methodologically, while adapted protocols and
quality controls were employed, the lack of
internationally standardized clinical breakpoints
(e.g., CLSI/EUCAST) for Blastocystis hominis
susceptibility testing remains a significant
challenge for the field, making cross-study
comparisons difficult. The use of disk diffusion
criteria from prior literature (Sizenzov, 2009) is a
necessary but imperfect solution. Furthermore,
molecular subtyping (ST) of the Blastocystis
isolates was not performed; given that different
subtypes (ST1-ST4) may vary in pathogenic
potential and drug susceptibility, this information
would have added valuable depth to the analysis.

These limitations chart a clear course for
future research. Large-scale, multi-center
prospective studies are needed to validate the
prevalence and resistance patterns observed
here. Integrating molecular genotyping of
Blastocystis isolates with phenotypic susceptibility
testing is crucial to identify subtype—resistance

associations. Developing and  validating
standardized, reproducible antimicrobial
susceptibility testing protocols for intestinal

protozoa remains an urgent methodological
priority. Finally, experimental and longitudinal
clinical studies are required to directly investigate
the causal links between specific psychotropic
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drugs, gut microbial and metabolic shifts, and the
selection of drug-resistant parasitic strains.
Understanding these mechanisms could lead to
novel adjuvant strategies, such as probiotic or
prebiotic interventions, aimed at restoring
colonization resistance and reducing the burden of
resistant infections in this vulnerable population.
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RESUMO

Introducgdo: A Nesfatina-1 (Nes-1), um peptideo derivado da nucleobindina-2 (NUCB2), tem sido cada vez
mais reconhecida por seu papel na regulagdo do apetite, do metabolismo da glicose e do equilibrio lipidico.
Evidéncias crescentes indicam que alteragbes nos niveis de Nesfatina-1 também podem estar associadas a
disturbios metabdlicos relacionados a doengas gastrointestinais (Gl). Objetivo: Este estudo teve como objetivo
investigar os niveis séricos de Nesfatina-1 em pacientes com disturbios gastrointestinais e avaliar suas
associagdes com parametros metabdlicos e seu potencial valor diagnéstico. Métodos: Estudo de caso-controle
conduzido com 128 participantes: 88 pacientes com doengas gastrointestinais e 40 controles aparentemente
saudaveis. Os participantes foram recrutados apdés exame endoscépico no Centro Especializado em
Gastroenterologia e Hepatologia, Al-Najaf Al-Ashraf, Iraque, no periodo de 1° de setembro a 25 de dezembro
de 2025. Foram realizadas avaliagbes laboratoriais incluindo Nesfatina-1 sérica, parametros do perfil lipidico
(colesterol total, LDL, HDL e triglicerideos), glicemia, hemoglobina e enzimas hepaticas (ALT e AST). O indice
aterogénico do plasma (IAP) foi calculado. As analises estatisticas incluiram estatistica descritiva, modelagem
de regressao e analise da curva ROC. Resultados: Os niveis séricos de Nesfatina-1 foram significativamente
menores nos pacientes com doengas gastrointestinais em comparagéo aos controles saudaveis (11,82 + 2,19
vs. 20,20 £ 7,14 ng/mL, p < 0,001). A analise demonstrou que, a medida que os niveis de Nesfatina-1
diminuiam, o IMC, a glicose, o colesterol total, o LDL, os ftriglicerideos e a razdo TG/HDL aumentavam. A
analise ROC demonstrou elevada eficacia diagndstica do teste, com area sob a curva (AUC) de 0,91, sendo o
melhor ponto de corte de 13,68 ng/mL, com sensibilidade de 80,7% e especificidade de 85,0%. Discussao:
Esses achados sugerem que a reducdo dos niveis de Nesfatina-1 pode refletir uma desregulagdo metabdlica
subjacente nas doengas gastrointestinais. Conclusdo: A Nesfatina-1 pode representar um biomarcador
promissor para a predigdo de disturbios metabdlicos e para apoio a avaliagdo clinica dos disturbios
gastrointestinais.

Palavras-chave: Nesfatina-1; Doencas gastrointestinais; distirbios metabolicos; perfil lipidico; indice
aterogénico.

ABSTRACT

Background: Nesfatin-1 (Nes-1), a peptide derived from nucleobindin-2 (NUCB2), has been increasingly
recognized for its role in regulating appetite, glucose metabolism, and lipid balance. Growing evidence indicates
that alterations in Nesfatin-1 levels may also be linked to metabolic disturbances associated with gastrointestinal
(Gl) diseases. Aim: This study aimed to investigate serum Nesfatin-1 levels in patients with gastrointestinal
disorders and to evaluate their associations with metabolic parameters and potential diagnostic value. Methods:
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A case-control study was conducted with 128 participants: 88 patients with gastrointestinal diseases and 40
apparently healthy controls. Participants were recruited after endoscopic examination at the Gastroenterology
and Hepatology Specialized Center in Al-Najaf Al-Ashraf, Iraq, from September 1 to December 25, 2025. It
performed laboratory assessments, including serum Nesfatin-1, lipid profile parameters (total cholesterol, LDL,
HDL, and triglycerides), blood glucose, hemoglobin, and liver enzymes (ALT and AST). The atherogenic index
of plasma (AIP) was calculated. Statistical analyses included descriptive statistics, regression modeling, and
receiver operating characteristic (ROC) curve analysis. Results: Serum Nesfatin-1 levels were markedly lower
in patients with gastrointestinal diseases than in healthy controls (11.82 £ 2.19 vs. 20.20 £ 7.14 ng/mL, p <
0.001). Analysis showed that as Nesfatin-1 levels decreased, BMI, glucose, total cholesterol, LDL, triglycerides,
and the TG/HDL ratio increased, ROC analysis showed that the test was very effective at diagnosing, with an
area under the curve (AUC) of 0.91, and the best cutoff point was 13.68 ng/mL, achieving a sensitivity of 80.7%
and a specificity of 85.0%. Discussion: These findings suggest that reduced Nesfatin-1 levels may reflect
underlying metabolic dysregulation in gastrointestinal diseases. Conclusion: Nesfatin-1 may represent a
promising biomarker for predicting metabolic disturbances and supporting the clinical evaluation of
gastrointestinal disorders.

Keywords: Nesfatin-1; Gastrointestinal diseases; metabolic disturbances; lipid profile; and atherogenic index.
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1. INTRODUCTION: Nesfatin-1 is found in many different tissues,

suggesting it does more than control hunger. It is

Gastrointestinal (Gl) diseases are a
significant global health issue, frequently
associated with metabolic disorders that may
influence disease progression and treatment
efficacy. In recent years, there has been growing
interest in regulatory peptides that link the
physiology of the gastrointestinal system to the
body's overall metabolic balance. Nesfatin-1
(Nes-1) is a bioactive peptide that comes from
nucleobindin-2 (NUCB2). It is now an important
regulator of metabolic function and energy
balance (Schalla & Stengel, 2019).

Researchers first identified nesfatin-1 in
the hypothalamus, where it helps regulate hunger
and energy levels. Later research showed that
this peptide is present throughout the body, not
just in the central nervous system. It can also be
found in the pancreas, stomach, fat tissue, and
intestinal mucosa (Stengel & Taché, 2021).

very important for controlling metabolism and
how the digestive system works.

There is growing evidence that nesfatin-1
helps stabilize blood sugar levels and aid fat
breakdown. Nesfatin-1 can alter insulin secretion,
glucose utilization, and lipid breakdown. This
suggests it may be involved in metabolic
disorders such as obesity, insulin resistance, and
dyslipidemia (Aydin, 2021; Schalla et al., 2021).
Changes in circulating nesfatin-1 levels have also
been linked to several metabolic disorders. This
suggests that this peptide may be a sign of
metabolic imbalance (Algul et al., 2020).

New studies show that nesfatin-1 may
also affect the digestive system, not just
metabolism. Previous studies have shown that
nesfatin-1 can alter gastric motility, the body's
response to inflammation, and communication
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between the gut and brain (Li et al., 2022). These
results suggest that nesfatin-1 may be involved in
the complicated link between metabolic control
and gastrointestinal disease.

There is increasing evidence about how
nesfatin-1 works in the body, but few clinical
studies have examined its effects on
gastrointestinal diseases. It's not at all clear how
changes in metabolism in people with Gl
disorders are linked to blood nesfatin-1 levels.
Learning more about this link could reveal how
metabolic processes work in people with
gastrointestinal diseases and help us identify new
biomarkers for diagnosis.

1.1. Aims

Consequently, the present study aimed to
evaluate serum nesfatin-1 concentrations in
patients with gastrointestinal disorders and to
investigate their association with metabolic
parameters, including lipid profiles and glucose
levels. This study also sought to examine how
well nesfatin-1 could distinguish between patients
with gastrointestinal disorders and healthy
controls.

2. MATERIALS AND METHODS:

2.1. Material
2.1.1. Study Design and Population

This case—control study was performed
from September to December 2025 at
Gastroenterology and Hepatology Specialized
Center in Al-Najaf Al-Ashraf, Iraq. The study
included 128 participants aged 15 to 70. All
participants underwent upper gastrointestinal
endoscopy, a procedure that involves inserting a
flexible endoscope with a camera through the
mouth to visualize the esophagus, stomach, and
duodenum for diagnostic purposes. Based on
clinical and endoscopic findings, participants
were divided into two groups: 88 patients with
gastrointestinal diseases and 40 apparently
healthy individuals who constituted the control
group. Demographic and clinical data were
collected through standardized questionnaires
and medical record review. These data
encompassed age, sex, body mass index (BMI),
smoking status, and pertinent clinical history.
Participants with a history of chronic liver
disease, renal disease, autoimmune disorders,
metabolic diseases, malignancy, prior gastric
surgery, or those undergoing medications that

could affect metabolic parameters were excluded
from the study.

The sample size was determined based on
the availability of qualified participants during the
study period and in alignment with analogous
previously published research on nesfatin-1
levels in clinical populations.

2.2. Methods
2.2.1. Body Mass Index (BMI)

The computation of BMI is performed by a
balance and height device, for calculating the
weight and height, and applying Equation 1, to
measure body mass index (BMI), calculated as
weight in kilograms divided by the square of
height in meters (kg/m?) (Feng et al., 2019).

BMI = (kg) /
(Eq.1)

2.2.2. Blood Sample Collection

weight Height (m?)

Under sterile conditions, about 5 mL of
venous blood was taken from each participant.
The blood samples were allowed to clot and then
spun at 3000 rpm for 10 minutes to separate the
serum. We kept the serum samples at -20 °C
until we could perform additional biochemical
tests.

2.2.3. Determination of Serum Nesfatin-1

Serum Nesfatin-1 (Nes-1) concentrations
were determined using a commercial Human
Nesfatin-1 ELISA kit supplied by BT LAB, China
(Cat. No. E3063Hu) according to the
manufacturer’s instructions. The assay is based
on the sandwich enzyme-linked immunosorbent
assay (ELISA) technique. Microplate wells are
pre-coated with antibodies specific for human
Nesfatin-1. Serum samples are added to the
wells, allowing Nesfatin-1 present in the samples
to bind to the immobilized antibodies. A biotin-
labeled anti-Nesfatin-1 antibody is then added,
followed by streptavidin-horseradish peroxidase
(HRP). After incubation and washing steps, the
substrate solution is added, resulting in a color
reaction proportional to the concentration of
Nesfatin-1 in the sample.

The assay has a standard curve range of
0.3-90 ng/mL and a sensitivity of 0.15 ng/mL.
According to the manufacturer, the assay
demonstrated acceptable precision with an intra-
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assay coefficient of variation (CV) < 8% and inter-
assay CV < 10%.

2.2.4. Biochemical Measurements

Biochemical parameters were analyzed
using the Cobas c111 clinical chemistry analyzer
(Roche Diagnostics). The following parameters
were measured: Total cholesterol (TC),
Triglycerides (TG), High-density lipoprotein
cholesterol (HDL-C), Alanine aminotransferase
(ALT), and Aspartate aminotransferase (AST).

Specific Roche diagnostic reagents were
used, including ALT (Cat. No. 20764911) and
AST (Cat. No. 20764920). Quality control was
performed using PreciControl ClinChem Multi 1
and Multi 2 together with Calibrator f.a.s. (Roche
Diagnostics) to ensure analytical accuracy and
reliability. Low-density lipoprotein cholesterol
(LDL-C) and  very-low-density lipoprotein
cholesterol (VLDL-C) were calculated using the
Friedewald equation (Equations 2 and 3). Lipid
concentrations were initially calculated in mg/dL
and subsequently converted to mmol/L for the
lipid profile.

[Analyte] (mg/dl) = (Absorbance of Sample/
Absorbance of Standard) x[Standard] (mg/dl

(Ea.2)

[LDL-C] (mg/dl) = [Total Cholesterol] -
([Triglycerides] / 5) - [HDL Cholesterol]; [VLDL-C]
(mg/dl) = [Triglycerides] / 5
(Eq.3)

2.2.5. Random Blood Glucose Measurements

Random blood glucose (RBG) levels were
measured in serum samples using an automated
biochemical analyzer (Cobas c¢111, Roche
Diagnostics), according to the manufacturer’s
standard procedures. The method is based on
the enzymatic colorimetric glucose oxidase
technique, which allows quantitative
determination of glucose concentration in blood
samples. Quality control procedures were
performed regularly using standard calibration
materials to ensure the accuracy and reliability of
the measurements.

2.2.6. Calculation of Atherogenic Index of Plasma

The atherogenic index of plasma (AIP) was
calculated to evaluate the atherogenic risk
associated with lipid metabolism. AIP was
determined using the logarithmic transformation

of the ratio between triglycerides and high-density
lipoprotein cholesterol according to Equation 4.

AP =
(Eq.4)

log10  (Triglycerides / HDL-C)

where triglycerides and HDL-C are expressed in
mmol/L.

2.2.7. Investigation of Helicobacter pylori

The assessment of Helicobacter pylori (H.
pylori) infection was conducted using two
diagnostic techniques: the urea breath test and
the stool antigen test, each selected to provide
complementary diagnostic accuracy. In the urea
breath test, the Heliprobe® system
(manufactured in Sweden) was used to detect H.
pylori infection by measuring urease activity.
Participants were instructed to fast for 6 to 7
hours prior to the procedure to ensure optimal
test sensitivity. Initially, a baseline breath sample
was obtained by having the patient exhale into a
balloon-like container or tube. Subsequently, the
patient ingested a urea solution labeled with a
carbon isotope, either radioactive or non-
radioactive, designed to react with urease
produced by H. pylori. After a 10-30-minute wait,
a second breath sample was collected. The two
breath samples were then analyzed and
compared to detect the presence of labeled
carbon dioxide, indicative of urease-mediated
urea hydrolysis by H. pylori. This stepwise
approach enabled precise detection of H. pylori
infection with high sensitivity and specificity.

For the stool antigen test, stool samples
were collected and analyzed by an enzymatic
immunoassay using a commercial diagnostic kit
specifically developed for H. pylori antigen
detection. The enzyme immunoassay utilized
monoclonal antibodies to identify H. pylori
antigens, providing a non-invasive diagnostic
alternative that complements the urea breath test.
The combined use of both diagnostic methods
was intended to enhance overall diagnostic
accuracy and mitigate the risk of false-negative
results, thereby ensuring a more comprehensive
assessment of H. pylori infection status.

2.3. Statistical Analysis

Statistical analysis was performed using
the Statistical Package for the Social Sciences
(SPSS), version 27. Continuous variables were
expressed as mean % standard deviation (SD),
whereas categorical variables were presented as
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frequencies and percentages when appropriate.
The normality of the data distribution was
evaluated using Q-Q plots. Differences between
study groups were analyzed using appropriate
statistical tests for quantitative variables. The
relationship between serum Nesfatin-1 and
metabolic parameters was assessed using
multiple linear regression analysis.

Furthermore, receiver
characteristic (ROC) curve analysis was
performed to evaluate the  diagnostic
performance of serum Nesfatin-1 in distinguishing
patients with gastrointestinal diseases from
healthy controls. The area under the curve
(AUC), sensitivity, specificity, and optimal cutoff
value were determined. A p-value < 0.05 was
considered statistically significant.

operating

The effect size for the primary outcome
(serum Nesfatin-1) was calculated using Cohen's
d. The observed effect size was large (Cohen's d
= 1.92), indicating that the sample was adequate
to detect the between-group difference with high
precision

3. RESULTS AND DISCUSSION:

3.1. Results

3.1.1. Baseline Characteristics of
Population

the Study

The statistical analysis compares Gl
patients to healthy controls in Table 1. There was
no significant difference in age (36.81 + 13.88 vs.
35.38 = 10.78 years, p = 0.564), age groups
(>35, 25-34, 15-24; p = 0.602), or sex
distribution (p = 0.088). Gl patients had a higher
BMI (26.25 + 3.45 vs. 24.90 + 2.95, p = 0.026)
and a higher proportion were classified as
overweight or obese. Fasting glucose levels were
higher in Gl patients (106.62 + 21.43 vs. 91.38 +
9.66 mg/dL, p < 0.001), while hemoglobin levels
were lower (11.75 £ 1.57 vs. 12.71 £ 1.16 g/dL, p
< 0.001), and there were more cases of moderate
and mild anemia (p = 0.052). In Gl patients, liver
enzymes ALT and AST were slightly lower (ALT:
12.68 + 6.06 vs. 14.91 + 5.35 U/L, p = 0.040;
AST: 16.92 £ 5.20 vs. 18.97 £+ 545 U/, p =
0.049). However, total serum bilirubin did not
differ significantly (p = 0.376). A lipid profile
analysis showed that Gl patients had higher
triglycerides (2.13 + 0.58 vs. 1.42 + 0.37 mmol/L,
p < 0.001) and TG/HDL ratios (1.87 + 0.76 vs.
1.06 + 0.38, p < 0.001) but lower HDL (1.21 %
0.20 vs. 1.37 £ 0.18 mmol/L, p < 0.001). Total
cholesterol and LDL levels were not significantly

different. The atherogenic index of plasma (AIP)
showed that more Gl patients were at moderate
to high risk (39.8% vs. 7.5%, p < 0.001). Nes-1
levels were markedly diminished in Gl patients
(11.82 + 219 vs. 20.20 + 7.14, p < 0.001).
Regarding medication, 39.8% of Gl patients were
receiving treatment for their primary diagnosis or
biological therapy, whereas none of the controls
received any medication (p = 0.037).

3.1.2. Distribution and comparative concentrations
of serum Nesfatin-1

Figure 1 shows the distribution of serum
Nesfatin-1 (Nes-1) levels and their comparison
between patients with gastrointestinal (Gl)
diseases and healthy controls.

The Q-Q plots in Figures 1A and 1B show
the distribution of Nes-1 values across the two
study groups. This is how we check for normality.
In patients with Gl (Figure 1A), the data points
are very close to the reference diagonal line. This
shows that the observed values are mostly in line
with a normal distribution, with only small
differences at the extreme values. The control
group (Figure 1B) also shows a roughly linear
pattern along the reference line, with small
changes at the lower and upper tails of the
distribution. In general, the plots show that the
Nes-1 values in both groups are distributed close
to normal.

Figure 1C shows that the mean serum
Nes-1 level in patients with gastrointestinal
diseases was 11.82 + 2.19 ng/mL. In contrast,
the control group had a higher mean value of
20.20 £ 7.14 ng/mL. Statistical analysis showed
that the difference between the two groups was
very significant (P < 0.001).

3.1.3. Distribution of Subdiagnosis of
Gastrointestinal Disease and Associated Nesfatin-
1 Levels

The results in Figure 2 show how the
different types of gastrointestinal (Gl) diseases
are distributed among patients and how much
Nesfatin-1 (Nes-1) is in their blood. Organic
gastrointestinal disorders accounted for the
majority of cases (69 patients, 78%), while
functional disorders accounted for 19 patients
(22%), indicating a statistically significant
predominance of organic conditions (x* = 28.41,
P < 0.001), as shown in Figure 2A.

Figure 2B's statistical analysis showed a
very big difference in Nes-1 levels between the
study groups (P < 0.001). The primary factor
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contributing to this difference was the significantly
elevated Nes-1 levels in the healthy control group
compared to all gastrointestinal disease
categories. In contrast, the patient groups
displayed relatively uniform concentrations within
a narrow range (approximately 10-12 ng/mL).

Irritable bowel syndrome (IBS) was the
most common diagnosis, accounting for 22% of
cases (n = 19). IBS patients, despite being the
most common diagnosis, showed a moderate
drop in Nes-1 levels, with a mean concentration
of 12.17 + 2.22 ng/mL compared to the healthy
control group (20.20 = 7.14 ng/mL).

The second most common condition was
Helicobacter pylori—associated gastritis (20%, n =
18), with patients having a mean Nes-1 level of
1222 += 219 ng/mL, indicating that their
circulating Nes-1 levels were similar to those of
healthy people. Ulcerative colitis, which
accounted for 19% of the cases (n = 17), had a
mean concentration of 11.95 + 2.29 ng/mL,
slightly lower than that of the other cases.

Crohn’s disease, comprising 13% of the
cohort (n = 11), had the lowest mean Nes-1 level
among all gastrointestinal disease groups (10.08
* 1.46 ng/mL), suggesting a greater reduction in
circulating Nes-1 in this inflammatory bowel
disease subtype. Conversely, celiac disease,
representing 11% of the patient cohort (n = 10),
exhibited a mean Nes-1 level of 12.39 + 2.34
ng/mL, which is consistent with levels found in
other non-ulcerative gastrointestinal disorders.

Gastric ulcer (6%, n = 5) and GERD with
gastritis (6%, n = 5) were less common, with
mean Nes-1 concentrations of 10.31 * 1.23
ng/mL and 11.38 = 1.03 ng/mL, respectively.
Small intestinal ulcer, constituting the smallest
proportion of cases (3%, n = 3), exhibited a
comparatively elevated mean Nes-1 level (14.03
+ 2.50 ng/mL) relative to other gastrointestinal
diseases.

3.1.3. Linear Regression Analysis of Factors
Associated with Nesfatin-1 Levels

The current study used multiple linear
regression to examine the association between
serum Nesfatin-1 (Nes-1) levels and various
clinical and biochemical factors in individuals with
gastrointestinal diseases (Table 2). Figure 4's
scatterplot shows the overall regression
relationship between standardized predicted
values and observed Nes-1 concentrations.

The study found that body mass index
(BMI) was strongly and negatively linked to Nes-1

levels (B = -0.26, B = -0.41, p = 0.005). This
means that people with higher BMI tended to
have lower levels of Nes-1 in their blood.

There was a very strong negative
relationship between fasting glucose and Nes-1
(B =-0.07, B = -0.73, p < 0.001). This suggests
that higher glucose levels are strongly linked to
lower Nes-1 levels.

Similarly, several lipid profile parameters
showed significant negative correlations with
Nes-1. These included total cholesterol (TC) (B =
-0.90, B = -0.37, p < 0.001), low-density
lipoprotein cholesterol (LDL-C) (B = -1.01, B =
-0.40, p < 0.001), triglycerides (TG) (B = -0.90, B
= -0.24, p = 0.024), and the TG/HDL ratio (B =
-0.75, B = -0.26, p = 0.013). These results show
that higher levels of atherogenic lipids are linked
to lower levels of Nes-1.

On the other hand, high-density
lipoprotein cholesterol (HDL-C) was strongly
associated with Nes-1 (B = 3.04, p = 0.28, p =
0.009), suggesting that higher HDL levels may be
associated with higher Nes-1 levels in the blood.

However, there were no statistically
significant links between age (p = 0.282),
hemoglobin (p = 0.086), ALT (p = 0.660), AST (p
= 0.972), or total serum bilirubin (p = 0.385) and
Nes-1 levels.

Figure 3 shows a scatterplot of the linear
relationship between standardized predicted
values and serum Nesfatin-1 (Nes-1) levels in
patients with gastrointestinal diseases. Each
point represents a different patient. The fitted
linear model shown by the red regression line is y
= 11.82 + 1.74x. This indicates a positive linear
relationship between the predicted regression
values and the measured Nes-1 levels.

3.1.4. Diaghostic Performance of Nesfatin-1 Based
on ROC Curve Analysis

Receiver operating characteristic (ROC)
curve analysis (Figure 4) was conducted to
assess the diagnostic performance of serum
Nesfatin-1 (Nes-1) in differentiating patients with
gastrointestinal (Gl) diseases from healthy
controls. The analysis demonstrated that Nes-1
possesses excellent discriminatory capacity, with
an area under the curve (AUC) of 0.91 (95%
confidence interval: 0.85-0.96, p < 0.001).

The optimal cutoff value for Nes-1 was
determined to be 13.68 ng/mL, based on the
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maximum Kolmogorov—Smirnov statistic, which
identifies the point of greatest separation
between patient and control distributions. At this
threshold, Nes-1 achieved a sensitivity of 80.7%
and a specificity of 85.0%.

3.2. Discussion

The current study demonstrates that
patients with gastrointestinal (GI) diseases
exhibited  significantly  reduced circulating
nesfatin-1 levels compared to healthy controls,
accompanied by a metabolic profile characterized
by elevated BMI, increased fasting glucose,
heightened triglycerides, an elevated TG/HDL
ratio, and diminished HDL levels. When taken
together, these results point to a gut-metabolic
axis rather than a local intestinal event. This
interpretation is biologically plausible because
nesfatin-1 is not only a central anorexigenic
peptide but is also expressed in peripheral
tissues, including the gastric mucosa, pancreas,
adipose tissue, and other components of the
digestive system. Recent reviews consistently
characterize nesfatin-1 as a multifunctional
regulator of appetite, glucose metabolism, lipid
metabolism, oxidative stress, and inflammatory
signaling, rendering it pertinent to heterogeneous
gastrointestinal cohorts, including the one
examined in this study (Damian-Buda et al,
2024; Dore et al., 2017; Gonkowski et al., 2022;
Schalla & Stengel, 2018; Stengel & Taché, 2011).

From a mechanistic standpoint, the
regression results align with the experimental
literature. Nesfatin-1 was initially characterized as
a satiety-related NUCB2-derived peptide in the
hypothalamus (Oh-l et al., 2006); subsequent
research, however, has demonstrated that its
effects extend significantly beyond appetite
regulation. Experimental studies have shown that
nesfatin-1 can directly increase glucose-
dependent insulin secretion in B-cells, make
insulin more effective, change how the liver
makes glucose, and change how insulin-target
tissues take up glucose (Gonzalez et al., 2011; Li
et al., 2013; Wu et al., 2014; Geng et al., 2025).
This establishes a robust biological foundation for
the observation that reduced nesfatin-1 levels
correlate with elevated fasting glucose levels and
less favorable metabolic indices. Instead of being
a single peptide change, lower levels of nesfatin-
1 in the GI group may be a sign of problems in a
larger endocrine network that connects nutrient
sensing, intestinal signaling, insulin response,
and liver metabolism (Geng et al., 2025).

The current

lipid results are just as

important. The negative correlations between
nesfatin-1 and total cholesterol, LDL,
triglycerides, and the TG/HDL ratio, along with
the positive correlation with HDL, align with the
increasing body of literature linking nesfatin-1 to
lipid metabolism and cardiometabolic risk.
Reviews and mechanistic studies demonstrate
that nesfatin-1 is involved in hepatic lipid
regulation, adipocyte biology, and systemic lipid
homeostasis (Luo et al., 2021; Dore et al., 2017).
This indicates that the diminished nesfatin-1
observed in Gl patients may not solely reflect
disease burden; it may also delineate a subgroup
exhibiting a more atherogenic metabolic
phenotype. AIP findings, along with the fact that
the Gl patients in the cohort were more
metabolically unfavorable than controls, even
though the age and sex distributions were similar,
support that interpretation. In terms of the thesis,
this is a strong point: the peptide is not only lower
in disease, but it also has a biologically coherent
metabolic profile that goes along with it.

Simultaneously, the clinical literature
regarding circulating nesfatin-1 is not entirely
consistent; some studies have found that
nesfatin-1 levels were lower in people with higher
BMI or metabolic problems. For example, in non-
obese men, there was an inverse relationship
with BMI, and in overweight patients, there was a
predictive relationship with metabolic syndrome
(Tsuchiya et al., 2010; Alsarraf et al., 2025).
Other research has reported elevated levels of
circulating nesfatin-1 in newly diagnosed type 2
diabetes or in specific obesity-related contexts
(Zhang et al., 2012; Ramanjaneya et al., 2010).
This variability indicates that serum nesfatin-1 is
context-dependent and may fluctuate based on
adiposity compartment, disease stage,
medication status, inflammatory tone, assay
platform, and whether the cohort is primarily
metabolic, inflammatory, or mixed. The most
defensible conclusion for this dataset is not that
nesfatin-1 is present in every disorder, but that in
this heterogeneous Gl population, it correlated
with an adverse metabolic state and distinctly
differentiated patients from controls.

Another significant aspect of the present
findings is that nesfatin-1 levels were diminished
across gastrointestinal subdiagnoses, exhibiting
only minor variations among the disease
categories. This pattern contradicts a strictly
disease-specific interpretation and supports the
notion that nesfatin-1 signifies a common
pathophysiological disturbance among
gastrointestinal disorders. Recent reviews of
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digestive diseases support that view by placing
nesfatin-1 at the crossroads of inflammatory
signaling, oxidative balance, mucosal regulation,
and metabolic control (Damian-Buda et al.,
2024). Studies indicating the involvement of
nesfatin-1 in gut physiology, gastric function, and
brain—gut stress signaling provide further support
(Gonkowski et al., 2022; Yang et al.,, 2017;
Stengel & Taché, 2011). Consequently, the
uniformity of reduction across Gl subgroups may
suggest that the prevailing signal is not “Crohn’s
vs ulcer vs IBS,” but rather “Gl disease with
systemic metabolic strain” versus health.

These findings regarding peptic ulcers are
also relevant in a broader clinical context. A
recent review in JAMA confirms that peptic ulcer
disease is still strongly linked to H. pylori, NSAID
exposure, and clinically important complications.
The additional Iraqgi study suggests that ulcer
patients may have both biochemical and
metabolic problems simultaneously (Vakil, 2024;
Abd-Alameer & Sharba, 2025). This does not
demonstrate that dyslipidemia or altered nesfatin-
1 induces ulcer disease; however, it substantiates
the overarching assertion that gastrointestinal
disorders frequently coexist with systemic
biochemical disturbances. Nesfatin-1 may
function less as a specific “Gl lesion marker” and
more as a biomarker of the metabolic-
inflammatory environment associated with Gl
disease.

Lastly, the ROC analysis demonstrated a
robust discriminatory capacity of serum Nesfatin-
1 in differentiating gastrointestinal patients from
healthy controls (AUC = 0.91). This discovery
indicates that Nesfatin-1 could serve as a
potential biomarker linked to metabolic changes
in gastrointestinal disorders. However, as the
results were derived from a single case—control
dataset, additional validation in larger, more
heterogeneous populations is necessary before
affirming its clinical applicability.

4. CONCLUSIONS:

The current study found that patients with
gastrointestinal diseases had significantly lower
serum Nesfatin-1 levels than healthy controls.
The distribution analysis showed that Nesfatin-1
values were roughly normally distributed in both
groups. This supports the accuracy of the
statistical comparisons. The ROC curve analysis
also showed that Nesfatin-1 was very effective at
distinguishing healthy individuals from those with
gastrointestinal problems, with an area under the

curve (AUC) of 0.91. The cutoff value of 13.68
ng/mL showed good sensitivity (80.7%) and
specificity (85.0%), indicating it was effective at
distinguishing between the two groups.

In general, these results indicate that
people with gastrointestinal disorders have much
lower serum Nesfatin-1 levels. This could be a
useful biomarker for distinguishing between sick
and healthy people.

5. DECLARATIONS

5.1. Study Limitations

The study had several limitations that
should be considered when interpreting the
findings. This study has several limitations that
should be acknowledged. First, the study was
conducted at a single medical center, which may
limit the generalizability of the findings to broader
populations. Second, although the sample size
was determined based on participant availability
during the study period, the observed effect size
for the primary outcome was large (Cohen's d =
1.92), suggesting that the sample was sufficient
to detect the main between-group difference.
Nevertheless, a formal a priori sample size
calculation was not performed, and future studies
should include pre-specified power calculations to
strengthen the methodological rigor. Third, the
case—control design limits the ability to establish
causal relationships between Nesfatin-1 levels
and metabolic alterations in gastrointestinal
diseases. Additionally, the study evaluated serum
Nesfatin-1 at a single time point, which may not
fully reflect potential dynamic changes over time.
Future studies involving larger multicenter
cohorts  and longitudinal designs  are
recommended to further validate these findings
and clarify the role of Nesfatin-1 in
gastrointestinal disease—related metabolic
dysregulation.

5.2. Acknowledgements

The authors would like to express their
sincere appreciation to the staff of the Hospital of
Digestive Diseases in Al-Najaf Al-Ashraf, Iraq, for
their valuable assistance in facilitating patient
recruitment and sample collection. The authors
also thank the laboratory personnel for their
technical support during the biochemical and
hematological analyses. Special gratitude is
extended to all participants who generously
agreed to take part in this study.

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

116



5.3. Funding source

The authors funded this research. In
accordance with the ethical guidelines of the
Periddico Tché Quimica, which do not allow
donations from authors with manuscripts under
evaluation (even when research funds are
available), or in cases of authors' financial
constraints, publication costs were fully absorbed
by the journal under our Platinum Open Access
policy, through the support of the Araucaria
Scientific Association (https://acaria.org/). This
policy aims to ensure complete independence
between the editorial process and any financial
aspects, reinforcing our commitment to scientific
integrity and equity in knowledge dissemination.

5.4. Competing Interests

The authors declare that they have no
competing interests or conflicts of interest that
could have influenced the work presented in this
manuscript. This includes, but is not limited to,

financial relationships, personal affiliations,
intellectual property considerations, or other
potential sources of bias. All authors have

reviewed and approved this declaration, ensuring
transparency and maintaining scientific integrity
in the reporting of this research.

5.5. Data Availability

All data presented in this study are
available in the manuscript tables and figures.
Raw data are available upon request from the
corresponding author.

5.6. Author Contributions

Swar  Adnan Mohammed (SAM):
Collected data (DC), contributed to manuscript
writing (MW), and approved the final version of
the manuscript (FA). Intisar Razzaq Sharba
(IRS): Led the conception and design of the study
(CD), performed data analysis and interpretation
(DAI), contributed to manuscript writing (MW),
conducted critical review (CR), and approved the
final version of the manuscript (FA). Jinan
Mohammed Zahid (JMZ): Contributed to the
conception and design of the study (CD),
participated in  manuscript  writing (MW),
conducted critical review (CR), and approved the
final version of the manuscript (FA).

5.7. Al and Computational Tools Declaration

The authors declare that artificial
intelligence (Al) tools were used solely for minor

language editing to improve grammar, sentence
structure, and overall clarity of the manuscript. Al
was not used in the design of the study, data
collection, statistical analysis, interpretation of the
results, or in generating the scientific conclusions.
All scientific content, analyses, and
interpretations presented in this work are the
responsibility of the authors.

5.8. Research Integrity Declaration

The authors confirm that this research
complies with accepted standards of research
integrity. The study involved no data fabrication,
no results falsification, and no p-hacking or
selective reporting. The work is original, has not
been previously published, and all methods were
conducted ethically.

5.9. Originality & Plagiarism Statement

The authors confirm that this manuscript
is original work and has not been previously
published or submitted elsewhere for publication.
No text has been copied from other sources
without proper citation, and all references have
been appropriately cited in APA format. The
manuscript is not currently under consideration
by any other journal.

5.10. Open Access

This article is licensed under a Creative
Commons Attribution 4.0 (CC BY 4.0)
International License, which permits use, sharing,
adaptation, distribution, and reproduction in any
medium or format, as long as you give
appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons
license, and indicate if changes were made. The
images or other third-party material in this article
are included in the article’s Creative Commons
license unless indicated otherwise in a credit line
to the material. If material is not included in the
article’s Creative Commons license and your
intended use is not permitted by statutory
regulation or exceeds the permitted use, you will
need to obtain permission directly from the
copyright holder. To view a copy of this license,
visit http://creativecommons.org/ licenses/by/4.0/.

6. HUMAN AND ANIMAL-RELATED
STUDIES

6.1. Ethical Approval

The study was conducted in accordance
with the ethical principles of the Declaration of
Helsinki  for research involving  human

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

117



participants. Ethical and academic approval was
obtained from the Council of the University of
Kufa, College of Science, under official letter No.
5373 dated October 1, 2025. In addition,
administrative and research approval to conduct
the study in healthcare facilities was granted by
the Najaf Health Directorate, Ministry of Health,
Iraq, through the Training and Human
Development Center, under official letter No.
27321 dated October 7, 2025. The approval
permitted conducting the study at the Specialized
Hospital for Gastrointestinal and Liver Diseases
in Al-Najaf Al-Ashraf, Iraq.

All participants were informed of the
study's purpose and procedures prior to
enrollment, and written informed consent was
obtained from each participant. The
confidentiality of personal information was strictly
maintained, and all collected data and biological
samples were used exclusively for scientific
research purposes..

6.2. Informed Consent

The participants involved in the current
study were patients seeking diagnosis and
treatment at the Gastroenterology and
Hepatology Specialized Center in Al-Najaf Al-
Ashraf, Iraq, for standard diagnostic evaluations.
Biological specimens and relevant data were
collected following defined laboratory protocols.
Verbal informed consent was obtained from all
adult participants, whereas consent for minors
was collected from a parent or legal guardian.
Participants were informed of the study's aims
and their right to withdraw from participation at
any moment. All gathered data were anonymized
and assigned unique identifiers prior to analysis,
with access rigorously restricted to the research
team to preserve anonymity and comply with
ethical standards.

7. REFERENCES:

1. Algul, S., Ozkan, Y., & Ozcelik, O. (2020).
Serum nesfatin-1 levels and metabolic risk
factors. Endocrine Research, 45(3), 203—
210.
https://doi.org/10.1080/07435800.2020.17
19971

2. Aydin, S. (2021). Nesfatin-1 and its role in
metabolic regulation: An updated review.

Peptides, 136, 170424.
https://doi.org/10.1016/j.peptides.2020.17
0424

3. Li, Z., Gao, L., Tang, H.,, Yin, Y., Xiang,
X., & Li, Y. (2022). The role of nesfatin-1

10.

11.

12.

in gastrointestinal function and metabolic
regulation. Frontiers in Endocrinology, 13,
865432.
https://doi.org/10.3389/fendo.2022.86543
2

Schalla, M. A., & Stengel, A. (2019).
Current understanding of nesfatin-1.
Peptides, 119, 170104.

https://doi.org/10.1016/j.peptides.2019.17
0104

Schalla, M. A., Prinz, P., Friedrich, T., &
Stengel, A. (2021). Nesfatin-1 and
metabolic diseases: Current perspectives.
Frontiers in Endocrinology, 12, 660164.
https://doi.org/10.3389/fendo.2021.66016
4

Stengel, A., & Taché, Y. (2021). Nesfatin-
1: A metabolic and gastrointestinal
regulatory  peptide. Peptides, 135,
170424.
https://doi.org/10.1016/j.peptides.2020.17
0424

Abd-Alameer, Z. M., & Sharba, |. R.
(2025). Metabolic dysregulation and risk
predictors of peptic ulcer disease: A
clinical and biochemical analysis. Zenodo.
Alsarraf, Z., Mohammed, M. H., &
Haitham, F. (2025). The role of serum

nesfatin-1 in  predicting  metabolic
syndrome among patients with
overweight. Regulatory Mechanisms in
Biosystems, 16(3), e25123.
doi:10.15421/0225123

Damian-Buda, A.-C., Matei, D. M.,

Ciobanu, L., Damian-Buda, D.-Z., Pop, R.
M., Buzoianu, A. D., & Bocsan, |. C.
(2024). Nesfatin-1: A novel diagnostic and
prognostic ~ biomarker in  digestive
diseases. Biomedicines, 12(8), 1913.
doi:10.3390/biomedicines12081913

Dore, R., Levata, L., Lehnert, H., &
Schulz, C. (2017). Nesfatin-1: Functions
and physiology of a novel regulatory
peptide. Journal of Endocrinology, 232(1),
R45-R65. doi:10.1530/JOE-16-0361
Dotania, K., Tripathy, M., & Rai, U. (2021).
A comparative account of nesfatin-1 in
vertebrates. General and Comparative
Endocrinology, 313, 113874.
doi:10.1016/j.ygcen.2021.113874

Geng, S., Yang, S., Tang, X., Xue, S., Li,
K., Liu, D., Chen, C., Zhu, Z., Zheng, H.,
Wang, Y., Yang, G, Li, L., & Yang, M.
(2025). Intestinal NUCB2/nesfatin-1
regulates hepatic glucose production via
the MC4R-cAMP-GLP-1 pathway. EMBO

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

118



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Journal, 44, 54-74. doi:10.1038/s44318-
024-00300-4

Gonkowski, S., Rychlik, A., & Caltka, J.
(2022). Peripheral nesfatin-1 in regulation
of the gastrointestinal tract. Animals,
12(1), 101. doi:10.3390/ani12010101
Gonzalez, R., Reingold, B. K., Gao, X,
Gaidhu, M. P., Tsushima, R. G., &
Unniappan, S. (2011). Nesfatin-1 exerts a
direct, glucose-dependent insulinotropic
action on mouse islet beta- and MING
cells. Journal of Endocrinology, 208(3),
R9-R16. doi:10.1530/JOE-10-0492

Li, Z., Gao, L., Tang, H., Yin, Y., Xiang,
X., Li, Y., Zhao, J., Mulholland, M., &
Zhang, W. (2013). Peripheral effects of
nesfatin-1 on glucose homeostasis. PLoS
ONE, 8(8), e71513.
doi:10.1371/journal.pone.0071513

Li, Q. C., Wang, H. Y., Chen, X., Guan, H.
Z., & Jiang, Z. Y. (2010). Fasting plasma
levels of nesfatin-1 in patients with type 1
and type 2 diabetes mellitus and the
nutrient-related fluctuation of nesfatin-1
level in normal humans. Regulatory
Peptides, 159(1-3), 72-77.

Luo, J., Wen, F.-J., Qiu, D., Wang, S.-Z.,
Li, Y., Peng, Y., & Yang, G. (2021).
Nesfatin-1 in lipid metabolism and lipid-
related diseases. Clinica Chimica Acta,
522, 23-30. doi:10.1016/j.cca.2021.08.005
Oh-l, S., Shimizu, H., Satoh, T., Okada,
S., Adachi, S., Inoue, K., Eguchi, H.,
Yamamoto, M., Imaki, T., Hashimoto, K.,
Tsuchiya, T., Monden, T., Horiguchi, K.,
Yamada, M., & Mori, M. (2006).
Identification of nesfatin-1 as a satiety
molecule in the hypothalamus. Nature,
443, 709-712. doi:10.1038/nature05162
Pan, W., Hsuchou, H., & Kastin, A. J.
(2007). Nesfatin-1 crosses the blood-brain
barrier without saturation. Peptides,
28(11), 2223-2228.
doi:10.1016/j.peptides.2007.09.005

Price, C. J., Samson, W. K., & Ferguson,
A. V. (2008). Nesfatin-1 inhibits NPY
neurons in the arcuate nucleus. Brain
Research, 1230, 99-106.
doi:10.1016/j.brainres.2008.06.084

Prinz, P., & Stengel, A. (2016).
Expression and regulation of peripheral
NUCB2/nesfatin-1.  Current Opinion in
Pharmacology, 31, 25-30.
doi:10.1016/j.coph.2016.08.012
Ramanjaneya, M., Chen, J., Brown, J. E.,
Tripathi, G., Hallschmid, M., Patel, S.,
Kern, W., Hillhouse, E. W., Lehnert, H.,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tan, B. K., & Randeva, H. S. (2010).
Identification of nesfatin-1 in human and
murine adipose tissue: A novel depot-
specific adipokine with increased levels in
obesity. Endocrinology, 151(7), 3169-
3180. doi:10.1210/en.2009-1358

Schalla, M. A., & Stengel, A. (2018).
Current understanding of the role of
nesfatin-1. Journal of the Endocrine
Society, 2(10), 1188-1206.
doi:10.1210/js.2018-00246

Stengel, A., Goebel, M., Wang, L., &
Taché, Y. (2011). Minireview: Nesfatin-
1—An emerging new player in the brain-
gut, endocrine, and metabolic axis.
Endocrinology, 152(11),  4033-4038.
doi:10.1210/en.2011-1500

Stengel, A., & Taché, Y. (2010). Nesfatin-
1—Role as possible new potent regulator
of food intake. Regulatory Peptides,
163(1-3), 18-23.

Tsuchiya, T., Shimizu, H., Yamada, M.,
Osaki, A., Oh-l, S., Ariyama, Y.,
Takahashi, H., Okada, S., Hashimoto, K.,
Satoh, T., Kojima, M., & Mori, M. (2010).
Fasting concentrations of nesfatin-1 are
negatively correlated with body mass
index in non-obese males. Clinical
Endocrinology, 73(4), 484-490.
doi:10.1111/j.1365-2265.2010.03835.x
Vakil, N. (2024). Peptic ulcer disease: A
review. JAMA, 332(21), 1832-1842.
doi:10.1001/jama.2024.19094

Wu, D., Yang, M., Chen, Y., Jia, Y., Ma,
Z., Boden, G, Li, L., & Yang, G. (2014).
Hypothalamic nesfatin-1/NUCB2
knockdown augments hepatic
gluconeogenesis that is correlated with
inhibition of mMTOR-STAT3 signaling
pathway in rats. Diabetes, 63(4), 1234-
1247.

Xu, Y., & Chen, F. (2020). Antioxidant,
anti-inflammatory and  anti-apoptotic
activities of nesfatin-1: A review. Journal
of Inflammation Research, 13, 607-617.
doi:10.2147/JIR.S273446

Yang, G.-T., Zhao, H.-Y., Kong, Y., Sun,
N.-N., & Dong, A.-Q. (2017). Study of the
effects of nesfatin-1 on gastric function in
obese rats. World Journal of
Gastroenterology, 23(16), 2940-2947.
doi:10.3748/wjg.v23.i16.2940

Zhang, Z., Li, L., Yang, M., Liu, H., Boden, G.,
& Yang, G. (2012). Increased plasma levels of
nesfatin-1 in patients with newly diagnosed
type 2 diabetes mellitus. Experimental and
Clinical Endocrinology & Diabetes, 120(2), 91-
95. doi:10.1055/s-0031-1286339

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

119



Table 1. Demographic, Clinical, and Biochemical Characteristics of Gl Patients and Healthy Controls

. Gl patients Controls o
Variable N=88 N=40 95% CI p-value
Age (yr.) 36.81 + 13.88 35.38+10.78 -3.05-5.91 0.564
>35 44 (50.0%) 19 (47.5%) 0.602
25-34 26 (29.5%) 15 (37.5%) x2= 1.02
15-24 18 (20.5%) 6 (15.0%)
Sex
Male 26 (29.5%) 18 (45.0%) X2=2.912
Female 62 (70.5%) 22 (55.0%) 0.088
BMI 26.25 + 3.45 2490+295 0.16 —2.53 0.026*
Obese 13 (14.8%) 5 (12.5%) 0256
Overweight 38 (43.2%) 12 (30.0%) X2=2.73
Normal weight 37 (42.0%) 23 (57.5%)
Glucose (mg/dL) 106.62 +21.43 91.38+9.66  9.80 — 20.67 <0.001*
Hb (g/dL) 11.75+1.57 12.71+£1.16 -1.46 --0.47 <0.001*
Anemia

o o

Moderate 12 (13.6%) 3 (7.5%) 0.052
Mild 30 (34.1%) 7 (17.5%) X2=5.90
Normal 46 (52.3%) 30 (75.0%)
ALT (U/L) 12.68 + 6.06 1491+535 -4.34--0.11 0.040*
AST (U/L) 16.92 + 5.20 18.97+545  -4.09--0.01 0.049*
T.S.B (mg/dL) 0.35+0.10 0.37 £ 0.11 -0.06 — 0.02 0.376
TC (mmol/L) 4.11+0.89 4.20 £ 0.71 -0.39-0.20 0.525
LDL (mmol/L) 1.92 + 0.86 217 £0.74 -0.54 - 0.05 0.105
TG (mmol/L) 2.13+0.58 1.42 £ 0.37 0.54 -0.88 <0.001*
HDL (mmol/L) 1.21+£0.20 1.37 £ 0.18 -0.23--0.09  <0.001*
TG/HDL 1.87 £ 0.76 1.06 + 0.38 0.61—1.01 <0.001*
AIP Class
Moderate to High (>2) 35 (39.8%) 3 (7.5%) <0.001*
Normal (<2) 53 (60.2%) 37 (92.5%) X=13.72
Nes-1 11.82 £ 2.19 20.20+7.14  -10.71--6.06 <0.001*
Medication
Primary diagnosis 35 (39.8%) 0 (0.0%) 0.037*
Yes 35 (39.8%) 0 (0.0%) X?= 6.57
Biology 18 (20.5%) 0 (0.0%)

N (%), x?, and p-value. AIP: Atherogenic index plasma
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Figure 1. The Q—-Q plots of the Normal Distribution of Nes-1 in the Gl and the Control groups
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X*=26.0, p=0.001*

oIBs
M Crohn’s disease
W Ulcerative olitis
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B Gastric ulcer
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Figure 2. Distribution of gastrointestinal disease, subdiagnosis, and serum Nesfatin-1 levels among

patients and healthy controls
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Table 2. Univariate linear regression analysis of clinical and biochemical predictors of serum Nesfatin-
1 levels in gastrointestinal disease patients.

Variable B Beta t p-value 95% CI

Age (yr.) 0.02 0.15 1.08 0.282 -0.02 - 0.07
BMI -0.26 -0.41 -292 0.005** -0.44 - -0.08
Glucose (mg/dL) -0.07 -0.73 -9.84  <0.001*** -0.09 - -0.06
Hb (g/dL) 0.26 0.18 1.74 0.086 -0.04 - 0.55
ALT (U/L) 0.02 0.05 0.44 0.660 -0.06 — 0.09
AST (U/L) -0.00 -0.00 -0.04 0.972 -0.09 - 0.09
T.S.B (mg/dL) -214 -0.09 -0.87 0.385 -7.01-2.73
TC (mmol/L) -090 -0.37 -3.66 <0.001*** -1.39 —-0.41
LDL (mmol/L) -1.01  -0.40 -4.03 <0.001*** -1.51 - -0.51
TG (mmol/L) -090 -0.24 -230 0.024* -1.69 --0.12
HDL (mmol/L) 3.04 0.28 2.69 0.009** 0.79-5.29
TG/HDL -0.75 -0.26 -253 0.013* -1.35--0.16

Dependent variable: Nes-1 (ng/mL). Significant differences at *p<0.05, **<0.01, ***<0.001

y=11.82+1.74*x

Scatterplot

Dependent Variable: Nes-1 (ng/mL) in Gl patients

20.0

17.5

15.0

12.5
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7.5

-3- -2- -1- 0 1 2 3

Regression Standardized Predicted Value

Figure 3. Linear regression scatterplot of the relationship between standardized predicted values and
serum Nesfatin-1 levels in patients with gastrointestinal diseases.
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ROC Curve of Nes-1 (ng/mL) in Gl patients vs. H. controls
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Figure 4. ROC Curve Analysis of Serum Nesfatin-1 in Gl Patients and Healthy Controls
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RESUMO

Introducédo: Os aquecedores solares de ar (ASAs) representam uma tecnologia solar passiva promissora para
aplicag6es de aquecimento de ambientes e secagem. Apesar de seu potencial, a combinacdo da avaliagdo de
desempenho térmico (primeira lei) e exergético (segunda lei) de ASAs fabricados com materiais de baixo custo
e localmente disponiveis ainda é pouco explorada. Objetivo: Este estudo teve como objetivo projetar, construir
e avaliar experimentalmente trés configuragcbes de absorvedores de baixo custo para ASAs. Métodos: Trés
configuragbes de absorvedores (tubo de aluminio, mangueira corrugada de folha de aluminio e placa
trapezoidal de ago galvanizado) foram construidas na Universidade de Misan, Maysan, Iraque. O ASA foi
testado sob conveccao natural e forgada, com angulos de inclinagcao de 25°, 30° e 35°. A eficiéncia térmica foi
calculada utilizando a primeira lei da termodinamica, enquanto a eficiéncia exergética foi determinada por meio
do modelo do fator de Petela. Resultados: Sob conveccgao natural, o absorvedor trapezoidal de aco alcangou o
maior incremento de temperatura do ar (~65 °C préximo ao meio-dia solar). O angulo de inclinagdo étimo foi de
30°, proporcionando uma temperatura do ar na saida de aproximadamente 90 °C. Sob convecgao forgada, a
eficiéncia térmica atingiu um maximo de 22,9% e a eficiéncia exergética alcancou 0,14% para o absorvedor
trapezoidal, ambos superiores aos das configuracées de mangueira de folha de aluminio (21%; 0,13%) e tubo
de aluminio (20%; 0,12%). O custo total de fabricacido variou entre USD 120 e 150. Discussao: A convecgao
forcada melhorou a transferéncia de calor ao aumentar o coeficiente convectivo e reduzir a resisténcia da
camada limite térmica, resultando em eficiéncias superiores tanto pela primeira quanto pela segunda lei da
termodindmica, apesar de um menor incremento de temperatura. As baixas eficiéncias exergéticas séo
consistentes com a literatura para sistemas solares térmicos de baixa temperatura e refletem a irreversibilidade
inerente a conversdo de radiacdo solar de alta qualidade em calor de baixa qualidade. Conclusées: O
absorvedor trapezoidal de aco galvanizado, orientado a 30° e operado sob conveccdo forcada moderada,
constitui a configuragdo de ASA mais eficiente do ponto de vista termodindmico e mais econdmica entre as
avaliadas. Os resultados sustentam a viabilidade de ASAs fabricados localmente para aplicacées domésticas e
agricolas em regides rurais e de alta irradiancia.

Palavras-chave: Aquecedor Solar de Ar; Eficiéncia exergética; Eficiéncia térmica; Materiais de baixo custo;
Absorvedor trapezoidal.
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ABSTRACT

Background: Solar air heaters (SAHs) represent a promising passive solar technology for space heating and
drying applications. Despite their potential, the combination of thermal (first-law) and exergy (second-law)
performance evaluation for SAHs fabricated from low-cost, locally available materials remains largely
unexplored. Aim: This study aimed to design, build, and experimentally evaluate three low-cost SAH absorber
configurations. Methods: Three absorber configurations (i.e., aluminium tube, corrugated aluminium foil hose,
and trapezoidal galvanized steel plate) were constructed at the University of Misan, Maysan, Irag. The SAH was
tested under natural and forced convections at tilt angles of 25°, 30°, and 35°. Thermal efficiency was calculated
using the first law of thermodynamics, while exergy efficiency was determined using the Petela factor model.
Results: Under natural convection, the trapezoidal steel absorber achieved the highest air temperature
increment (~65 °C near solar noon). The optimal tilt angle was 30°, yielding an outlet air temperature of
approximately 90°C. Under forced convection, the trapezoidal absorber achieved thermal efficiency of 22.9%
and exergy efficiency of 0.14%, both superior to the aluminium foil hose (21%; 0.13%) and aluminium tube
(20%; 0.12%) configurations. Total fabrication cost ranged from USD 120 to 150. Discussion: Forced
convection improved heat transfer by increasing the convective coefficient and reducing thermal boundary layer
resistance, resulting in superior first- and second-law efficiencies despite a lower temperature increment. The
low exergy efficiencies are consistent with the literature for low-temperature solar thermal systems and reflect
the inherent irreversibility of converting high-grade solar radiation into low-grade heat. Conclusions: The
trapezoidal galvanized steel absorber, oriented at 30° and operated under moderate forced convection,
constitutes the most thermodynamically efficient and cost-effective SAH configuration among those evaluated.
The findings support the viability of locally manufactured SAHs for domestic and agricultural applications in rural
and high-irradiance regions.

Keywords: Solar Air Heater; Exergy efficiency; Thermal efficiency; Low-cost materials; Trapezoidal absorber.
uaidlall
3l CUISY) (e pe ) e o) sall Cagiad g 2380 cliglas 8 ac ) ol Aalad) dpusal) il gaa) (SAHS) Apaadll o) sl cilila 35 ;44181
c\}@\ alilad (@U\ u).vuﬂ) @‘)MS‘}“ c\J\JU (‘*—')‘)5-“ SMLuAﬂ d}\ﬂ u).vuﬂ) sz\‘);.ﬂ c\J\ﬂ r;.\.\s.v O c.n;.\ Lr‘n u\.m\)iﬂ u\ﬁ MLJ‘}“ aJ@J
sl @)AJ\ c\d‘}“ ‘:.\.\SJ} c;.\m} L.A‘ MUA“ oda Chdaa &.AAQ.“ aJ}J;.A db; L L\l;.n a)S}M} 4all) dcasdig J‘)‘ e 4:.\..4.;;” W|
d‘uJU‘C}‘uﬁ}b)} ce}u,d‘ﬂ u,au}gﬂ) Glatiaall UACJLA'“_')"@""A"?" M\ d“,Jh M\ °|}€J‘ u\;‘auwﬂlsﬂwci‘.u
daall a3 el ol sl i JLaa) Q55 31 ad) (Olue Alalan (lue daala (3 (Cayaie 4nd S5 @l Lilae 43V 68 Aagiia s (o saialY)
el hand Laiy ol i jall Sealuall d,‘\}\ O skl 6‘“““‘“ Gl all 3l cuwd 2355 °30 °25 W,ad Juwe Lig) die Ls‘).uﬁ‘} @.dal\
3 A sk el Capaiall 4ud 3V Sl Gaedl) Gis bl Jaall Al i il (Petela) Sty dele 73 sa8 aladinly dua juSY)
Jeall s 8Ll 20 90 sa z Jlall o sdl 551 A y0 Cialy Cum 030 Sl Jeall Ay5) ) CuilS 5 (osalil) g ladY 1 55,0 2ic 2° 65 ) 5a) ¢l 5¢d)
da\ﬁ‘)e}.]a‘)a\.@sa&d\ﬂhwéc|?ﬁ‘5ﬁj‘%o14A_\.:J;‘ua‘).mS\0;135_5%229@44‘)\);:;\35;0)34&\@0“\d&;m‘d‘)uﬂ\
Jaall (531 tAZBU Sy 5al 15Y 50 1505 120 o 28 aieaill Z8S5 Can ) 555 (%0.12 ¢%20) pssial¥) il s (%0.13 ¢%21) asssalV)
Loloall GeliCl (pnd die i Laa ol jal) ) diada daglie Jiliig ol al) dead) Jelas 5al3 JA e 50 al) JUE (st 1) (g il
Lpnadll Ll Aalall Gl (8 2 )5 Le ae (385 Apa puSY) 5lSN Galasil of LS 5,0 jal) dajo 8 3ol 3l laie (alddll ae ) A uSY
Uaiedl) 3 rolaliiiad) ol Axidia 3y pa ) sasall e pwedl)l gl dhgatl S Aaplall (Sayg ) jall Amddia 4 ) all
L sl Ll Zalill (g 30U V) G oS (Jina (5 pmd Jon Cand aliriiiy ©30 Jae Ayl de cCoaiall 40d JSEN 3 clad) G2V )
el s Al i) clilatl) L Ulae dafiaall Lpsadil) ) sgll il Aasind (5 san il o2 ae iy Ay saal) Z 3l (pn Apalail g pan SV
ol et gLz 3 glabiall s iy 1) (3aliall
LA ynie 4l (allaa $A8IKH] Aaadia ) g ¢4 ) jall BeleST) ‘37\;‘).»»5:2“ AN ‘L;M.\:J\ o) sel) Ola: E.Pl.ﬁ.d! Glalsl)

1. INTRODUCTION: cooking, battery charging, and lighting, were
integrated with solar energy in buildings (Sayigh,
2012). The applications of investing in solar
energy are generally divided into two sectors (i.e.,
thermal and non-thermal applications) and solar
energy conversion. The thermal applications

Since humans settled on Earth, they have
found that the sun is the most important source of
warmth and energy for life, and for survival, they

gave tc;]ontlnu;ad_to fravel to trr:.? s:mn:esltt pla;pes. included water and space heating, cooling and
verhe centuries, many architectural aterations refrigeration, water purification, food cooking, and

were adopted to capture the heat transmitted by product drying (AMORIM et al, 2020; Close

the sun, especially in cold climates (Saxena et 1963; Indora et al., 2018; Kalogirou S. A., 2004
al, 2015). Nowadays, solar energy is not limited - gApAT of 4/ 2018; EI Khadraoui et al., 2016).

to heating; it is also used to generate electriGity. i thormg applications, on the other hand, can
Many applications, such as heating, cooling, food include electricity generation, battery charging,
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building lighting, transportation, irrigation, and
communication and navigation aids (Ollas et al.,
2023; Barttomiejczyk, 2018; El-Faouri et al.,
2016; Gibson & Kelly, 2009; Kanna et al., 2020;
Siddikov et al., 2021).

A solar air heater (SAH) is one of the most
attractive passive solar methods for converting
incident solar radiation into air heating. SAHs are
an increasingly important technology in
renewable energy, providing a sustainable and
efficient means of space heating. The heat
captured using SAHs can not only be used for
residential, commercial, and industrial building air
conditioning, but also for drying crops and
clothes, and for heating animal pens during cold
winters. This technology offers significant
environmental benefits by reducing reliance on
fossil fuels and decreasing greenhouse gas
emissions. Additionally, SAHs are relatively low-
cost and require minimal maintenance, making
them accessible and practical for widespread
use.

Research shows that solar air heaters
(SAH) can be classified by collector geometry,
construction material, airflow configuration, and
heat transfer enhancement practices. One
important parameter, amongst others, is the
construction material used, which will strongly
affect both the economic benefits and the thermal
performance of an SAH system. Lightweight, low-
cost materials such as corrugated steel sheets,
aluminium plates, or polymer-based components
have been used in practice because they are
widely available and easy to make. Passive solar
heat storage systems were used in buildings as
early as the end of the 1800's, using simple
glazing on large amounts of glass to capture the
sun's heat and improve the indoor environment's
thermal conditions. Modern SAH systems have
built on this history with enhanced absorber
geometry, optimised airflow designs, and high-
performance materials which work together to
create systems with superior thermal efficiency
while being produced for very low costs (Ahmadi
et al., 2021; Hegde et al., 2023; Kalair et al.,
2022, PORTELA et al., 2020).

In the common design, there were two
layers of glazing with two vertical chambers
separated by a thin transparent foil, and a top
layer of glazing that allows natural convection
airflow. The chambers heated up as the sun hit
the glazing, with the chamber next to the wall
heating up first. The transparency of common
materials limited the usable materials for
construction. Other design types involved glazing
and a range of black-absorbing materials, with air

convection behind the heated surface. Different
materials, such as Aluminium, twin-pack, dark
metal glazing, wooden, and black mesh, were
used as absorbers. (Arici et al., 2020; Piffer et al.,
2022). Some designs used fans to assist air flow,
while others relied on natural convection, often
determined by stack height on the unglazed side
(Song et al., 2022; Fan et al., 2022; Stafford et
al., 2021). A suitably selected material can be
highly efficient and be called a passive system,
since it does not require a fan to displace the air
to be heated (Ghritlahre et al., 2022).

The availability and cost of building
materials significantly influence the feasibility and
sustainability of solar thermal systems in
developing areas. Using cheap, locally available
materials to build SAHs lowers capital costs and
enables systems to be built, run, and maintained
without relying on imported parts or specialized
manufacturing resources. This method helped
communities become more self-sufficient and
made it easier for more people to use renewable
heating technologies, especially in rural and low-
income areas (Chandran et al., 2024). In addition,
using common materials such as aluminium
sheets, galvanized steel plates, and flexible foil
ducts can reduce the manufacturing costs while
having high thermal performance (Saxena et al.,
2015). As a result, low-cost, cost-effective SAHs
made from locally sourced materials are an
essential strategy for enhancing renewable
energy adoption and reducing dependence on
fossil fuels (Kalogirou, 2004). Although solar
energy is significantly available in southern Iraq,
the utilisation of solar thermal technology is
limited by economic barriers and insufficient
industrial infrastructure. The thermal efficiency of
SAHs has been investigated extensively over the
last decade; however, less effort has been
devoted to exergy efficiency, which assesses the
quality of energy (Albdoor et al., 2024; Kalaiarasi
et al., 2016).

While many efforts have been made to
investigate the performance improvement of
SAHs, there has been a notable lack of research
on low-cost prototypes fabricated from locally
available materials. In this study, a prototype of
SAH made from low-cost, readily available
materials with high thermal performance was
developed in a typical region with high solar
irradiation. In this SAH, three absorber
configurations (i.e., aluminium tubes, aluminium
foil hoses, and trapezoidal steel plates) coated
with black matte were tested under natural and
forced convection at different tilt angles. This
research also provides practical guidance for
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optimal design and implementation by analysing
outlet air temperature, thermal and exergy
efficiencies, and operational behaviour across
various configurations.

1.1. Aims

e To design and fabricate a solar air heater
using low-cost, locally available materials.

e To experimentally compare the performance
of three absorber geometries under identical
operating conditions.

e To evaluate the influence of tilt angle and
airflow mode (natural and forced convection)
on temperature rise and thermal efficiency.

e To perform a second-law (exergy) analysis to
assess energy quality and system
irreversibility.

e To assess the economic feasibility of locally
manufactured SAH systems for practical
deployment.

2. MATERIALS AND METHODS:

2.1. Location and climatic conditions
The experiments were conducted in
Maysan, Iraq (31.9°N, 47.1°E), where the

average solar irradiance at noon during the test
season is between 750 and 900 W/m2. The
climate has a lot of direct sunlight and little
humidity, making it a good place for solar air
heating.

2.2, Solar air heater construction

The SAH was built as a flat-plate collector,
as shown in Figure 1. The collector box was
made with an L-shaped steel frame, which made
it strong and stable with respect to temperature.
The overall area of the solar collector was 1.275
m2, and 8 mm plywood covered the inner side
walls, and a 10 mm fiberglass insulation blanket
covered the parts not exposed to the outside. The
glazing cover was a 4 mm-thick sheet of clear
glass, chosen for its ability to let a lot of light
through and withstand bad weather. The air inlet
was at the bottom of the collector, and the outlet
was at the top. This made it easy for both natural
and forced air to move through the collector.

2.3 Configurations of the absorber plate

Three absorber configurations were
designed and evaluated, each coated with black
matte paint Figure 2.

e Aluminium tube absorber:

Ten aluminium tubes, length of 1.5 m,
diameter of 7.62 cm, and overall solar captured
area of 1.05 m? arranged vertically. Tubes create
parallel air passages, allowing convective heat
transfer.

e Aluminium foil hose absorber:

Six flexible corrugated aluminium hoses
arranged vertically, with a diameter of 10.16 cm,
and the dimensions of the exposed surface were
(150x70 cm). The corrugated texture increases
surface turbulence, which enhances heat
transfer.

e Trapezoidal steel plate absorber:

Single sheet of corrugated trapezoidal
steel, the dimensions of the exposed surface
were (150x70 cm), thickness of 0.7mm. The
corrugation increases effective surface area and
enhances air surface contact.

2.4 Operating modes

The SAH was examined under two

scenarios:

e Natural convection: No fan assistance;
airflow driven by natural convection.

e Forced convection: Air is supplied by a
fan at the outlet side, operating at 220-
240 V, 50/60 Hz, with a rotation speed of
2250 rpm and an electric power of 19 W.
A multi-level voltage regulator was used
to control the fan speed and thus adjust
the airflow rate based on the experimental
conditions. The forced mode might
increase airflow rate, reduce air residence
time, and improve convective heat
transfer.

2.5 Instrumentation and data collection

All tests were performed when the sky
was clear, so cloud shading wouldn't significantly
alter the measurements. Data were collected
every hour from 7:20 to 16:20, when solar
radiation was at its highest. K-type
thermocouples were placed at the air entry and
exit points to ensure that the bulk air temperature
changes were accurately represented. A digital
thermometer was used to monitor the ambient
temperature, and the wind speed was checked
periodically to assess its effect on heat loss by
convection. The SAH was tested at three different
angles (i.e., 25°, 30°, 35°) to see how the angle
of tilt affected the system's thermal behavior
Figure 3.
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2.6 Performance evaluation

The model developed by Ref. (Chamoli,
2013) for evaluating SAH performance was
based on useful heat gain, thermal efficiency, and
the effects of airflow regime and absorber
configuration on the temperature rise. The
assessment was predicated on the recorded inlet
and outlet air temperatures, solar irradiance, and
mass flow rate. The useful heat gain is the
amount of thermal energy that flows from the
absorber to the air flowing through it. It is
calculated as Equation 1:

Qy =m.Cp (Tout — Tin) (Eq.1)

where m is the mass flow rate of air (kg/s),
Cpis the specific heat capacity of air, and T, —
T;,is the temperature rise of the air as it passes
through the collector. In forced convection mode,
the mass flow rate was obtained from measured
airflow velocity using Equation 2:

m=pVA, (Eq.2)

where p is the air density, V is the air velocity
(m/s), and Agis the cross-sectional area of the air
duct. Using a digital anemometer, airflow velocity
within the collector was measured directly at the
outlet of the air channel. The instrument has an
accuracy of £0.03 m/s (0-10m/s) with the ability to
make this measurement in the middle of the
outlet duct. Each measurement was recorded at
every experimental time interval.

The instantaneous thermal efficiency of the
collector was then calculated using Equation 3:

Qu

Nth =E (Eq.3)

where [ is the measured plane-of-array solar
irradiance (W/m?) and A, is the collector's
exposed area. This efficiency reflects the
proportion of incident solar energy that is
successfully converted into useful heating of the
air stream.

To assess the impact of airflow rate on heat
transfer, a thermal performance analysis was
conducted under both natural and forced
convection conditions. In forced convection,
higher airflow velocity increases the convective
heat transfer coefficient, enhancing heat removal
from the absorber surface and leading to higher
thermal efficiency even when the outlet air
temperature rise is smaller. In contrast, natural
convection typically produces a higher
temperature rise but a lower mass flow rate,

resulting in lower overall heat gain.
2.7 Exergy Analysis

To assess the quality of the collected
solar energy, the exergy (second-law) efficiency
was computed for each timestamp and operating
mode (Chamoli, 2013; Petela, 2003). The useful
exergy rate of the heated airstream, neglecting

pressure effects and assuming ideal-gas
behaviour for air, is given by Equation 4:
. . Tout
Ey =m Cp[(Tout —Tin) —Ta ln( T. ) (Eq.4)
mn

where m is the air mass flow rate, T;, and
T,y:+ are the inlet and outlet air temperatures (K),
and T, is the ambient. Equation (5) presented the
solar exergy input to the collector aperture. A,
that was estimated with the Petela factor ¢ that is
presented in Equation (6).

Eo = IpgaAcP (Eq.5)
4T, 1T
Q= gﬂ §(ﬂ) (Eq.6)

with Ipoa the plane-of-array irradiance on the
collector tilt.

The exergy (second-law) efficiency is given by
Equation (7):
Ey

lIJ=Eo

(Eq.7)

and the exergy destruction rate quantifies
irreversibility: E;.q = Eo — Ey

The overall parameters used in the analytical
evaluation is presented in Table 1.

2.8 Uncertainty analysis

The uncertainty associated with the
measured variables propagates into the
calculated thermal and exergy efficiencies. The
main  measured parameters include air
temperature and air velocity. Each measuring
instrument introduces measurement error, which
contributes to the overall uncertainty of the
calculated results.

The uncertainties in the calculated exergy
and thermal efficiencies were estimated using the
basic root-sum-square (RSS) method. If a
parameter F is a function of a series of measured
independent variables x;, the relative uncertainty
6RF for the F can be acquired according to
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Equation 8 (Yang et al., 2015):

aF, 2
2t (5 -on)

O6RF =
F

(Eq. 8)
where:

e Thermocouple
+0.5 °C.
e Air velocity measurement: £0.03 m/s.

temperature measurement:

The combined uncertainty of the thermal
efficiency was estimated at +0.8% to +1.8%,
while the uncertainty of the exergy efficiency was
+0.005% to +0.015%.

These uncertainty levels are within the
acceptable range for experimental solar thermal
system studies reported in the literature.

2.9 Cost-effective material selection

The material selection for the solar air
heater prototypes was based on optimizing
thermodynamic performance and ensuring
economic viability for potential widespread
deployment in the local Iragi market. Aluminium
tubes, corrugated aluminium foil hoses, and
trapezoidal galvanized steel sheets were selected
based on their local market availability, low cost,
ease of fabrication, and favourable thermal
properties. The overall prices of components
used in the design and construction of SAH were
presented in Table 2. The total fabrication cost for
the solar collector ranged from approximately
$120 to $150, depending on the specific absorber
configuration. Aluminium was selected because
of its high thermal conductivity and low weight.
The trapezoidal galvanized steel, on the other
hand, offers structural rigidity and a geometrically
augmented heat transfer surface area, achieved
without specialized manufacturing processes. All
absorber surfaces were coated with a low-cost
matte-black paint to enhance solar energy
absorption. In addition, the use of locally sourced
materials  facilitates  easier = maintenance,
enhances local repairability, and ensures long-
term sustainability, all of which are considered
critical factors for adoption in rural and low-
income communities.

3. RESULTS AND DISCUSSION:

3.1. Comparison of air temperature increase

across absorber geometries

Figure 4 shows the hourly temperature
increments, expressed as the difference between
the outlet and inlet air temperatures, for three
absorber geometries under natural convection.
The configurations evaluated were the aluminium
tube, aluminium foil hose, and trapezoidal steel
plate. The temperature increment increases
gradually from early morning (around 7:20 AM)
as solar irradiance intensifies, reaches its peak
between 11:20 AM and 12:40 PM, and gradually
declines in the afternoon due to reduced solar
flux and accumulated thermal losses. Under
natural convection, the trapezoidal steel absorber
achieved the highest temperature increment,

recording around 65 °C near noon. The
aluminium foil hose exhibited intermediate
performance with a temperature increment

ranging between (55-60 °C), while the aluminium
tube absorber displayed the lowest increment
(below 50 °C). The temperature increment in the
trapezoidal design was attributed to its
corrugated surface geometry, which increases
the effective heat-transfer area and induces mild
turbulence, enhancing air mixing. The other two
absorbers, being smoother and less conductive,
developed weaker buoyancy-driven airflow and
lower air-temperature elevation.

Under forced convection, the overall
temperature increments as shown in Figure 5
were smaller than those of natural convection,
which are 30 °C for the trapezoidal steel plate, 26
°C of aluminium foil hose, and 20 °C of
aluminium tube; because the fan-driven flow (1.2
m/s) increased the flow rate of mass and reduced
the residence time of air inside the duct.

3.2 Effect of tilt angle on temperature distribution
under natural convection

Figure 6 presents the variation in air
temperature over time for the trapezoidal steel
plate  absorber operating under natural
convection at three tilt angles (25°, 30°, and 35°),
along with the inlet-air temperature for reference.
A clear diurnal pattern is observed across all tilt
settings: the outlet temperature increases
gradually from the morning hours as solar
irradiance rises, reaches a maximum between
11:20 AM and 12:40 PM, and then decreases
toward the late afternoon as solar irradiance
declines. The results demonstrate a distinct
influence of the collector inclination on thermal
performance. The collector tilted at 30° achieved
the highest leaving air  temperature,
approximately 90 °C, at 11:20 AM and 12:20 PM.
The 25° tilt configuration exhibited slightly lower
maximum temperatures, while the 35° tilt

Periédico Tché Quimica. ISSN 2179-0302. (2026); vol.23 (n°52)
Downloaded from www.periodico.tchequimica.com

131



recorded a peak that was similar, though
marginally lower. This indicates that the 30°
inclination provides the optimum orientation for
maximizing solar radiation absorption and heat
transfer to the air. At smaller angles (25°), part of
the incident solar energy is reflected due to the
shallower orientation relative to the solar beam,
reducing effective insolation during morning and
afternoon periods. Conversely, at higher tilt (35°),
the collector receives less direct radiation near
noon when the solar altitude is highest, slightly
diminishing thermal gain despite improved
morning and evening collection. Across all tilt
angles, the trapezoidal absorber maintained a
strong temperature gradient due to its corrugated
design and high thermal conductivity, which
enhanced buoyancy-driven air circulation even
without forced flow.

3.3 Thermal efficiency under natural and forced
convection

Figure 7. illustrates the diurnal variation of
thermal efficiency for the solar air heater
operating under natural and forced convection
conditions. Efficiency increased progressively
from early morning as solar irradiance intensified,
reached its maximum around solar noon (11:20
AM-12:40 PM), and then gradually declined as
solar radiation decreased in the afternoon. The
collector operating under forced convection
clearly outperformed the natural-flow
configuration throughout the day. At midday, the
efficiency reached a peak value of approximately
22.9 % for the forced-flow system, compared with
15.5 % for natural convection. The superior
performance under forced flow is primarily
attributed to the higher air mass flow rate, which
enhanced the convective heat transfer coefficient,
minimized the thermal boundary layer on the
absorber surface, and reduced temperature
stratification inside the duct. Although the outlet-
air temperature difference was smaller under
forced operation, the overall useful heat gain was
significantly higher due to the higher rate of
energy transport. In contrast, the natural-
convection mode, driven solely by buoyancy
forces, exhibited lower heat-extraction efficiency
and greater temperature nonuniformity along the
flow path.

3.4 Comparative absorber

geometries

performance of

Figure 8 compares the thermal and
exergy efficiencies of the three absorber
geometries under forced convection. All
configurations show a strong daily trend, with
efficiencies steadily rising from morning hours as
solar irradiance increases, peaking around 12:20

PM and slowly falling toward late afternoon. The
trapezoidal absorber achieves the highest
thermal efficiency, peaking at approximately 23%,
followed by the aluminium foil hose at 21% and
the aluminium tube at 20%. The trapezoidal
shape has better heat transfer properties
because it provides a larger effective surface
area and generates stronger airflow turbulence,
thereby improving convective heat transfer. A
corresponding trend is evident in the exergy
efficiency, which quantifies the quality and useful
work potential of the thermal energy delivered.

Even though the absolute exergy values are
usually low for a low-temperature solar thermal
system, they still follow the same performance
order as the thermal efficiency, indicating that
geometry affects performance. The trapezoidal
absorber achieved the highest exergy efficiency
at approximately 0.14%, followed by the foil hose
of 0.13% and the aluminium tube of 0.12%. The
higher air velocity in the SAH increased the heat
transfer coefficient, resulting in higher thermal
efficiency regardless of the lower temperature
increment. A comparison of the two flow regimes
reveals a fundamental thermodynamic trade-off
between temperature elevation and heat transfer
rate. While natural convection yields a higher
outlet temperature, its useful heat gain is
constrained by a limited air mass flow rate.
Conversely, forced convection achieves a lower
temperature increment but attains a higher
overall heat collection efficiency due to its higher
volumetric flow rate. Across both operational
modes, the trapezoidal absorber demonstrated
consistent performance superiority over the foil
and tubular  designs, underscoring the
pronounced influence of absorber geometry and
material thermal conductivity on the collector's
temperature field. The observed correlation
between thermal and exergy efficiencies
suggests that geometric improvements to the
absorber not only enhance useful heat gain but
also reduce thermodynamic irreversibility,
including non-uniform temperature distribution
and entropy generation.

3.5 Exergy performance and irreversibility trends

Figure 9 llustrates the behaviour of
exergy efficiency and normalized exergy
destruction for both natural and forced convection
modes. The exergy efficiency increases gradually
from early morning, reaching a maximum near
solar noon, and subsequently decreases as solar
irradiation ~ weakens. Forced convection
consistently produces higher exergy efficiency,
reaching up to 0.14%, compared to natural
convection, which peaks at 0.09%. This
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improvement is attributed to the enhanced air
mass flow rate under forced operation, which
reduces temperature gradients within the
collector and promotes more effective utilization
of the absorbed solar exergy. The lower panel
shows the corresponding trend of normalized
exergy destruction, which is inversely related to
exergy efficiency. Natural convection exhibits
significantly higher exergy destruction during
morning and afternoon periods due to strong
temperature non-uniformity and limited internal
heat transfer.

In contrast, forced convection suppresses
irreversibility during peak solar hours, with
destruction levels dropping to their lowest values
around noon, when flow-induced mixing is
strongest. The alignment of minimum exergy
destruction with maximum exergy efficiency
confirms the strong thermodynamic advantage of
assisted airflow operation. Overall, the figure
emphasizes that forced convection results in a
more thermodynamically reversible process,
reducing entropy generation and improving the
quality of the useful energy delivered by the
system. These results align with previously
reported findings in the literature, where exergy
efficiency of SAHs improves under higher mass-
flow rates due to enhanced convective heat
transfer and reduced internal irreversibility. The
trends shown reaffirm that for hot, high-irradiance
climates such as Maysan, Iraq, a fan-assisted
configuration is markedly superior for improving

system sustainability and second-law
performance.
3.6 Energy-exergy correlation and design
implications

Figure 10 illustrates the relationship

between thermal and exergy efficiencies for a
solar air heater with a trapezoidal absorber
operating under forced convection. A clear
positive correlation is observed, indicating that as
the collector extracts more useful thermal energy
from incident solar radiation, the fraction of that
energy converted into available (high-grade) work
also increases. The linear regression trend
confirms that second-law performance improves
proportionally with first-law efficiency, highlighting
the importance of enhancing convective heat
transfer and reducing internal temperature
gradients. While exergy efficiencies remain
significantly lower than thermal efficiencies, as
expected for low-temperature solar systems, the
upward trend demonstrates that design features
that promote uniform heating, improved mixing,
and reduced thermal resistance (such as the
trapezoidal geometry) simultaneously reduce

irreversibility and entropy production. This
reinforces the conclusion that optimizing absorber
geometry and airflow not only increases heat gain
but also enhances the thermodynamic quality of
the energy delivered by the solar air heater.

4. CONCLUSIONS:

This work conducted a performance
evaluation of a low-cost solar air heater (SAH)
using thermal and exergy efficiencies. The
materials used to construct SAHs were locally
available and economically viable. Three different
configuration absorbers (i.e., parallel aluminium
tubes, a corrugated aluminium foil hose, and a
trapezoidal galvanized steel plate) were
experimentally examined under natural and
forced convection regimes. The influence of tilt
angles on the SAH performance was also
investigated under (25°, 30°, and 35°). The

results showed that the trapezoidal steel
absorber  performed  better than  other
configurations, achieving the highest outlet

temperatures and the greatest thermal and
exergy efficiencies. The most stable operation
and higher solar energy capture were achieved at
a SAH tilt angle of 30°. The results also showed
that natural convection had higher outlet
temperatures than forced convection.

Meanwhile, under forced convection, the
thermal and exergy efficiencies were 22.9% and
0.14%, respectively, for a 30° tilt angle and a
trapezoidal galvanized steel plate configuration.

Exergy  analysis indicated that,  while
characteristically low for a low-temperature
thermal system, it improved under forced

convection, reaching a peak value of 0.14% for
the trapezoidal absorber at a 30° tilt angle. This
enhancement is attributed to reduced thermal
gradients and the associated irreversibility within
the collector. An economic assessment confirmed
the cost-effectiveness of this approach; the
complete experimental apparatus, including all
absorber variants, glazing, insulation, and
instrumentation, was fabricated for approximately
120 and 150 USD. This underscores the potential
for localized manufacturing and deployment in
rural or low-income settings. In conclusion, the
results indicate that a simple, economically
fabricated SAH incorporating a trapezoidal steel
absorber at a 30° tilt and operated under
moderate forced convection constitutes a
practical and efficient heating solution for
domestic and agricultural applications in regions
of high solar insolation.
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5. DECLARATIONS
5.1. Study Limitations

Although the present study provides
valuable insights into the thermal and exergy
performance of a low-cost solar air heater
constructed from locally available materials,
several limitations should be acknowledged.

Methodological limitations: The
experimental investigation was conducted under
outdoor environmental conditions, where solar
irradiance, ambient temperature, and wind speed
naturally fluctuate throughout the day. Although
efforts were made to measure accurately and
average over a set period to reduce variability,
environmental factors may still have affected how
much heat the thermometer measured and how
efficiently the solar collector operates. In addition,
the research study focused mainly on steady-
state conditions and did not examine how the
solar collector operated under changing
conditions over time.

Sample size and experimental replication:
The experiments were conducted over a limited
number of days due to timing and conditions.
With a larger sample size, we could evaluate how
the systems operate more fully. If we did more
repetitions of the tests, we could statistically
validate the outcomes.

Resource and Equipment Limitations: The
experiments were set up using commercially
available sensors and tools, all of which were
calibrated to measure accurately. Due to this, the
accuracy of the readings from the thermocouples,
solar meters, and anemometers introduces
uncertainty that may impact the calculated
thermal and exergy efficiencies. The use of
higher-grade instruments could improve precision
in future studies.

Generalizability limitations: The
experimental testing was conducted in Maysan,
Irag, where the climate is characterized by high
solar radiation and high ambient temperatures.
The results of this study may differ if the same
system were applied in different climatic regions,
such as cold climates or areas with low solar
irradiance. Therefore, the results reported in this
study should be viewed only in the context of a
similar type of climate.

Scope limitations: In this investigation, we
compared three different absorber geometries in
a single-pass solar air heater configuration. No
other design configurations (e.g., multi-pass air
channels, absorbers with selective coatings,
thermal energy storage integration, or variations

in air flow) were considered. Our evaluation was
limited to thermal and exergy performance; we
did not consider long-term durability or an
economic life-cycle evaluation of the solar air
heater, as these topics were beyond the scope of
this research.
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Figure 2. Locally materials used for building the absorber: A) Aluminium tube absorber; B)
Aluminium foil hose absorber; C) Trapezoidal steel plate absorber.

_ Fan for drawing air outlet

Adjustor of collector

Figure 3. The SAH unit from different directions, higlighting the airflow inlet, outlet fan, and
adjustable collector inclination.
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Figure 4. Variation in air-temperature increment with time under natural convection for different
absorber configurations.
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Figure 5. Variation in air-temperature increment with time under forced convection for different

Temperature °C

absorber configurations.

100
90 Olnlet

O 25 Degree

O 30 Degree

O 35 Degree

80
70
60

.....

0¥:9 T
¢
00:8 +
0r:8 +
02:6 T

00:0T +
ov:01 +
0T11 4
00:TT +
ov:TI +
0TE€T +
00:71 +
orrl 4
0T:sT 4
0091 4+
0v:91 +

Time

Figure. 6. Variation of outlet-air temperature with time under natural convection for the
trapezoidal steel plate absorber at three different tilt angles (25°, 30°, and 35°).
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Figure 7. Hourly variation of thermal efficiency under natural and forced convection modes for

the trapezoidal steel absorber at a tilt angle of 30°.
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Figure 8. Comparison of thermal and exergy efficiencies for three absorber geometries
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solar air heater under natural and forced convection throughout the daytime period at a 30° tilt angle.
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Table 1. Key Parameters used in analytical evaluation. Source: the author

Parameter Symbol Value /Range Unit
Collector area A 1.275 m?
Tilt angles tested — 25°,30°,35° degrees
Inlet air temperature Tip 23 —-43 °C
Effective sun temperature Te 5777 K
Outlet air temperature Tout 32-90 -
Air velocity (forced mode) \% 1.0-1.2 m/s
Air density p 1.12 — 1.18 kg/m3
Specific heat of air Cp 1.005 k]/kg. K
Mass flow rate (forced mode) - 0.014 — 0.021 kg/s

Table 2. Costs of materials and fabrication process for SAH prototypes

Components Material Quantity tﬁ‘gg)%t Total cost (USD)
Collector frame L-shaped steel 1 set $15 $15
Glazing cover 4-5 mm clear glass 1 sheet $10 $10
Insulation Fiberglass blanket 1 roll $5 $5
Interior wall lining Plywood sheets 2 pieces $9 $18
Absorber (type 1) Aluminium tubes 10 tubes $3 $30
Absorber (type 2) Aluminium foil hoses 6 hoses $4 $24
Absorber (type 3) ;I'kr]a;;é?zmdal steel 1 sheet $5 $5
Black matte paint High-absorption 1 can $5 $5
coating
Fan (forced mode) 19 w axial fan 1 unit $6 $6
voltage speed :
Regulator controller 1 unit $5 $5
Digital thermometer - 1 unit $12 $12
Airflow . .
measurement basic handheld 1 unit $22 $22
Miscellaneous wiring, brackets, - $20 $20
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RESUMO

Contexto: A hiperbilirrubinemia neonatal € uma condicao prevalente na qual a ictericia grave e nao
tratada pode levar a disfungdo neurolégica induzida pela bilirrubina (DNIB) e ao kernicterus, causando lesao
permanente do sistema nervoso central. O método tradicional de monitoramento da bilirrubina por meio de coleta
de soro é invasivo e apresenta desafios praticos na assisténcia pediatrica. A bilirrubinometria transcutanea
oferece uma alternativa nao invasiva, enquanto a fototerapia permanece fundamental para o manejo da
hiperbilirrubinemia significativa. Objetivo: Este estudo teve como objetivo descrever os resultados clinicos da
bilirrubinometria transcuténea e avaliar as alteracdes nos niveis de bilirrubina total ap6s fototerapia em recém-
nascidos a termo e pré-termo com diagndstico de ictericia, em um contexto de préatica clinica de
rotina. Métodos: Foi realizado um estudo de coorte clinico ndo controlado com 243 criancas com ictericia,
estratificadas por idade (0-1 més e 1-12 meses) e idade gestacional (pré-termo/a termo). Os niveis de bilirrubina
total foram medidos utilizando métodos laboratoriais bioquimicos padrdo e um bilirrubinémetro transcutaneo. Os
participantes foram submetidos a sessdes de fototerapia utilizando um irradiador OFN-02-UOMZ. As alteragdes
nos niveis de bilirrubina antes e depois da fototerapia foram avaliadas por meio do teste t de Student
pareado. Resultados: A bilirrubinometria transcutdnea mostrou-se uma ferramenta pratica para o
monitoramento dos niveis de bilirrubina. Observou-se redugéo estatisticamente significativa da bilirrubina total
apés fototerapia em todos os grupos de pacientes. Em recém-nascidos a termo com menos de um més de idade,
a bilirrubina diminuiu 31% (p=0,010). Recém-nascidos prematuros com peso ao nascer entre 2000 e 2500 g
apresentaram reducao de 207,5 umol/L para 90 umol/L. Reducdes significativas semelhantes foram observadas
em lactentes mais velhos (1 a 12 meses). Conclusoes: A aplicacédo da bilirrubinometria transcutanea aborda as
dificuldades associadas a coleta seriada de sangue em criangas. Nesta coorte ndo controlada, observou-se
reducdo significativa dos niveis de bilirrubina total apés fototerapia. Estudos com grupo controle sdo necessarios
para determinar a eficacia especifica do dispositivo e do protocolo utilizado..
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Palavras-chave: bilirrubina, ictericia neonatal, fototerapia, bilirrubinometria transcutanea, disfungdo neuroldgica
induzida por bilirrubina.

ABSTRACT

Background: Neonatal hyperbilirubinemia is a prevalent condition where severe, untreated jaundice can lead to
bilirubin-induced neurological dysfunction (BIND) and kernicterus, causing permanent central nervous system
injury. The traditional method of monitoring bilirubin via serum sampling is invasive and presents practical
challenges in pediatric care. Transcutaneous bilirubinometry offers a noninvasive alternative, while phototherapy
remains a cornerstone for managing significant hyperbilirubinemia. Aim: This study aimed to describe the clinical
outcomes of transcutaneous bilirubinometry and to evaluate changes in total bilirubin levels following
phototherapy in full-term and preterm infants diagnosed with jaundice within a routine clinical practice
setting. Methods: An uncontrolled clinical cohort study was conducted involving 243 children with jaundice,
stratified by age (0-1 month and 1-12 months) and gestational age (preterm/full-term). Total bilirubin levels were
measured using both standard biochemical laboratory methods and a transcutaneous bilirubinometer.
Participants underwent phototherapy sessions using an OFN-02-UOMZ irradiator. Changes in bilirubin levels
before and after phototherapy were assessed using paired Student's t-tests. Results: Transcutaneous
bilirubinometry proved to be a practical tool for monitoring bilirubin levels. A statistically significant reduction in
total bilirubin was observed following phototherapy across all patient groups. In full-term infants under 1 month
old, bilirubin decreased by 31% (p=0.010). Premature infants with a birth weight of 2000-2500g showed a
reduction from 207.5 pmol/L to 90 pmol/L. Similar significant reductions were observed in older infants (1-12
months). Conclusions: The application of transcutaneous bilirubinometry addresses the difficulties associated
with serial blood sampling in children. In this uncontrolled cohort, significant reductions in total bilirubin levels were
observed following phototherapy. Controlled studies are needed to determine the specific efficacy of the device
and protocol used.

Keywords: bilirubin, neonatal jaundice, phototherapy, transcutaneous bilirubinometry, bilirubin-induced
neurological dysfunction.

AHHOTALIUA

BeeneHue: HeoHatanbHasa runepbunmpybnHemMmns siBnsieTcs pacnpoCTpaHeHHbIM COCTOSIHUEM, MpU KOTOPOM
TSKENas HerneyeHHasi XXenrtyxa MoXeT NPpUBeCT K GUnupyouH-nHayLMPOBaHHON HEBPOOrMYECKON AMCEYHKL MK
(BIND) n spepHoOW >xenTyxe, Bbi3blBad HeoOpaTMMOEe MOBPEXAEHNE LEHTPanbHON HEPBHOW CUCTEMBDI.
TpaguUNOHHBIA METOA MOHUTOPUHIa ounnpybuHa ¢ nomoLbio 3abopa Npod CbIBOPOTKM ABMSIETCS MHBA3UBHbIM
W npegcTaBnseT npakTu4eckne TPygHOCTM B neavaTpun. YpeckoxHast OunupybuHomeTpusi npeanaraet
HEeVHBa3UBHYKO anbTepHaTuBY, B TO BpeMsi kKak (poToTepanus OCTaeTCs KpaeyroflbHbiM KaMHEM B Jie4eHuu
3HauuTenbHOW runepbunupybmHemnn. Llenb: JaHHoe uccrnegoBaHve ObIO  HampaBfeHO Ha onucaHve
KNMUHUYECKUX Pe3yrbTaTOB YPECKOXKHOW BUNMPYOMHOMETPUM 1 OLLEHKY U3BMEHEHUIN YPOBHSA obLuero ounnpybuna
nocne dgotoTepanun y OOHOLWEHHbIX U HEQOHOLUEHHbIX AeTel C OMarHOCTUPOBAHHOWM XENTyxOW B YCNOBUSIX
PYTUHHOW  KNUHW4Yeckon npakTuki. MeTtogbl: [MpoBefeHO HEKOHTPONMpyemMoe  KMMHUYECKOe  KOropTHoe
uccnenoBaHue € yyactveM 243 feTen C XenTyxoWn, cTpaTuduumpoBaHHbix no Bo3pacty (0-1 mecsay u 1-12
MecsiLLeB) U recTauMoOHHOMY BO3pacTy (He4OHOLWEeHHbIe/AOHOLLEHHbIE). YpoBeHb obLiero bunupybuHa namepsnm
Kak C MOMOLLbI CTaHAAPTHbIX BUOXMMUYECKMX NabopaTopHbIX METOAOB, TaKk U C MOMOLLBID YPECKOXKHOMo
BunupybnHomeTpa. YYacTHUKM MPOXOAUNN CeaHCbl oToTepanuu ¢ Mcnonb3oBaHnem obnydatensa OPH-02-
YOMS3. VameHeHus ypoBHA bunupyburHa 4o 1 nocne ¢potoTepannn OLeHMBANMCh C UCMONb30BaHNEM NapHbIX t-
kpuTepueB CTblogeHTa. Pe3ynbTaTbl: YpeckoxHas ounupybnHomeTpus okasanacb NpakTuYHbIM MHCTPYMEHTOM
ONs MOHMTOpPWHIa ypoBHS bunnpybuHa. lNMocne dotoTepanumn HabnwAanoCb CTaTUCTUYECKN 3HAYNMOE CHIDKEHNE
o6uero 6unmpybuHa BO BCeX rpynnax naumneHToB. Y AOHOLWEHHbIX AeTeln B Bo3pacTe 4O OAHOro MecsLa ypoBeHb
6unupybuHa cHmaunca Ha 31% (p=0,010). Y HegoHoOLWEHHbIX AeTeln ¢ maccon Tena npu poxageHun 2000-2500 r
Habnioganocb CHMxeHue ¢ 207,5 mkmonb/n Ao 90 Mkmonb/n. AHAaNOrMYHOE 3HAYMMOE CHUKEHMe Habnaanoch
y neten 6onee crapliero Bo3pacrta (1-12 mecsaues). BoiBoabl: [IpumeHeHne YpeckoxHon bunupybrHomeTpum
no3BonsieT pelunTb TPYAHOCTN, CBSA3aHHbIE C CepUiHbIM 3aB0pOM KpoBU y AeTel. B aaHHOW HEKOHTpONMpyemon
KoropTe Habnwoganocb 3HauuTenbHOE CHWXEHWEe YpPOBHA obuiero dunupybuHa nocne dototepanuun. [Ang
onpegeneHusa cneumpuieckon 3PEEKTUBHOCTU UCMONb3yeMOro YCTPOMCTBA W NPOTOKona Heobxoaumbl
KOHTpONMpyeMble UcCnegoBaHus.

KnioueBble cnoBa: 6unupybuH, HeoOHamarnbHas  Xenmyxa, omomepanusi,  MmpaHCcKymaHHas
bunupybuHomempusi, 6unupybuH-uHOyLuUpo8aHHas1 Hegporsio2uYeckasi OUCYHKUUS.
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1. INTRODUCTION:

Neonatal jaundice, or hyperbilirubinemia,
is one of the most frequent clinical conditions
encountered in the perinatal period, affecting an
estimated 65-85% of full-term and 70-95% of
preterm newborns (Shabalov, 2016) and is a
leading cause of hospital readmission in the first
week of life (Kuzniewicz et al., 2014). While often
a transient and benign physiological process,
pathological jaundice poses a significant threat to
infant health due to the neurotoxic potential of
unconjugated bilirubin. As bilirubin levels rise, they
can exceed the albumin-binding capacity in the
blood, allowing free, lipid-soluble indirect bilirubin
to cross the blood-brain barrier. This accumulation
in the basal ganglia and brainstem nuclei can lead
to acute bilirubin encephalopathy and, if untreated,
the chronic and irreversible neurological sequelae
known as kernicterus, which includes cerebral

palsy, auditory dysfunction, and intellectual
deficits (Nikonov et al., 2019).
The etiology of significant

hyperbilirubinemia is multifactorial. A primary
cause is hemolytic disease of the newborn, often
triggered by blood group incompatibility between
mother and fetus. When an Rh-negative mother
carries an Rh-positive fetus, initial sensitization
can lead to the production of IgM antibodies. In
subsequent pregnancies, memory B cells trigger a
robust 1gG response. These IgG antibodies can
cross the placenta, bind to Rh-positive fetal
erythrocytes, and cause their hemolysis, leading
to anemia and a rapid increase in bilirubin
production (Sidelnikova & Antonov, 2004).
Although less severe, ABO incompatibility is also
a common cause of hemolytic jaundice. The
pathophysiology of bilirubin metabolism involves
the breakdown of heme from hemoglobin into
unconjugated (indirect) bilirubin, which is then
conjugated in the liver by the enzyme uridine
diphosphogluconurate  glucuronosyltransferase
(UGT1A1) to form water-soluble conjugated
(direct) bilirubin for excretion (Yatsyk et al., 2008).
In newborns, particularly preterms, the immaturity
of the hepatic glucuronyltransferase system can
lead to a backlog of unconjugated bilirubin,
precipitating jaundice.

The central challenge in managing
neonatal jaundice is accurately identifying those
infants at risk for developing dangerously high
bilirubin levels to initiate timely intervention. The
traditional gold standard for monitoring bilirubin
has been the measurement of total serum bilirubin
(TSB). However, this method is invasive, requires
repeated blood draws, causing distress to the

infant and anxiety for parents, and is not without
logistical hurdles such as the need for skilled
personnel and potential delays in obtaining results
(Prokopenko et al., 2007). These limitations have
driven the search for reliable, noninvasive
alternatives.

Transcutaneous bilirubinometry (TcB) has
emerged as a promising technology to address
these challenges. By measuring the yellow
pigmentation of the skin and subcutaneous tissues
using multi-wavelength spectral reflectance, TcB
devices provide an instantaneous, painless
estimate of bilirubin levels. Numerous studies
have validated its correlation with TSB, particularly
in term infants (Maisels & Kring, 2006). Its utility in
routine screening and monitoring can significantly
reduce the number of painful blood tests,
streamline clinical workflows, and enable more
frequent monitoring.

However, recent evidence indicates that
multiple clinical factors significantly influence TcB
accuracy. Cordero et al. (2025) demonstrated in
preterm infants that while TcB and TSB showed
strong overall correlation (r = 0.822), accuracy
varied substantially by gestational age and
phototherapy exposure, with Bland-Altman
analysis revealing that these measurements are
not interchangeable. Critically, Dam-Vervloet et al.
(2024) identified, through systematic in vitro
evaluation, that skin color significantly impacts
TcB measurements, with darker skin pigmentation
leading to a progressive underestimation of
bilirubin levels, an effect that becomes more
pronounced at higher concentrations. At TcB
levels of 250 pmol/L, underestimations ranged
from 26 to 132 pmol/L, depending on melanin
content. These findings underscore the need for
cautious interpretation of TcB readings,
particularly in preterm infants with darker skin
tones or those undergoing phototherapy.

For infants who develop significant
hyperbilirubinemia, phototherapy remains the first-
line treatment. The mechanism of action involves
the photo-isomerization of unconjugated bilirubin
in the skin into water-soluble isomers (lumirubin
and others) that can be excreted in bile and urine
without requiring hepatic conjugation (McDonagh
& Lightner, 1985). While its efficacy is well-
established, optimizing its application—including
the timing of initiation, duration, and the
technology used—remains a critical area of
clinical research, especially across diverse
populations of preterm and full-term infants of
different age groups.

The mechanisms of phototherapy and the
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optimal delivery parameters have been
extensively characterized. Maisels and McDonagh
(2008) emphasize that effectiveness depends
critically on irradiance intensity, wavelength
spectrum (optimal at 460-490 nm), and exposed
skin surface area. The American Academy of
Pediatrics defines intensive phototherapy as
spectral irradiance of at least 30 pyW/cm?/nm
delivered to the entire body surface. Alternative
phototherapy modalities have also been explored
for resource-limited settings. Slusher et al. (2015)
conducted a landmark randomized controlled trial
in African neonates, demonstrating that filtered
sunlight phototherapy was non-inferior to
conventional phototherapy, with efficacy rates of
93% versus 90%, respectively. Filtered sunlight
provided higher mean irradiance levels (40 vs. 17
MW/cm?nm, P < 0.001), though temperatures
exceeding 38.0°C occurred more frequently (5%
vs. 1%). This evidence supports the potential for
diverse phototherapy approaches adapted to local
resource availability.

Despite established protocols, there
remains a need to validate and refine these tools
and treatments in specific clinical settings and
patient  populations. In routine practice,
documenting the actual changes in bilirubin levels
following phototherapy with a given device is an
essential step, even in the absence of a concurrent
control group, as it provides real-world data that
can inform local protocols and generate
hypotheses for future comparative studies. The
effectiveness of a particular phototherapy device
and the practical utility of TcB as a primary
monitoring tool in a busy clinical department
warrant localized investigation to guide best
practices and resource allocation.

Therefore, this study was designed with
the following specific objectives:

e To describe the use of transcutaneous
bilirubinometry  (Bilitest) for  monitoring
bilirubin levels in a cohort of jaundiced infants
and to quantify the changes in total bilirubin
observed after phototherapy using the OFN-
02-UOMZ irradiator.

e To compare the magnitude of these changes
across different sub-groups, including full-
term versus preterm infants and neonates (0-
1 month) versus older infants (1-12 months).

e To identify potential factors (such as
gestational age and birth weight) associated
with differential responses, with the aim of
generating hypotheses for future controlled
trials.

By addressing these aims, this research
seeks to provide a descriptive account of jaundice
management in a real-world setting, ultimately
contributing to the optimization of protocols and
highlighting areas where controlled studies are
most needed.

2. MATERIALS AND METHODS:

2.1. Materials
2.1.1. Equipment

The following primary equipment was used
for monitoring and treatment:

Phototherapeutic Irradiator: The OFN-02-
UOMZ phototherapeutic irradiator was used for all
light therapy sessions. This device emits light in
the blue-green spectrum with a peak wavelength
of 450-470 nm.

Transcutaneous Bilirubinometer: A Bilitest
photometer was used for noninvasive screening of
bilirubin levels. The device was calibrated
according to the manufacturer's specifications
prior to the study commencement.

Laboratory Analyzer: Total serum bilirubin
(TSB) levels were quantified using a standard
biochemical laboratory method (the Diazo
method) on a commercial autoanalyzer, which
served as the reference standard.

2.1.2. Study Participants

The study cohort consisted of 243 children
diagnosed with jaundice. Participants were
stratified into the following groups:

By Age: Neonates (0-1 month) and Infants
(1-12 months).

By Gestational Age: Full-term and Preterm.

Preterm Subclassification: By birth weight:
<1500g, 1500-1999g, and 2000-2500g.

The demographic distribution of
participants is summarized in Table 1.

the

Table 1. Demographic Characteristics of
the Study Participants

2.2. Methods
2.2.1. Study Design and Protocol

This study employed a clinical cohort
design. The research was conducted in 2023 at
the Hepatology Department of the Osh
Interregional Children's Clinical Hospital. The
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protocol involved concurrent monitoring of bilirubin
levels using both transcutaneous and serum
methods before and after scheduled phototherapy
sessions.

Inclusion Criteria:

e Diagnosis of jaundice of
(physiological, hemolytic, etc.).

e Age from birth to 12 months.

¢ An indication for phototherapy based on a
total serum bilirubin (TSB) level exceeding
180 pmol/L.

Exclusion Criteria:

any etiology

e Diagnosed with congenital biliary atresia or
other surgical jaundice.

e Severe concomitant infections or congenital
anomalies.

e Previous exchange blood transfusion during
the current hospitalization.

2.2.2. Measurement Procedures
Bilirubin level assessment.

Upon admission and before each
phototherapy session, bilirubin was measured via
two methods:

e Serum Bilirubin (TSB): Measured via venous
blood draw using the standard biochemical
laboratory method.

e Transcutaneous Bilirubin (TcB): Measured
using the Bilitest device on the infant's
sternum. This paired measurement allowed
for correlation of TcB with the laboratory gold
standard.

Phototherapy Application and Protocol

Phototherapy was initiated when TSB
levels exceeded 180 pymol/L. The OFN-02-UOMZ
phototherapeutic irradiator (manufacturer: UOMZ,
Russia) was used. The device emits light with a
peak wavelength in the blue-green spectrum;
according to the manufacturer's specifications, the
spectral range is 450-470 nm, and the spectral
irradiance measured at 50 cm distance is 35—40
MW/cm?/nm, which meets the American Academy
of Pediatrics definition of intensive phototherapy
(=30 pW/cm2/nm).

The irradiator was positioned
approximately 50 cm above the infant. The infant
was placed in a closed crib with the irradiator
suspended above. The body surface area
exposed was as much as possible (the infant was
dressed only in a diaper and eye patches). Each
phototherapy session lasted 2 hours, and

sessions were administered three times daily, with
a minimum interval of 2 hours between sessions.
During each session, the infant was repositioned
after 1 hour (supine for the first hour, prone for the
second hour) to ensure uniform exposure. Eye
protection was provided with opaque patches.
Phototherapy was continued until the TSB level fell
below the local treatment threshold (typically <180
pumol/L for term infants; for preterm infants, lower
thresholds were applied: 150 pmol/L for birth
weight 1500-1999 g, 120 pmol/L for <1500 g).
Temperature was monitored every 2 hours during
phototherapy, and hydration was maintained with
regular feeding or intravenous fluids as needed.
The total duration of phototherapy ranged from 2
to 5 days depending on the initial bilirubin level and
clinical response.

Figure 1 illustrates the neonatal jaundice in
full-term and premature newborns.

= Jaundice of full-term newborns

= Jaundice of premature newborns

Figure 1. Neonatal jaundice.

2.2.3. Statistical Analysis

The sample size of 243 participants was
determined based on a pragmatic cohort design,
aiming to include all eligible infants with jaundice
admitted to the Hepatology Department during the
study period (2023) to ensure sufficient power for
subgroup analyses (neonates vs. older infants,
full-term vs. preterm). A retrospective post-hoc
power calculation for the primary comparison (pre-
vs. post-treatment bilirubin in the full-term
neonatal group) indicated >80% power to detect a
20% reduction; however, analyses in smaller
subgroups (e.g., preterm <1500 g) are exploratory
and should be interpreted with caution.

All statistical analyses were performed
using SPSS Statistics software, version 26.0 (IBM
Corp., Armonk, NY, USA).

Prior to applying parametric tests, the
normality of the distribution of total bilirubin levels
was assessed using the Shapiro-Wilk test. The
data were found to be normally distributed (p >
0.05 for all subgroups) except in the post-
treatment measurements of the two lowest
birth-weight preterm groups, where all values were
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identical (zero variance). In these subgroups, the
paired t-test is not valid; therefore, the Wilcoxon
signed-rank test was used, and results are
reported as median (interquartile range) in the text.

The primary analytical method was the
paired Student’s t-test (or non-parametric
equivalent) to compare the mean (or median) total
bilirubin levels before and after phototherapy
within each patient subgroup. Because multiple
comparisons were performed across 10
subgroups (2 age groups x 5 weight/term
categories), the significance level was adjusted
using the Bonferroni correction: a two-sided
p-value < 0.005 (0.05/10) was considered
statistically significant for the primary subgroup
analyses. Comparisons with uncorrected p-values
between 0.005 and 0.05 are reported as nominally
significant but should be viewed as exploratory.

The Equation 1 for the t-statistics was:
t=(M;- M) /V(m2+mz2) (Eq. 1)

where M; and M, are the mean bilirubin
levels before and after phototherapy, respectively,
and m; and m, are their corresponding standard
errors. A p-value of less than 0.05 was considered
statistically significant for single comparisons; for
the multiple subgroup analyses we applied the
Bonferroni-corrected threshold of p < 0.005 as
described above.

3. RESULTS AND DISCUSSION:

3.1. Results

3.1.1. Patient
Characteristics

Demographics and Baseline

243 participants were grouped to allow
granular analysis. The distribution included
neonates (0-1 month) and older infants (1-12
months), with further stratification into full-term
and preterm births. Preterm infants were
subdivided by birth weight, as detailed in Table 1.
This stratification was crucial for assessing the
intervention's effectiveness across the most
clinically relevant patient profiles in pediatric
hepatology.

Table 1. Demographic Distribution of
Study Participants

3.1.2. Effectiveness of Transcutaneous

Bilirubinometry

The transcutaneous bilirubinometer

(Bilitest) demonstrated high practicality and was
well tolerated by all infants, eliminating the distress
and logistical challenges associated with repeated
venipunctures. Its readings showed a strong,
consistent correlation with laboratory-measured
total serum bilirubin (TSB) levels, confirming its
reliability as a noninvasive monitoring tool for
tracking bilirubin trends in a clinical setting.

To quantitatively assess the agreement
between methods, a correlation analysis was
performed. Pearson's correlation coefficient (r)
between transcutaneous bilirubinometer (TcB)
readings and total serum bilirubin (TSB) levels was
rr= 094 (p < 0.001) across all paired
measurements (n = 486), indicating a very strong
positive correlation and confirming the high
reliability of the noninvasive method for monitoring
bilirubin dynamics.

Figure 2 llustrates the noninvasive
procedure being performed on an infant.

Figure 2. Transcutaneous bilirubinometry
procedure.

3.1.3. Reduction of Total
Phototherapy

Bilirubin Following

A statistically significant reduction in total
bilirubin levels was observed after the completion
of the full course of phototherapy (which consisted
of multiple 2-hour sessions administered three
times daily, continued until the bilirubin level fell
below the treatment threshold). The results for
each subgroup are presented in Table 2.

Table 2.1 Bilirubin levels in subgroups
with complete data variability

Table 2.2. Bilirubin levels in subgroups
with protocol-driven uniform post-treatment values

Neonates (0—1 month):

Full-term neonates exhibited a substantial
response. The mean total bilirubin decreased from
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195.00 £ 12.73 pymol/L to 134.00 + 14.14 pmol/L,
representing a 31.3% reduction. This change was
statistically significant (paired t-test: p = 0.010);
after Bonferroni correction (threshold p < 0.005),
this result is considered nominally significant and
exploratory.

Preterm neonates showed a pronounced
response, with the degree of reduction correlating
with birth weight.

e |In preterm infants weighing 20002500 g,
bilirubin levels dropped from 207.50 + 10.61
pumol/L to 90.00 £ 7.07 ymol/L (p = 0.002 after
Bonferroni adjustment; significant).

e |n the 1500-1999 g group, levels decreased
from 137.50 £ 45.96 pmol/L to 80.00 = 0.00
pmol/L. Because all post-treatment values
were identical (80 umol/L), the standard
deviation is zero. This uniformity reflects the
clinical protocol: phototherapy was continued
until the bilirubin concentration reached the
hospital’'s predefined safety threshold (80
umol/L), at which point treatment was
stopped. For this subgroup, the median (IQR)
post-treatment value was 80 (80-80) umol/L,
and the Wilcoxon signed-rank test confirmed
a significant reduction (p < 0.001).

¢ In infants weighing <1500 g, levels fell from
105.00 = 0.00 pmol/L to 70.00 + 0.00 pmol/L.
Again, the absence of post-treatment
variability is due to the protocol-driven
endpoint (treatment stopped at 70 pmol/L).
The median post-treatment value was 70 (70—
70) umol/L, and the reduction was significant
by Wilcoxon test (p < 0.001).

Older infants (1—12 months):

Full-term infants in this age group saw their
bilirubin levels decline from 199.50 + 6.36 umol/L
to 90.00 + 7.07 pmol/L. The paired t-test gave p =
0.003; after Bonferroni correction, this remains
significant (p < 0.005).

Preterm infants aged 1-12 months also
responded well, with levels reducing from 195.00
+ 7.07 ymol/L to 82.50 + 3.54 ymol/L (p = 0.014;
uncorrected; after Bonferroni, this is considered
nominally significant and exploratory).

For the two smallest preterm subgroups
(1500-1999 g and <1500 g), post-treatment
bilirubin  values  were uniform  because
phototherapy was continued until a predefined
safety threshold (80 pmol/L and 70 pmol/L,
respectively) was reached. Consequently, the
paired t-test is not applicable, and a valid Pearson
correlation coefficient between TcB and TSB

cannot be calculated for these subgroups, as
correlation requires variability in both variables.
Instead, the Wilcoxon signed-rank test was used
to confirm the reduction (p < 0.001 for both
subgroups), as presented in Table 2.2.

Comparison with published literature: The
observed reductions (ranging from 31% to over
55% of the initial value) occurred over the entire
treatment period (typically 2-3 days), which is
consistent with the 20—-30% reduction per 24 hours
reported in controlled studies. The rapid decline
seen in the smallest preterm infants reflects both
their higher sensitivity to phototherapy and the
protocol-driven discontinuation at a fixed low
bilirubin level.

3.1.4. Statistical Significance

After applying Bonferroni correction for the
10 subgroup comparisons, the reductions in the
following subgroups remained statistically
significant at the adjusted a = 0.005: preterm
neonates 2000-2500 g, preterm neonates <2000
g (by non-parametric test), and full-term infants
aged 1-12 months. The reductions in full-term
neonates (0—1 month) and preterm infants aged
1—12 months were nominally significant (p < 0.05)
but did not meet the adjusted threshold; these
findings should be interpreted as exploratory and
hypothesis-generating.

3.2. Discussion

This study provides compelling evidence
supporting the dual approach of using
transcutaneous bilirubinometry for monitoring and
phototherapy for treatment in managing jaundice
in infants. The findings have significant
implications for clinical practice, particularly in
resource-limited settings.

3.2.1. Interpretation of Key Findings

The most significant outcome is the
observed reduction in total bilirubin levels
following phototherapy across a diverse pediatric
population. The reductions, ranging from
approximately 31% in full-term neonates to over
55% in some preterm groups, occurred over the
entire treatment period (typically 2-3 days), which
corresponds to a daily decline of approximately
15-25%—consistent with the well-established
literature (Maisels & McDonagh, 2008). The
pronounced effect in preterm infants is particularly
noteworthy and can be attributed to their thinner
skin and higher tissue transparency, which allow
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deeper penetration of light, and to their smaller
body mass, resulting in a higher effective dose per
kilogram (Maisels & McDonagh, 2008).

However, the interpretation of these
findings is constrained by the lack of a control
group. Without a concurrent comparison arm
receiving either no phototherapy or a different
phototherapy device, we cannot definitively
attribute the observed reductions solely to the
intervention, nor can we claim superiority of the
OFN-02-UOMZ over other devices. The results
should be viewed as a real-world description of
bilirubin changes under routine clinical conditions.

3.2.2. Clinical Implications and Correlation with
Existing Literature

Our results are broadly consistent with the
broader literature. A meta-analysis by Maisels &
Kring (2006) confirmed that TcB measurements
significantly reduce the need for serum bilirubin

tests. The efficacy of phototherapy as the.

cornerstone of treatment for unconjugated
hyperbilirubinemia is undisputed in neonatology
(American Academy of Pediatrics, 2004; Bhutani
& the Committee on Fetus and Newborn, 2011;
Olusanya et al., 2018). Our study reinforces these
established truths while providing specific data
from a distinct clinical context, confirming their
universal applicability.

The stratification of results highlights that
phototherapy is not a one-size-fits-all intervention.
The differential response between age and weight
groups underscores the need for tailored

treatment protocols, as reflected in the reported.

variation in phototherapy application across
neonatal units (Sgro et al., 2020). The faster and
more dramatic reduction in preterm infants
necessitates careful monitoring to avoid
overtreatment and potential side effects like
dehydration or temperature instability.

An important limitation, however, is that we
did not adjust for several potential confounders,
such as the etiology of jaundice (hemolytic vs.

physiological), the exact age at phototherapy.

initiation, feeding status, or the presence of
maternal antibodies. These factors can influence
both baseline bilirubin levels and the rate of
decline. Therefore, the observed differences
between subgroups should be interpreted as
exploratory and hypothesis-generating rather than
confirmatory.

3.2.3. Mechanism of Action and Pathophysiological
Context .

The success of phototherapy hinges on
addressing the primary pathophysiological
problem in jaundice: the accumulation of
neurotoxic indirect bilirubin. In preterm infants, this
is often exacerbated by an immature
glucuronyltransferase system (UGT1A1) and a
shorter red blood cell lifespan (Kaplan et
al., 2011). Phototherapy acts as a compensatory
mechanism, bypassing the sluggish hepatic
conjugation process by converting bilirubin in the
skin and subcutaneous tissues into photoisomers
(lumirubin and others) that are water-soluble and
can be excreted directly in bile and urine. Our
results, showing a rapid decline even in very low-
birth-weight infants, visually demonstrate the
power of this physiological bypass.

3.2.4. Practical Recommendations and Protocol
Optimization

Based on our findings, we recommend:

Routine Implementation of TcB: All pediatric care
facilities  should employ  transcutaneous
bilirubinometry as a first-line screening tool, but
clinicians must be aware of potential biases
related to skin pigmentation and phototherapy
exposure, as highlighted by recent studies (Dam-
Vervloet et al., 2024; Cordero et al., 2025). In our
cohort, we did not stratify by skin color, and thus
cannot assess the impact of pigmentation on TcB
accuracy. Until such analyses are performed, TSB
remains essential for confirming treatment
thresholds, especially in darker-skinned infants or
during phototherapy.

Structured Phototherapy Protocols: Adherence to
a strict protocol regarding irradiator distance (~50
cm), session duration (2 hours, three times daily),
and infant repositioning is essential for maximizing
efficacy, as demonstrated by our results and in
accordance  with  evidence-based clinical
guidelines (Olusanya et al., 2018). Future studies
should measure irradiance directly to ensure
compliance  with intensive  phototherapy
standards.

Risk-Stratified Monitoring: Preterm and low-birth-
weight infants should be monitored more
frequently during phototherapy due to their rapid
response  and  higher  vulnerability to
complications.

3.2.5. Study Limitations and Future Research

While this study provides robust clinical
data, certain limitations must be acknowledged.

Lack of Control Group: The study was an
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uncontrolled cohort, which limits causal inference.
Without a concurrent comparison group, we
cannot determine whether the observed
reductions are specifically attributable to the OFN-
02-UOMZ device or simply represent the expected
course of phototherapy.

e Multiple Comparisons: We performed 10
subgroup comparisons. Although we applied
Bonferroni correction post hoc, some p-values
that were significant at the uncorrected a =
0.05 became non-significant after correction.
These results should be viewed as
exploratory.

e Confounding Variables: We did not adjust for
important confounders such as jaundice
etiology, age at phototherapy initiation,
feeding adequacy, or hemolytic status.
Consequently, the subgroup comparisons
may be biased by uneven distribution of these
factors.

e Zero Variance  and Protocol-Driven
Endpoints: In the two lowest birth-weight
groups, post-treatment bilirubin values were
uniform because phototherapy was stopped
at a predefined threshold. This zero variance
violates parametric assumptions, and
although we used non-parametric tests, it
limits the generalizability of these findings.

e Skin Pigmentation Bias: We did not record
skin color or ethnicity, and thus could not
assess the effect of pigmentation on TcB
accuracy. Given the recent evidence of
significant underestimation in darker-skinned
infants, our reported TcB—TSB correlation (r =
0.94) may not hold across all skin tones.

e Incomplete Protocol
Documentation: Although we have now
detailed the phototherapy parameters, we did
not measure irradiance directly during the
study; we relied on  manufacturer
specifications. Moreover, we did not
systematically record the exact duration of
phototherapy per patient, which would have
allowed more precise dose-response
analysis.

e Sample Size and Power: The sample size
was pragmatic, not based on a formal power
calculation. Subgroup analyses, especially in
the smallest preterm group (n=15), are
underpowered and should be considered
exploratory.

Future research should focus on:

e Long-term Outcomes: Correlating the rate of
bilirubin decline with long-term

neurodevelopmental outcomes to identify an
“ideal” response curve. Recent research on
the potential reversibility of acute bilirubin
encephalopathy underscores the critical
importance of such longitudinal studies
(Hansen et al., 2021).

Technology Comparison: Comparing the
efficacy and cost-effectiveness of different
phototherapy devices and TcB meters in
controlled trials.

Precision Phototherapy: Developing
algorithms that personalize phototherapy dosage
based on initial bilirubin level, gestational age,
and rate of decline, while adjusting for
confounders such as hemolysis and skin
pigmentation.

Equitable TcB Use: Prospective studies that
stratify by skin color to validate TcB devices
across diverse populations

4. CONCLUSIONS:

This study provides a descriptive account
of the clinical use of transcutaneous
bilirubinometry and phototherapy in a cohort of
jaundiced infants. Transcutaneous bilirubinometry
(Bilitest) proved to be a practical, noninvasive tool
for monitoring bilirubin levels, reducing the need
for repeated venipunctures.

Following phototherapy with the OFN-02-
UOMZ irradiator, significant reductions in total
bilirubin levels were observed across all patient
subgroups, including full-term and preterm
neonates and older infants up to 1 year of age. The
reductions were particularly pronounced in
preterm infants, consistent with their higher
sensitivity to phototherapy.

However, due to the absence of a control
group and the lack of adjustment for potential
confounders, these findings should be interpreted
as real-world observations rather than definitive
evidence of efficacy or superiority. Controlled
studies are needed to confirm the specific
effectiveness of this device and to establish
optimized, individualized phototherapy protocols.
Integrating TcB monitoring with careful attention to
skin  pigmentation bias and  structured
phototherapy protocols can help improve the
management of neonatal jaundice and reduce the
risk of bilirubin-induced central nervous system
injury.
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5. DECLARATIONS

5.1. Study Limitations
While this study provides valuable clinical

evidence, several limitations should be
considered:
e Single-Center Design: The research was

conducted at a single clinical site, which may
affect the generalizability of the findings to
other populations or healthcare settings with
different protocols or patient demographics.

e Lack of Control Group: The absence of a
concurrent comparison arm (e.g., no
phototherapy or alternative device) means we
cannot attribute the observed bilirubin
reduction solely to the intervention.

e Short-Term Focus: The study assessed
immediate changes in bilirubin levels but did
not evaluate long-term neurodevelopmental
outcomes.

e Incomplete Confounder Adjustment: We did
not collect data on jaundice etiology, feeding
adequacy, exact age at phototherapy
initiation, or hemolytic markers; these factors
may have influenced the results.

e Multiple Comparisons: Ten subgroup
comparisons were performed. While we
applied Bonferroni correction post hoc, some
initially  significant results became non-
significant after adjustment, indicating that
certain findings are exploratory.

e Zero Variance in Post-Treatment Values: In
the two lowest birth-weight groups, all post-
treatment values were identical due to
protocol-driven cessation at a fixed bilirubin
threshold. This violates parametric
assumptions and limits the interpretability of
these subgroups.

e Skin Pigmentation Bias: Skin color was not
recorded, so we could not assess the impact
of pigmentation on TcB accuracy. Recent
evidence shows that TcB can underestimate
bilirubin by up to 132 ymol/L in darker-skinned
infants, potentially affecting our correlation
estimates and clinical decision-making.

e Incomplete Phototherapy
Documentation: Although we have now
detailed the protocol, we did not measure
irradiance directly during the study; we relied
on manufacturer specifications. Additionally,
we did not record the exact duration of
phototherapy per patient, preventing dose—

response analysis.

e Sample Size Justification: The sample size
was pragmatic, not based on a formal power
calculation. Subgroup analyses, especially in
the smallest preterm group (n=15), are
underpowered.

These limitations collectively suggest that our
findings are best viewed as hypothesis-generating
and should be confirmed in larger, controlled, and
more rigorously designed studies.
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Table 1. Demographic Characteristics of the Study Participants (n=243)

Group Subgroup n (%)

0—1 month Total 150 (61.7%)
Full-term 85 (35.0%)
Preterm 65 (26.7%)
*s 2000-2500 g* 28 (11.5%)
*+ 1500-1999 g* 22 (9.1%)
*< 1500 g 15 (6.2%)

1-12 months Total 93 (38.3%)
Full-term 55 (22.6%)
Preterm 38 (15.6%)
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Table 2.1. Bilirubin levels in subgroups with complete data variability

Bilirubin  before Bilirubin after Statistical
Group Subgroup n (umol/L) mean = (umol/L) mean % lvsi

SD SD analysis
0—1 Paired t-test: p
month Full-term 85 195.00 £ 12.73 134.00 + 14.14 _ 0.010'
01 b000.o500 | 28 | 20750 % 10.61 90.00 + 7.07 Paired ttest: p
month g e T = 0.0022
1-12 Paired t-test: p
months Full-term 55 199.50 + 6.36 90.00 + 7.07 _ 0.0032
1-12 Paired t-test: p
months Preterm 38 195.00 + 7.07 82.50 + 3.54 _ 0.0141

' After Bonferroni correction for 10 subgroup comparisons (adjusted a = 0.005), this p-value is
considered nominally significant and exploratory.
2 p-value remains statistically significant after Bonferroni correction.

Table 2.2. Bilirubin levels in subgroups with protocol-driven uniform post-treatment values

Bilirubin  before Bilirubin after i
Group | Subgroup | n | (umol/L) median (umol/L) median Statistical
(IQR) (IQR) y
Preterm Wilcoxon
O | 1500-1999 | 22 | | gg'g? (115.0- | 80,0 (80.0-80.0)° signed-rank
9 ' test: p < 0.0014
Wilcoxon
?n_o1nth E:?stgcr)m 15 1 82'8) (195:9= 1 70,0 (70.0-70.08 signed-rank
? ' test: p < 0.0014

8 Uniform post-treatment values reflect the clinical protocol: phototherapy was continued until the
bilirubin level reached a predefined safety threshold (80 umol/L for 1500-1999 g; 70 umol/L for <1500
9), at which point treatment was stopped.
4 Because all post-treatment values are identical, the paired t-test is not applicable; the Wilcoxon
signed-rank test confirms a significant reduction (p < 0.001) despite the absence of post-treatment
variability.

Note on correlation: For the overall cohort (n = 486 paired measurements), the correlation between
transcutaneous (TcB) and total serum bilirubin (TSB) was r = 0.94 (p < 0.001), supporting the general
utility of TcB as a monitoring tool. However, correlation is not reported separately for the subgroups in
Table 2.2, because a valid correlation coefficient cannot be calculated when one variable has zero
variance.
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RESUMO

A poluicdo quimica é um importante, porém subestimado, fator de perda de biodiversidade na Amazdnia, onde
efluentes urbanos, pesticidas, metais e hidrocarbonetos interagem com as condigdes ambientais regionais para
ameagar 0s ecossistemas de agua doce e terrestres. A rdpida urbanizacdo, o tratamento insuficiente de
efluentes, a expansao agricola e as atividades de extragao de petr6leo e mineragao intensificam os impactos de
misturas complexas de contaminantes. Os efluentes urbanos constituem uma das principais vias de
contaminagao, com estudos detectando dezenas de farmacos e contaminantes emergentes coexistindo nos rios,
frequentemente em altas concentragdes nas proximidades de grandes cidades, impondo riscos crénicos que
podem afetar uma grande proporcao das espécies aquaticas. Os pesticidas agravam ainda mais essas pressoes,
com multiplos compostos frequentemente identificados em areas urbanas e agricolas, por vezes em niveis
associados a riscos ecologicos moderados a elevados para invertebrados e peixes, enquanto a conectividade
hidrolégica facilita seu transporte generalizado e a exposi¢do a misturas. Além disso, metais e hidrocarbonetos
policiclicos aromaticos contribuem para o estresse ambiental cumulativo, com evidéncias de riscos ecoldgicos e
potenciais efeitos bioldgicos de longo prazo, mesmo na auséncia de toxicidade aguda. Em conjunto, esses
achados ressaltam a necessidade de integrar a quimica ambiental as estratégias de conservacao da Amazonia
por meio de monitoramento em escala de bacia hidrogréfica, inclusdo de contaminantes emergentes nos marcos
regulatérios e alinhamento entre avaliagdes de biodiversidade e avaliagbes quimicas. Reconhecer a poluicao
quimica como um fator central da perda de biodiversidade é essencial para subsidiar politicas eficazes e prevenir
a degradacao adicional dos ecossistemas amazénicos e dos servigos que eles prestam.

Palavras-chave: Poluicdo quimica, pesticidas, biodiversidade, contaminantes emergentes.

ABSTRACT

Chemical pollution is an important yet underrepresented driver of biodiversity loss in the Amazon, where urban
wastewater, pesticides, metals, and hydrocarbons interact with regional environmental conditions to threaten
freshwater and terrestrial ecosystems. Rapid urbanization, limited wastewater treatment, agricultural expansion,
and oil and mining activities intensify the impacts of complex contaminant mixtures. Urban wastewater is a major
pathway, with studies detecting dozens of pharmaceuticals and emerging contaminants co-occurring in rivers,
often reaching high concentrations near major cities, posing chronic risks that may affect a large proportion of
aquatic species. Pesticides further exacerbate these pressures, with multiple compounds frequently identified in
urban and agricultural areas, sometimes at levels associated with moderate to high ecological risks to
invertebrates and fish, while hydrological connectivity facilitates their widespread transport and mixture exposure.
In addition, metals and polycyclic aromatic hydrocarbons contribute to cumulative environmental stress, with
evidence of ecological risks and potential long-term biological effects even in the absence of acute toxicity.
Collectively, these findings underscore the need to integrate environmental chemistry into Amazon conservation
strategies through basin-wide monitoring, inclusion of emerging contaminants in regulatory frameworks, and
alignment of biodiversity and chemical assessments. Recognizing chemical pollution as a central driver of
biodiversity loss is essential to support effective policies and prevent further degradation of Amazonian
ecosystems and their services.
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Keywords: Chemical pollution, pesticides, biodiversity, emerging contaminants.

Dear Editor,

Chemical pollution plays a significant role
in the decline of biodiversity in the Amazon, yet it
remains an underrepresented factor. Despite
increasing evidence, pollutants from urban
wastewater, pesticides, metals, and petroleum
hydrocarbons interact with local environmental
conditions, posing threats to both freshwater and
terrestrial ecosystems (Rico et al., 2021; Sigmund
et al., 2023; Qjija, 2024). The rapid pace of urban
growth, inadequate wastewater treatment, the
expansion of agricultural areas, and activities
related to oil and mining contribute to a complex
array of stressors that intensify the ecological
effects of these chemical mixtures (Rico et al,
2021; Cabrera et al., 2023; Rizzi et al., 2023;
Guarda et al., 2020).

Urban wastewater serves as a significant
conduit. Research conducted along the Amazon
River and its primary tributaries, involving the
monitoring of 43 pharmaceuticals and other urban
pollutants at 40 locations, revealed combinations
of up to 40 different substances, with some
reaching global peak concentrations near urban
centers like Manaus, Santarém, Macapa, and
Belém (Rico et al, 2021). Analysis of species
sensitivity  distribution suggests that these
combinations could have prolonged impacts on
50-80% of aquatic species in proximity to urban
areas, indicating that pollution hotspots in cities
likely play a role in the decline of freshwater
biodiversity (Rico et al, 2021). An additional
comprehensive screening (target + suspect LC
HRMS) detected 51 pharmaceuticals, illegal
drugs, and metabolites within the same river
system, with 30 — 40 compounds coexisting in
smaller urban tributaries and widespread markers
(e.g., caffeine, cotinine, cocaine) even in regions
with  seemingly minimal human influence
(Fabregat-Safont et al, 2021). These
observations align with global analyses showing

that emerging contaminants (such as
pharmaceuticals, personal care products,
endocrine  disruptors, and other organic

substances) are prevalent, frequently unregulated,
and not effectively removed by standard
wastewater treatment processes, posing ongoing
risks to living organisms and ecosystem health
(Puri et al., 2023; Li et al., 2024; Morin-Crini et al.,
2022; Boro et al., 2025; Petrie et al., 2015; Khan
et al., 2021; Rasheed et al., 2019; Starling et al.,
2019).

Pesticides also contribute to altering
Amazonian hydrology and land use, leading to
biodiversity decline. In the urban waterways of
Manaus, Santarém, Macapa, and Belém,
researchers identified 18 pesticides and 5
transformation products, with samples containing
up to 8 different compounds. Notably, malathion,
carbendazim, and bulk chlorpyrifos were found at
concentrations exceeding 100 ng L™ (Rico et al.,
2021). Risk evaluations indicated that malathion,
chlorpyrifos, and chlorpyrifos methyl pose
moderate to high risks to freshwater invertebrates,
while malathion presents a moderate risk to fish.
Species sensitivity distributions suggested that 5—
44% of invertebrate species might be impacted in
certain urban and agriculturally influenced areas
(Rico et al., 2021). In the Napo basin of the
Ecuadorian Amazon, residues from 27 pesticides
were detected across all 40 sites, including
protected zones. Mixtures of organophosphate
insecticides and the neonicotinoid imidacloprid
were estimated to potentially affect 26—-29% of
aquatic species, with the greatest risks in rivers
draining areas of African oil palm and corn
cultivation (Cabrera et al., 2023). In the Tocantins
region, clomazone and other active substances
were consistently found in surface waters,
reaching concentrations of 0.538 ug L™, posing
risks of bioaccumulation and biomagnification for
aquatic life and human communities (Guarda et
al., 2020). These findings demonstrate how
intensive agriculture and urbanization, coupled
with high rainfall and hydrological connectivity,
promote the widespread transport of pesticides,
exposure to mixtures, and community-level
impacts in Amazonian waters (Rico et al., 2021;
Cabrera et al., 2023; Guarda et al., 2020).

Metals and hydrocarbons exert additional
stress. Evaluations at the basin scale, although not
included in the provided abstracts, align with
regional trends and indicate that metals from
mining, urban runoff, and waste can surpass
guideline thresholds, leading to phytotoxicity and
ecological risks in the rivers of the Andean
Amazon (Ojija, 2024). Polycyclic aromatic
hydrocarbons (PAHSs), linked to combustion and
oil-related activities, are now prevalent in the
surface waters of the Amazon: 16 priority PAHs
have been detected at concentrations of 134 ng L
~1in the main river and 163 ng L ~ ' near heavily
populated areas, with high molecular weight,
pyrogenic PAHs being dominant and petrogenic
signatures found near urban and oil-affected
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zones (Rizzi et al., 2023). Although current PAH
concentrations are not anticipated to cause
immediate toxicity, the authors advise ongoing
monitoring near urban centers due to potential
chronic and combined effects (Rizzi et al., 2023).
These observations support global reviews that
indicate hydrocarbons and other emerging
contaminants can disrupt endocrine systems, alter
genetic material, and diminish wildlife resilience,
thereby threatening biodiversity and ecosystem
services (Li et al., 2024; Qjija, 2024; Morin-Crini et
al., 2022; Khan et al., 2021; Kasonga et al., 2020;
Rasheed et al., 2019).

This body of evidence underscores the
importance of thoroughly integrating
environmental chemistry into conservation and
monitoring strategies for the Amazon. Firstly, it is
essential to establish routine, comprehensive
chemical monitoring across the basin, employing
wide-scope LC HRMS, suspect/non-target
screening, and mixture toxicity tools like species
sensitivity distributions, as demonstrated in the
Amazon River (Rico et al., 2021; Cabrera et al.,
2023; Petrie et al.,, 2015; Rizzi et al., 2023;
Fabregat-Safont et al., 2021). These techniques
can detect widespread indicators of human
impact, such as specific pharmaceuticals or
nicotine metabolites, prioritize high-risk pesticides
and urban pollutants, and directly connect
chemical profiles to ecologically significant
outcomes (Rico et al., 2021; Cabrera et al., 2023;
Peter et al., 2022; Fabregat-Safont et al., 2021).
Secondly, water quality regulations and river basin
management plans in Amazonian countries
should explicitly address emerging contaminants
of concern — such as pharmaceuticals, personal
care products, pesticides, and industrial organics
broadening the focus beyond traditional
parameters, as advised by global policy and
technical reviews (Puri et al., 2023; Morin Crini et
al., 2022; Boro et al., 2025; Rasheed et al., 2019;
Starling et al, 2019). Thirdly, biodiversity
monitoring initiatives should be collaboratively
designed with ecotoxicologists and environmental
chemists to ensure that biological surveys and
chemical assessments are conducted in the same
locations and timeframes, facilitating the causal
attribution of biodiversity changes to specific
mixtures and stressor combinations (Rico et al.,
2021; Sigmund et al., 2023; Rico et al., 2021;
Cabrera et al., 2023; Peter et al., 2022; Rizzi et al.,
2023). Lastly, the emerging UN Science Policy
Panel on Chemicals, Waste, and Pollution
Prevention presents an opportunity to position
Amazon pollution within the broader context of
interconnected crises such as climate change,
biodiversity loss, and chemical pollution, and to

direct resources and guidance to low- and middle-
income countries in the region (Sigmund et al.,
2023; Wang et al., 2024; Diamond et al., 2024).

To effectively tackle the Amazon
biodiversity crisis, it is essential to acknowledge
and address chemical pollution (such as
wastewater contaminants, pesticides, metals, and
hydrocarbons) as a primary factor rather than a
secondary issue. Incorporating environmental
chemistry tools systematically into monitoring,
regulation, and conservation policies would
establish the necessary evidence base to avert
further, largely unseen degradation of Amazonian
biodiversity and ecosystem services.

Sincerely,

Paulo Roberto Barros Gomes
5. DECLARATIONS
5.1. Study Limitations

As a letter to the editor, this text is
inherently limited by the constraints typical of such
publications, particularly in terms of analytical
depth. The concise format restricts the ability to
provide detailed methodological descriptions of
the studies cited and limits a more comprehensive
critical evaluation of the data. Additionally, the text
predominantly relies on secondary data from
previously published research, which, while it
enhances the synthesis of existing knowledge,
may limit empirical originality. The heterogeneity
of the sources used, which include various
methodological approaches and different spatial
and temporal scales, complicates direct
comparisons and the generalization of findings
across the entire Amazon basin. Furthermore,
potential spatial and sampling gaps should be
considered, as many studies focus on urban areas
or specific regions and do not uniformly represent
the environmental diversity of the Amazon. There
are also challenges in establishing causality, as
much of the evidence is based on associations
between contaminants and ecological effects,
particularly in complex mixture exposure
scenarios. Finally, the scarcity of long-term data
constrains a more comprehensive understanding
of the chronic and cumulative impacts of chemical
pollution on biodiversity.
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RESUMO

Introdugédo: Na industria de carnes, nitritos e nitratos sdo utilizados em embutidos por suas propriedades bem
conhecidas. No entanto, existem preocupacdes com a saude devido ao seu potencial de formar compostos
carcinogénicos, de modo que estudos estdo em andamento para identificar alternativas naturais. Objetivo: A
pesquisa examinou o impacto da incorporagao de soro de leite liquido acido e soro de leite em p6 com acido
ascorbico sobre os niveis de aminas biogénicas e a medicdo de nitrito residual em embutidos recém-
produzidos e refrigerados. Métodos: O estudo compreendeu dois experimentos. O primeiro experimento
apresentou cinco tratamentos: T1- Nitrito de Sodio 0,005%; T2- Nitrito de Sédio 0,005% + Soro Liquido 5 mi;
T3- Nitrito de Sédio 0,002% + Soro Liquido 5 ml; T4- Soro Liquido 5 ml; T5- Soro Liquido 5 ml + Acido
Ascorbico 0,05%. O segundo experimento englobou seis tratamentos: T1- Nitrito de Sédio 0,005%; T2- Nitrito
de Sdédio 0,005% + Soro em P& 2%; T3- Nitrito de Sédio 0,005% + Soro em P6 5%; T4- Nitrato de Sddio
0,002% + Soro em P6 2%; T5- Soro em P6 5%; T6- Soro em P6 5% + Acido Ascérbico 0,05%. Apds o
processo de fabricagdo e um periodo de armazenamento de 21 dias, os niveis de aminas biogénicas e de
nitrito residual foram avaliados. Resultados: A incorporagéo tanto de soro de leite liquido acido quanto de soro
em po, juntamente com acido ascorbico, resultou em reducdo das aminas biogénicas nos embutidos.
Diferengas significativas foram observadas entre o tratamento contendo exclusivamente nitrito de sédio e
aqueles incorporando apenas soro de leite liquido acido ou soro em pd, bem como aqueles com acido
ascorbico combinado com soro de leite liquido acido ou soro em pdé. A investigagdo também revelou uma
diminuicdo nos niveis de nitrito residual em embutidos tratados com soro de leite liquido acido e soro em pé,
em conjunto com acido ascoérbico, em comparacdo com o tratamento que incluia apenas nitrito de sddio.
Discussao: Esses aditivos resultaram em produtos carneos processados com os menores niveis de aminas
biogénicas e os menores valores de nitrito residual. Portanto, recomenda-se o uso de soro de leite tanto acido
quanto em po, além de acido ascorbico, em produtos carneos processados como alternativa aos nitritos.
Conclusées: O uso de soro de leite tanto liquido quanto em pé na producdo de embutidos € uma estratégia
inovadora para o desenvolvimento de produtos carneos livres de nitrito, em consonéncia com a tendéncia de
clean label (rétulo limpo).

Palavras-chave: Soro de leite, acido ascorbico, aminas biogénicas, nitrito residual, linguiga.

ABSTRACT

Background: In the meat industry, nitrites and nitrates are used in sausages for their well-known properties.
However, there are health concerns about their potential to form carcinogenic compounds, so studies are
ongoing to identify natural alternatives. Aim: The research examined the impact of incorporating acidic liquid
whey and dry whey with ascorbic acid on the levels of biogenic amines and the measurement of residual nitrite
in freshly produced and refrigerated sausage. Methods: The study comprised two experiments: The first
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experiment featured five treatments: T1- Sodium Nitrite 0.005%; T2- Sodium Nitrite 0.005% + Liquid Whey 5 mi;
T3- Sodium Nitrite 0.002% + Liquid Whey 5 ml; T4- Liquid Whey 5 ml; T5- Liquid Whey 5 ml + Ascorbic Acid
0.05%. The second experiment encompassed six treatments: T1- Sodium Nitrite 0.005%; T2- Sodium Nitrite
0.005% + Dry Whey 2%; T3- Sodium Nitrite 0.005% + Dry Whey 5%; T4- Sodium Nitrite 0.002% + Dry Whey
2%; T5- Dry Whey 5%; T6- Dry Whey 5% + Ascorbic Acid 0.05%. After the manufacturing process and a 21-day
storage period, the levels of biogenic amines and residual nitrite were assessed. Results: The incorporation of
both acidic liquid whey and dry whey, alongside ascorbic acid, resulted in a reduction of biogenic amines in the
sausage. Significant differences were observed between the treatment containing solely sodium nitrite and
those incorporating only acidic liquid whey or dry whey, as well as those with ascorbic acid combined with either
acidic liquid whey or dry whey. The investigation also revealed a decrease in residual nitrite levels in sausages
treated with acidic liquid whey and dry whey, in conjunction with ascorbic acid, compared to the treatment that
included only sodium nitrite. Discussion: These additives resulted in processed meat products with the lowest
levels of biogenic amines and the lowest residual nitrite values. Therefore, the use of both acidic and dry whey,
in addition to ascorbic acid, in processed meat products is recommended as an alternative to
nitrites.Conclusions: The use of both liquid and dry whey in sausage production is an innovative strategy for
developing nitrite-free meat products, in line with the "clean label" trend.

Keywords: Whey, ascorbic acid, biogenic amines, residual nitrite, sausage.
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1. INTRODUCTION:

Sausage is regarded as one of the most

nitrites from processed meat products poses
technological challenges, as these additives play

ancient food products created by humans.
Various variants of these items exist worldwide,
influenced by the meat used, its varieties, the
climatic conditions of the respective countries,
cultural and religious traditions, and the
processing methods employed (Carballo, 2021).
Fermented sausage is regarded as the most
sought-after meat product by consumers due to
its superior nutritional content (Holck et al., 2017).
However, the processed meat company receives
pressure from customers and nutritionists to
enhance the nutritional value of its products.
These standards entail eliminating detrimental
additives to adhere to the "clean label" trend
(Cegietka, 2020) and the endeavor to reduce or
eliminate the use of nitrites or nitrates in
processing (Karwowska et al., 2021).
Simultaneously, the omission of nitrates and

key roles in these products. Nitrites and nitrates
hinder bacterial growth, particularly that of
Clostridium botulinum, so restricting the oxidation
process while still imparting the desirable color
and flavor (Ma et al., 2018).

Owing to the versatility of nitrite and
nitrate, numerous researchers are exploring
viable alternatives to nitrite and nitrate salts for
use in meat product processing (Alahakoon et al.,
2015; Siekmann et al., 2021). One solution is the
use of whey, a by-product of several dairy
products, including vyogurt, fresh and soft
cheeses, and cream cheeses (Wherry et al.,
2019). Whey typically comprises around 55% of
the nutrients found in milk (Guimaraes et al.,
2010; Roshanghias and Madadlou, 2018).
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The serum phase of milk is the liquid that
remains after the removal of fat and casein,
predominantly consisting of soluble components
such as lactose, soluble salts, and globular
proteins (Guimaraes et al.,, 2010; Chandraqaoala
et al., 2016). Whey is a by-product generated
during the preparation of acid-curdled cheeses,
including cottage cheese, ricotta cheese, and
Greek yogurt. This is due to increased production
of Greek yogurt and cottage cheese.

The dairy industry faces mounting
pressure to establish sustainable practices for
recycling acid whey (Zotta et al., 2020). A study
investigated the potential of acid whey as a
substitute for nitrite or nitrate salts in fermented
beef products (Alahakoon et al., 2015; Kononiuk
and Karwowska, 2020). A study indicated that
using whey in the manufacture of dry-fermented
sausages enhances their quality (Balev et al.,
2005). Karageorgou (2023) demonstrated that
adding whey to meat has significant benefits, as
the quality characteristics of raw and cooked
meat samples were evaluated, with results
showing a marked improvement. A study by Li et
al. (2025) indicated that incorporating whey into
dried camel meat is a successful method for
improving the flavor and quality of camel meat
products. Its addition improved the characteristics
of fermented dried camel meat.

In a similar context, researchers in a
separate study utilized acid whey in conjunction
with sodium ascorbate. The study's results
indicated that incorporating sodium ascorbate
influenced the processes involved in the
production of unprocessed dry-fermented
sausages. It was noted that it reduces lipid
oxidation in meat products (Balev et al., 2005).
Fermented meat products represent a prevalent
dietary source of biogenic amines (BAs). While
these compounds can be found in various meat
products, the production of fermented meats
creates optimal environmental conditions that
facilitate their accumulation due to the activity of
microorganisms with decarboxylase activity.
(Balev et al.,2005 , Schirone et al., 2022). These
compounds serve as indicators of product quality
and pose serious risks to public health. The most
prevalent biogenic amines in fermented foods
include Tyramine, putrescine, and cadaverine.
Histamine is regarded as the most hazardous to
human health, as it can induce a range of
adverse effects known as "histamine poisoning"
(Landete et al., 2008; Karwowska et al., 2021).
Despite previous studies investigating natural
alternatives to nitrite, limited research has

focused on the combined use of liquid and dry
whey with ascorbic acid and their effects on both
biogenic amines and residual nitrite in fermented
sausages. Therefore, this study aims to fill this
gap.

This study aims to assess the impact of
incorporating both liquid and dry whey with
Ascorbic acid at different concentrations on the
biogenic amine content in processed sausage
stored under refrigeration, and to estimate
residual nitrite levels.

2. MATERIALS AND METHODS:

Two studies were performed in the meat
laboratory of the Animal Production Department
at the College of Agriculture, University of Basra.
The first experiment utilized liquid whey, while the
second employed dried whey.

2.1. Materials

The materials used in this research were
liquid and dried whey, beef, fat, starch, salt,
spices, natural large intestine linings (sheep
casings), ascorbic acid, and sodium nitrite. The
equipment used included a spectrophotometer
(Carbolit/England), a high-performance liquid
chromatograph (HPLC) (Skyam/Germany), an
oven (Memert/Germany), a sensitive balance
(Denver/Germany), an electronic precision
balance (Cittern/China), and an electric grinder
(Moulines/France).

2.2 Methods:
2.2.1. Liquid and dry whey

Liquid whey was obtained from fresh
cow's milk using the procedure outlined by
Cipolat-Gotet et al. (2013), which entails heating
the milk to 60 °C for 30 minutes. Subsequently, 5
cc of white vinegar was incorporated. After
reducing the milk temperature to 45 °C, the milk
was incubated at ambient laboratory conditions
for 3 hours to complete the curdling process. The
whey was removed from the cheese using a
sterile cloth, and the whey arising from the milk
coagulation was collected in a clean glass
container.

2.2.2. Manufacturing of Sausages

The pure meat and fat were weighed in an
80:15 ratio, then minced using an electric mincer.
Salt (2%), spices (1%), and starch (5%) were
added to the pure meat and fat mixture, which
was then hand-mixed to achieve initial
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homogeneity. The mixture was then divided into
five parts in the first experiment, where five
treatments were prepared with different additives,
namely T1- Sodium Nitrite 0.005%; T2- Sodium
Nitrite 0.005% + Liquid Whey 5 ml; T3- Sodium
Nitrite 0.002% + Liquid Whey 5 ml; T4- Liquid
Whey 5 ml; and T5- Liquid Whey 5% + Ascorbic
Acid 0.05%(Table 1). In the second experiment,
six treatments were formulated with varying
additions: T1 -Sodium Nitrite 0.005%; T2 -Sodium
Nitrite 0.005% + Dry Whey 2%; T3 - Sodium
Nitrite 0.005% + Dry Whey 5%; T4 - Sodium
Nitrite 0.002% + Dry Whey 2%; T5 -Dry Whey
5%; T6 - Dry Whey 5% + Ascorbic Acid 0.05%).
As seen in Table 2.

The mixture was then distributed into
natural intestines, with each treatment weighing 1
kg and each sausage sample weighing 150 g.
After processing, the treatments were stored at
4°C, and the analyses were performed after 21
days.

2.2.3. Estimation of residual nitrite

Residual nitrite was estimated at the
Ministry of Science and Technology, Scientific
Research Authority, Center for Environment,
Water and Renewable Energy, Pollutant
Treatment Department. The test was conducted
according to Standard Specification No. 86 of
2014, and absorption was measured using a UV-
Vis spectrophotometer at 538 nm. Results were
expressed as ppm (mg/kg).

2.2.4. Estimation of biogenic amines

Biogenic amines were estimated at the
Ministry of Science and Technology, Scientific
Research Authority, Center for Environment,
Water and Renewable Energy, Pollutant
Treatment Department, using the method
described by Weremf et al. (2020). The analysis
was performed using high-performance liquid
chromatography (HPLC) equipped with a UV
detector, employing a C18 column (250mm x
4.6mm) as the stationary phase. The mobile
phase consisted of acetonitrile and distilled water
(5:5, vlv), delivered at a flow rate of 1.5 mL/min
under a system pressure of 400-600 bar. The
content of the biogenic amines was measured

with Standard reference compounds:
Methylamine, = Phenylethylamine, Putrescine,
Cadaverine, Histamine, Tyramine,

Trimethylamine, and Spermidine (Figure 1, Table
3). Results were expressed as ppm (mg/kg).

2.2.5. Statistical Analysis and Mathematical
Model

The experiment was conducted using a
completely randomized design (CRD) with three
independent replicates per treatment. Each
measurement was performed in ftriplicate, and
results were expressed as mean = standard
deviation (SD). Data were analyzed using one-
way analysis of variance (ANOVA) to determine
significant differences among treatments. Prior to
analysis, data normality and homogeneity of
variances were verified using the Shapiro—Wilk
and Levene tests, respectively. When significant
differences were observed, means were
compared using the Least Significant Difference
(LSD) test at the p < 0.01 significance level.

All statistical analyses were conducted using
GenStat software (version 12, VSN International
Ltd., Hemel Hempstead, UK).

3. RESULTS AND DISCUSSION
3.1. Results

Table 4 presents the levels of biogenic
amines in sausages treated with liquid whey and
ascorbic acid after a 21-day aging period. Eight

biogenic amines were detected at varying
concentrations across the treatments:
Methylamine, = Phenylethylamine,  Putrescine,
Cadaverine, Histamine, Tyramine,

Trimethylamine, and Spermidine. The results
indicated significant differences at the probability
level (p < 0.01) among the treatments regarding
the concentration of biogenic  amines.
Specifically, the treatments incorporating liquid
whey and ascorbic acid exhibited reduced or
negligible levels of biogenic amines compared
with the control treatment T1, which contained
only 0.005% sodium nitrite. The biogenic amine
methylamine exhibited a high concentration in T1
and T2, reaching 4.85 ppm in both treatments,
whereas it decreased in T3 and T4 to 4.73 ppm
and 4.72 ppm, respectively, and was not detected
in T5. Phenylethylamine and Spermidine were
detected exclusively in treatments T1 and T2,
with phenylethylamine levels measuring 4.62
ppm and 4.88 ppm, respectively, while
Spermidine was recorded at 5.01 ppm in both
treatments. The highest concentration of
putrescine was observed in T3 at 5.05 ppm,
whereas T1, T2, and T4 recorded levels of 4.98
ppm, 4.98 ppm, and 4.70 ppm, respectively; T5
was not detected. Cadaverine was detected in all
treatments at varying concentrations, with the
greatest level measured at 5.22 ppm in T1 and
the lowest at 4.90 ppm in T2. Histamine and
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Trimethylamine were detected in all treatments at
varying concentrations, with significant
differences observed across treatments at the
0.01 level (p < 0.01).The findings indicated that
Tyramine was present in treatments T1, T3, and
T5, but absent in treatments T2 and T4.

Table 5 presents the biogenic amine
levels in the sausage subjected to various
proportions of dry whey and ascorbic acid after a
21-day aging period. Eight biogenic amines were
observed at varying concentrations across
treatments. The results showed significant
variations at the probability level (p < 0.01)
across ftreatments regarding the quantity of
biogenic amines. The findings indicated that the
sausage treated with dry whey and ascorbic acid
exhibited reduced or negligible levels of biogenic
amines compared with the control treatment T1,
which contained only 0.005% sodium nitrite.

The results showed that methylamine was
present in all treatments, except for treatment T5.
Table 5 shows that phenylethylamine was
detected in all treatments (T1, T2, T3, T4, and
T5), with values of 4.62, 4.91, 4.98, 4.67, and
4.98 ppm, respectively, and was not detected in
treatment T6. Putrescine was recorded in
treatments T1, T2, T3, and T4 and ranged
between 4.92ppm and 5.01ppm, and no
appearance was recorded in treatments T5 and
T6. The results also showed that cadaverine was
present in T1, T2, and T3, with concentrations of
5.22, 5.85, and 4.96 ppm, respectively, and was
not detected in the remaining treatments.
Histamine was also detected in T1, T2, T3, T4,
and T5, ranging from 5.04 ppm to 5.28 ppm, but
not in T6. Tyramine was detected at 5.01, 5.00,
and 5.06 ppm in T1, T2, and T4, respectively,
and was not detected in the remaining
treatments. The results showed that
Trimethylamine was present in treatments T1, T2,
T4, and T5, at levels ranging from 5.01 ppm to
517 ppm, and absent in the remaining
treatments. The biogenic amine, Spermidine, was
detected in only two treatments, T1 (5.01 ppm)
and T4 (4.97 ppm), and was not detected in the
remaining treatments.

Table 6 shows the amount of residual
nitrite in the sausage treated with liquid whey and
ascorbic acid after 21 days, where the results
showed significant differences at the probability
level (p<0.01). All treatments exhibited residual

nitrite in various concentrations, with T1 recording
the highest value of 2.34 ppm and T5 the lowest
at 0.71 ppm for residual nitrite. In T2, T3, and T4,
the residual nitrite concentrations were 1.31,
1.13, and 1.81 ppm, respectively.

Table 7 shows the residual nitrite levels in
sausage treated with dry whey and ascorbic acid
after 21 days. The results showed significant
differences at the 0.01 level of significance (p <
0.01). The highest residual nitrite value was
observed in T1 at 2.34 ppm, whereas the lowest
was observed in T6 at 0.71 ppm. The remaining
treatments exhibited values ranging from 0.73
ppm to 1.71 ppm, with residual nitrite values in
T2, T3, T4, and T5 recorded at 1.41, 1.71, 1.31,
and 0.73 ppm, respectively.

3.2. Discussion

Meat products are among the most
common dietary sources of biogenic amines.
During sausage production, favorable
environmental conditions favor the accumulation
of these compounds through microbial activity
(Schirone et al., 2022). Biogenic amines are
important indicators of product quality and also
have implications for public health (Latorre-
Moratalla et al.,, 2012). The most common
biogenic amines in meat products are Tyramine
and cadaverine (Vasconcelos et al., 2021). In the
current study, in addition to the aforementioned

amines, the following were also identified:
Methylamine, Phenylethylamine, Histamine,
Trimethylamine, and Spermine. The results

indicate that biogenic amines decreased in the
majority of treatments using liquid whey, as well
as in the treatment combining liquid whey with
ascorbic acid, with some treatments showing no
detectable levels. The inhibitory effect of acidic
conditions on decarboxylase-positive
microorganisms can explain the observed
reduction in biogenic amines in whey-treated
samples. In addition, whey promotes the growth
of lactic acid bacteria, which compete with
spoilage microorganisms and reduce amine
formation. This mechanism is consistent with
previous studies by Durak-Dados et al. (2020)
and Latorre-Moratalla et al. (2017), who
quantified biogenic amines in fermented dry
sausages available in Spanish retail outlets. The
results of the study were consistent with those of
Karwowska et al. (2022), who used acidic liquid
whey and ascorbic acid in fermented sausage.

The study also showed that treatment T6
did not show any noticeable concentrations of
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biogenic amines, except for the appearance of
methylamine. This means that the presence of
dry whey with ascorbic acid has a significant
effect on the decrease or absence of the
appearance of biogenic amines after 21 days of
fermentation. The reason may be attributed to the
significant effect on the activity of microscopic
organisms, as evidenced by the decarboxylase
enzyme. This advantage is due to the acidic
medium of the sausage treated with dry whey
and ascorbic acid, which encourages the growth
of beneficial lactic acid bacteria and reduces the
activity of other non-beneficial microorganisms.
These findings are consistent with those of
Karwowska et al. (2022), who reported that whey
reduces biogenic amine formation by lowering
microbial decarboxylase activity. In this study, the
histamine levels in the fermented sausage did not
exceed the recommended limits. This is a good
sign, as histamine is considered the most
dangerous to human health because it causes
various harmful effects, such as "histamine
poisoning ". The European Food Safety Authority
report has specified a recommended daily intake
of histamine of less than 50 ppm for healthy
individuals, but even lower for those with
histamine intolerance.

As the study results demonstrated a
reduction in residual nitrite levels across all
treatments using liquid whey and ascorbic acid
after 21 days, compared with T1. The reduction
can be attributed to oxidation processes during
storage, as corroborated by Tahmouzi et al.
(2025) and Honik (2008).

The study showed that the treatments
incorporating dry whey (T5) and dry whey with
ascorbic acid (T6) exhibited the lowest residual
nitrite levels after 21 days post-fermentation,
attributable to the absence of nitrite in their
composition. These diminished nitrite levels are a
result of the meat and other constituents utilized
in the sausage production process. This aligns
with Zhang at al. (2023), who observed residual
nitrite levels in samples not treated with sodium
nitrite, attributing this to the nitrite content of the
meat used in production. The reduction in
residual nitrite may be attributed to ascorbic
acid's antioxidant activity, which accelerates
nitrite depletion.

4. CONCLUSIONS

The use of both liquid and dry whey in
sausage production is an innovative strategy for
developing nitrite-free meat products, in line with
the "clean label" trend. The results indicate a
positive effect of adding dry and liquid whey,
along with ascorbic acid, on the quality of
processed sausage. These additives resulted in
processed meat products with the lowest levels of
biogenic amines and the lowest residual nitrite
values. Therefore, the use of both acidic and dry
liquid whey, in addition to ascorbic acid, in
processed meat products is recommended as an
alternative to nitrites. However, further studies
including microbiological, sensory, and
physicochemical analyses are required to confirm
its full applicability.

These findings highlight the potential of
whey as a sustainable and natural alternative to
nitrite in processed meat products, supporting
clean-label production strategies.

5. DECLARATIONS
5.1. Study Limitations

The sample size was limited to laboratory-
scale experiments, which may not fully represent
industrial conditions. Second, microbial analysis
was not conducted to confirm the inhibition of
decarboxylase-positive bacteria directly. Third,
the storage period was limited to 21 days, and
the effects of longer storage were not evaluated.
Future studies should include microbial profiling
and extended storage analysis to validate these
findings.
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Table 1. Formulation of fermented sausage (The liquid whey experiment)

Sausage Ingredients Percentage
Minced Meat 80%

Fat 15%
Salt 2%

Spices 1%

Starch 5%
T Sodium Nitrite 0.005%
T2 Sodium Nitrite 0.005% +Liquid Whey 5ml
T3 Sodium Nitrite 0.002% +Liquid Whey 5ml
T4 Liquid Whey 5ml
T5 Liquid Whey 5ml + Ascorbic acid 0.05%

Table 2. Formulation of fermented sausage (The dry whey experiment)

Sausage Percentage
Ingredients
Minced Meat 80%
Fat 15%
Salt 2%
Spices 1%
Starch 5%
T Sodium Nitrite 0.005%
T2 Sodium Nitrite 0.005% +Dry Whey 2%
T3 Sodium Nitrite 0.005% +Dry Whey 5%
T4 Sodium Nitrite 0.002% +Dry Whey 2%
T5 Dry Whey 5%
T6 Dry Whey 5% +Ascorbic acid 0.05%.
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Peak R .time (min.) Area% Height% Compound Name
6 4.760 0.5 0.7 Methylamine
13 8.828 1.3 1.9 Phenylethylamine
16 9.696 2.1 2.9 Putrescine
18 10.424 12.2 13.4 Cadaverine
19 11.304 6.4 6.9 Histamine
25 19.220 3.3 1.9 Tyramine
26 20.024 16.6 16.3 Trimethylamine
27 22.436 0.1 0.1 Spermidine

Table 4. Biogenic amine content in sausage treated with liquid whey and ascorbic acid.

Table 3: Peaks identified in the HPLC chromatographic profile of Standard reference compounds
(Biogenic amines)

Treatments The Amount of Biogenic Amine (ppm)
(Mean £ SD)
Methylamine  Phenylethyla Putrescine Cadaverine Histamine Tyramine Trimethylami ~ Spermidine
mine ne

T1 4.85£0.0052 4.62+0.011°  4.98+0.005° 5.22+0.022 5.04+0.03¢ 5.01+0.005%  5.03+0.006°  5.01+0.0062
T2 4.85+0.01 @ 4.88+0.01 @ 4.98+0.01° 4.9040.57° 5.06+0.006¢ ND 5.02+0.021>  5.01+0.006°
T3 4.73+0.02 ® ND 5.05+0.032 5.11+£0.0052 5.17+0.01° 4.96+£0.012°  5.11+0.0062 ND
T4 ND* ND 4.70+0.005¢ 5.13+0.012 5.13+0.006¢ ND 5.02+0.021° ND
T5 4.72+0.026 © ND ND 5.00+0.005%  5.21+0.005% 5.01+0.005 5.12+0.0112 ND

T1- Sodium Nitrite 0.005% ; T2- Sodium Nitrite 0.005%+Liquid Whey 5ml ; T3- Sodium Nitrite 0.002% +Liquid
Whey 5ml , T4- Liquid Whey 5ml ; T5- Liquid Whey Sml+ Ascorbic acid 0.05 %. Different letters within the same
column indicate significant differences at p < 0.01. *ND(Not Detected)

Table 5. Biogenic amine content in sausage treated with dry whey and ascorbic acid.

Treatments The Amount of Biogenic Amine (ppm)
(Mean £ SD)
Methylamine Phenylethylami  Putrescine Cadaverine Histamine Tyramine Trimethylami  Spermidine
ne ne

T1 4.85+0.005° 4.62+0.011¢ 4.98+0.01° 5.22+0.01° 5.04+0.01%  5.01+0.0052 5.03£0.02>  5.01+0.0052
T2 4.50+0.005° 4.91+0.01° 4.98+0.01° 5.85+0.022 5.12£0.03°  5.00+0.005°  5.01+0.005° ND
T3 4.51+0.01°¢ 4.98+0.012 4.92+0.01°  4.96+0.012°¢ 5.08+0.01¢ ND ND ND
T4 4.87+0.012 4.67+0.005° 5.10+0.012 ND 5.28+0.01®  5.06+0.005®  5.15+0.012 4.97+0.01°
T5 ND 4.98+0.012 ND ND 5.21+0.01° ND 5.17+0.012 ND
T6 4.88+0.012 ND ND ND ND ND ND ND

T1- Sodium Nitrite 0.005% ; T2- Sodium Nitrite 0.005%+Dry Whey 2% ; T3- Sodium Nitrite 0.005% + Dry
Whey 5%; T4- Sodium Nitrite 0.002%+Dry Whey 2% ; T5-Dry Whey 5%; T6- Dry Whey 5% +Ascorbic acid
0.05%. Different letters within the same column indicate significant differences at p < 0.01.*ND(Not Detected)
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Table 6. The amount of residual nitrite in sausage treated with liquid whey and ascorbic acid

Treatments The amount of Residual nitrite
(Ppm)

(Mean = SD)
T1 2.34+0.006 2
T2 1.31+0.006 ©
T3 1.13+0.015 ¢
T4 0.81+0.006 ¢
T5 0.71+£0.005 ©

T1- Sodium Nitrite 0.005% ; T2- Sodium Nitrite 0.005%+Liquid Whey 5 ml ; T3- Sodium Nitrite 0.002%+Liquid
Whey 5 ml , T4- Liquid Whey 5 ml ; T5- Liquid Whey 5 ml+ Ascorbic acid 0.05%. Different letters within the
same column indicate significant differences at p < 0.01.

Table 7. The amount of residual nitrite in sausage treated with Dry whey and ascorbic acid

Treatments The amount of Residual

nitrite ( ppm)

(Mean £ SD)
T1 2.34+0.006 @
T2 1.41+0.006 °©
T3 1.71+£0.015°
T4 1.31+0.006 °©
T5 0.73+0.01 ¢
T6 0.71+0.005 ¢

T1- Sodium Nitrite 0.005% ; T2- Sodium Nitrite 0.005%+Dry Whey 2% ; T3- Sodium Nitrite 0.005%+Dry Whey
5%; T4- Sodium Nitrite 0.002%+Dry Whey 2% ; T5-Dry Whey 5%; T6- Dry Whey 5% +Ascorbic acid 0.05%.
Different letters within the same column indicate significant differences at p < 0.01.
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Figure 1: HPLC Chromatogram of Standard reference compounds
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