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RESUMO
Salmonella spp. ¢ o principal patogeno responsavel pelas doengas transmitidas por
alimentos (DTA). Dentre os sorotipos pertencentes a espécie S. enterica, Salmonella
Enteritidis (SE) ¢ o principal associado a doengas humanas. O controle de SE ¢
obrigatorio no Brasil e em muitos outros paises, mas sua identificag@o utilizando testes
microbiologicos, seguidos de testes sorologicos e/ou moleculares, considerados padrao
ouro, ¢ demorado e trabalhoso para a industria alimenticia. Essa tese ¢ composta por dois
capitulos relativos ao desenvolvimento de um biossensor de Espectroscopia de
Infravermelho com Transformada de Fourier com Refletdncia Total Atenuada (ATR-
FTIR) para detecg@o de SE em coldnias puras e/ou carcagas de aves, associados ou ndo a
biomarcadores ligantes. O primeiro capitulo descreve o uso da tecnologia Phage Display
para a selecdo de fagos ligantes a SE e posterior detec¢do no biossensor ATR-FTIR. Apos
selecionar os dois melhores fagos por Phage-ELISA, os peptideos foram construidos e
denominados C1-2 e HI1-2. Os peptideos e anticorpo controle (anti-HM) foram
imobilizados em beads magnéticas para identificar SE em coldnias isoladas e em carcagas
de frango. Em seguida, empregamos um biossensor ATR-FTIR para deteccdo nas
amostras, com a ajuda da inteligéncia artificial (IA). O peptideo C1-2 foi o que apresentou
melhores resultados, demonstrando alta sensibilidade (100%), especificidade (91,67%) e
area sob a curva (AUC) (99,2%) em colonias isoladas de SE. Para amostras de carcaga,
peptideo H1-2 apresentou melhores valores de sensibilidade (88,57%), especificidade
(75%) e AUC (76,5%) em relagdo ao C1-2, demonstrando ser um bom potencial para ser
utilizado em testes seriados como triagem. No segundo capitulo, combinamos o ATR-
FTIR apoiada por algoritmos de inteligéncia para detectar Sa/monella Enteritidis (SE) em
amostras de colonias puras. Os espectros de infravermelho (IR) foram registrados a partir
de cinco sorotipos de Salmonella [(SE, §. Gallinarum (SG), S. Typhimurium (ST), S.
Heidelberg (SH) e S. Dublin (SD)] e os dados foram divididos aleatoriamente entre
treinamento dados (158 amostras) e dados de validagdo externa (118 amostras) para
construir o banco de dados de Salmonella . Os modelos de algoritmos treinados com
melhor desempenho preditivo foram Rondon Forest, Support Vector Machine (SVM) e
Regressdo Logistica para os dados de teste (validagdo externa). Todos os modelos
alcangaram um alto valor de precisdo de 97,46%. Considerando um bom teste diagnostico
como aquele que apresenta os melhores valores de sensibilidade, especificidade e area
sob a curva, os modelos Random Forest (94,74%, 97,98% e 99,7% respectivamente) e

SVM (94,74%, 97,98% e 99,6% respectivamente) foram considerados por este estudo



como os melhores para distinguir SE de outros sorovares de Sa/monella . O conjunto de
dados desta tese de doutorado sugere que o desenvolvimento de um biossensor rapido e
sustentavel, apoiado por algoritmos de inteligéncia artificial, juntamente com a sele¢do
de moléculas utilizando a tecnologia Phage display integrada em testes

imunoenzimaticos, tem um potencial significativo para o diagnostico de Sa/monella.

Palavras-chave: Phage display, beads magnéticas, ATR-FTIR, diagnostico,

sustentabilidade, Salmonella Enteritidis.



ABSTRACT

Salmonella spp. 1s the main pathogen responsible for foodborne illnesses (FADs).
Among the serotypes present in the S. enterica species, Salmonella Enteritidis (SE) is
primarily associated with human diseases. SE control is mandatory in Brazil and many
other countries, but its identification using microbiological tests followed by gold-
standard serological and/or molecular tests is time-consuming and laborious for the food
industry. His thesis consists of two chapters related to the development of a Fourier
Transform Infrared Spectroscopy with Attenuated Total Reflectance (ATR-FTIR)
biosensor for the detection of SE in pure colonies and/or bird carcasses, either associated
or not with binding biomarkers. The first chapter describes the utilization of Phage
Display technology for the selection of SE-binding phages and subsequent detection on
the ATR-FTIR biosensor. Following the selection of the top two candidates via Phage-
ELISA, the peptides were synthesized and designated as C1-2 and H1-2. These peptides,
along with the control antibody (anti-HM), were immobilized on magnetic beads to detect
SE in isolated colonies and chicken carcasses. We then utilized an ATR-FTIR biosensor
for sample detection, aided by artificial intelligence (AI). The C1-2 peptide exhibited the
most promising results, displaying high sensitivity (100%), specificity (91.67%), and an
AUC (99.2%) in colonies isolated from SE. For carcass samples, the H1-2 peptide
exhibited superior sensitivity (88.57%), specificity (75%), and AUC (76.5%) values
compared to C1-2, indicating its potential for implementation in serial tests such as
screening. In the second chapter, we combine ATR-FTIR supported by intelligence
algorithms to detect SE in pure colony samples. Infrared (IR) spectra were recorded from
tive Salmonella serotypes [(SE, S. Gallinarum (SG), S. Typhimurium (ST), S. Heidelberg
(SH), and S. Dublin (SD)] and the data was randomly split between training data (158
samples) and external validation data (118 samples) to build the Sa/monella database. he
algorithm models with the best predictive performance were Random Forest, Support
Vector Machine (SVM), and Logistic Regression for test data (external validation). All
models achieved a high accuracy value of 97.46%. Considering an attractive test to detect
Salmonella as one that presents the best sensitivity, specificity, and area under the curve
values, the Random Forest model (94.74%, 97.98%, and 99.7% respectively) and SVM
(94.74%, 97.98%, and 99.6% respectively) were deemed by this study as the most
effective in distinguishing SE from other Salmonella serovars. The dataset from this
doctoral thesis suggests that the development of a rapid and sustainable biosensor,

supported by artificial intelligence algorithms, along with the selection of molecules using
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Phage display technology integrated into immunoenzymatic tests, holds significant

potential for Salmonella detection.

Keywords: Phage display, magnetic beads, ATR-FTIR, diagnostics, sustainability,

Salmonella Enteritidis.
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APRESENTACAO

A presente tese de Doutorado foi originalmente idelizada pelo professor Dr. Luiz
Ricardo Goulart Filho (in memoriam) juntamente com a professora Dra. Belchiolina
Beatriz Fonseca. Posteriormente, com o falecimento do meu orientador, a pesquisa foi
continuada com o professor Dr. Robinson Sabino da Silva. Os experimentos foram
realizados no Laboratorio de Nanobiotecnologia Prof. Dr. Luiz Ricardo Goulart Filho —
IBTEC/UFU e Laboratorio de Doengas Infecciosas (LADOC) - FAMEV/UFU.

A estrutura deste trabalho seguiu as normas do Programa de Pés-graduagdo em
Imunologia e Parasitologia Aplicadas (PPIPA/UFU), apresentando as seguintes sec¢des.

. Fundamentagdo tedrica— Revisdo de literatura sobre a bactéria do género
Salmonella, especificando o sorovar Enteretidis, Phage Display e ATR-FTIR.

. Capitulo I - “Development of an ATR-FTIR biosensor based on magnetic
nanoparticles coupled to specific Phage Display-derived peptides for the detection of
Salmonella Enteritidis”. Artigo para ser submetido ao periddico “Biotechology Journal”
com fator de impacto 5,726 cujos critérios para submissdo estdo disponiveis em:

https://authorservices.wiley.com/author-resources/book-authors/prepare-your-

manuscript/index html.

. Capitulo IIl — “Is it possible identify Salmonella FEnteritidis using
attenuated total reflection (ATR)-Fourier transform infrared (FTIR) spectroscopy
associated with artificial intelligence (A1)?”. Research paper para ser submetido ao
periodico “LWT - Food Science and Technology” com fator de impacto de 9,6, cujos
critérios para submissao estdo disponiveis em:

https://www.sciencedirect.com/journal/lwt/publish/guide-for-authors.



https://authorservices.wiley.com/author-resources/book-authors/prepare-your-manuscript/index.html
https://authorservices.wiley.com/author-resources/book-authors/prepare-your-manuscript/index.html
https://www.sciencedirect.com/journal/lwt/publish/guide-for-authors
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1 CAPITULO I-INTRODUCAO E FUNDAMENTACAO TEORICA

1.1 INTRODUCAO

Salmonella spp. ¢ um género pertencente a familia FEnterobacteriaceae e,
atualmente, € classificado em duas espécies: Salmonella bongori com 23 sorovares
(variedades soroldgicas) e Salmonella enterica, com 2.610 sorovares (Franco; Ladgraf,
2004; Tortora; Case; Funke, 2016; Zawadzki, 2016). A espécie S. enterica é responsavel
por aproximadamente 99% das infecgdes (Kurtz, Goggins, McLachlan, 2017),
tendo Salmonella Enteritidis, Typhimurium e Gallinarum os principais responsaveis em
causar doenga em humanos e animais (OPAS, 2022).

O controle de Salmonella é obrigatorio na producdo animal, em especial nas aves,
por serem mais associadas na transmissdo da doenga para os seres humanos, por meio do
consumo da carne e ovos (Ribeiro; Simao; Weber, 2022). Todos os paises produtores e
exportadores de carne e ovos tem a responsabilidade de controlar a Salmonella em granjas
ou frigorificos (ABNT, 2021). Nesse contexto, o Brasil se destaca por ser um grande
produtor e exportador (Brasil, 2022a).

Salmonella enterica sorovar Enteritidis ou Sa/monella Enteritidis (SE) tem sido
responsavel por surtos em todo o mundo, principalmente no Brasil, causando casos de
toxinfec¢des alimentares (Fernandes ef al., 2006; Tavechio ef al., 1996). O controle
precisa ser feito e passa necessariamente pelo diagnostico efetivo e rapido. Pelas normas
da ISO NBR ISO 6579-1 e Ministério da Agricultura (ABNT, 2021), para detectar a
presenga de Salmonella spp. em amostras de consumo humano e animal, sdo necessarios
testes microbiologicos, seguidos de confirmagdo por bioquimica, sorologia PCR. A PCR
embora com alta sensibilidade e especificidade, ainda enfrenta problemas ja que ¢
necessario diferenciar sorotipos e o desenvolvimento de primers nem sempre € facil
devido a alta similaridade entre os diferentes sorotipos (Melo ef al., 2018; Mohammed,
Thapa, 2020).

A evolug¢do no desenvolvimento de biossensores vem sendo favorecida pelo
aumento da compreensdo molecular e bioquimica da resposta analitica e das suas
respectivas tecnologias (Melo ef al., 2018). Os dispositivos portateis miniaturizados

existentes permitem analises in-situ, apresentando uma alta sensibilidade, seletividade,



11

reprodutibilidade, custo acessivel, de facil uso, com respostas rapidas e além de tudo, com
limite de deteccdo menor do que os métodos convencionais (Bhalla e al., 2016a; Kaya et
al., 2021).

Nesse sentido, a espectroscopia no infravermelho com transformada de Fourier com
reflexdo total atenuada (ATR-FTIR) tem sido nos ultimos tempos uma das técnicas mais
poderosas para andlise estrutural e reconhecimento direto espectral de materiais
bioldgicos e suas interagdes (Glassford; Byrne; Kazarian, 2013; Goormaghtigh;
Raussens; Ruysschaert, 1999; Tiernan; Byrne; Kazarian, 2020). Entdo, o objetivo desse
estudo foi desenvolver biossensores baseados em ATR-FTIR e inteligéncia artificial, com

ou sem ligantes especificos a partir de colonias puras e/ou carcacas de aves.

12 FUNDAMENTACAO TEORICA

13 SALMONELLA SPP.

Salmonella (assim denominadas em homenagem ao seu descobridor Daniel
Salmon) ¢ um género pertencente a familia Enterobacteriaceae e sdo classificadas como
bastonetes de 0,5 a 0,7 por 1 a 3 micrémetros, gram-negativos, ndo esporulados,
anaerdbios facultativos, lactose, urease e oxidase negativos. A maioria dos sorotipos de
Salmonella é moével devido a presenca de flagelos peritriquios, possuem um pH de
crescimento Otimo de 7, podendo variar entre 4 e 9, e uma temperatura &tima de
crescimento entre 35°C e 37°C (Franco; Ladgraf, 2004; Tortora, Case; Funke, 2016;
Zawadzki, 2016).

A espécie S. enterica, responsavel pela maior quantidade de sorovares, €
subdividida em 6 subespécies, sendo elas: enterica, salamae, arizonae, diarizonae,
houtenae e indica (OPAS, 2022). A classificacdo em subespécies ¢ feita com base na
composi¢do antigénica dos flagelos (antigeno H), da parede celular (antigeno O) e dos

antigenos capsulares (antigenos Vi) (Azevedo, 2009).
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Em aves, os sorovares Pullorum, Gallinarum (causador do tifo aviario), Heidelberg,
Bredeney, Hadar e Agona também s3o encontrados em frigorificos e granjas avicolas
(OPAS, 2022; Ribeiro; Simdo; Weber, 2022). Identificar esses sorovares nas aves €
imprescindivel para a satude publica, pois as aves apenas apresentam uma infec¢do
subclinica intestinal seguida de uma infecgdo sistémica curta e, posteriormente, tornam-
se portadoras cronicas (Ribeiro; Simao; Weber, 2022).

Outros sorovares sdo adaptados a hospedeiros especificos, como a S. Tiphy ao ser
humano, S. Choleraesuis aos suinos, S. Abortus-equi aos equinos, S. Dublin aos bovinos,
S. Abortus-ovis aos ovinos e S. Gallinarum as aves (Popoff; Bockemihl; Gheesling,
2004). Por outro lado, os sorovares Enteretidis, Typhimurium, Anatum, Derby e Panama
e outros, ndo possuem nenhum tipo de especificidade, podendo afetar diferentes
hospedeiros e levarem a um quadro sintomatico ou assintomdtico (Zero; Rodrigues,

2017).

1.4  TRANSMISSAO E VIRULENCIA

Salmonelas sdo bactérias que se difundem amplamente na natureza, existindo uma
vasta gama de fontes de infec¢do que se da pela precariedade do saneamento bésico,
principalmente em relagdo ao consumo de agua inadequada e ao consumo de alimentos
crus ou mal - cozidos como ovos, carnes, laticinios e também vegetais, hortalicas e frutas
(OPAS, 2022; Trawinska et al., 2008).

Cerca de 50 sorovares estdo envolvidos na ocorréncia de doengas em humanos e
animais (Ford et al., 2016) e, de modo geral, os alimentos sdo responsaveis por um ter¢o
dos casos de infecg@o por Salmonella (Besser, 2018). Identificar a fonte de alimento que
estd contaminada ¢ dificil, porém, € uma forma importante para prevenir a propagagio da
doenca. Um estudo feito na Australia, mostrou um aumento sustentado de casos entre
2000 e 2013, envolvendo Salmonella Typhimurium e Salmonella nao-Typhimurium, nos
quais mais de 70% dos casos, a fonte era a comida (Ford ez al., 2016).

A infecg@o por Salmonella ocorre pela ingestdo de alimento contaminados, € uma
vez a bactéria alcan¢ando a mucosa intestinal, com o auxilio das fimbrias, ela adere a
parede, produz invagina¢des na membrana celular por meios de vesiculas ligadas a essas,

permitindo entdo a sua entrada e replicagdo na circulagdo sanguinea, podendo
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desencadear uma septicemia (Kawazoe, 2009; Tortora; Case; Funke, 2016; Zawadzki,
2016).

As galinhas e outras aves podem transportar 0 microrganismo € a exposi¢ao a estas
aves tem sido associada a infec¢do (Seif er al., 2019). Para aves de interesse comercial, a
transmissdo pode acontecer pela contaminag@o fecal da casca do ovo durante a postura,
pela transmissdo horizontal no incubatorio (por caixas, no transporte € com aves
selvagens), nas granjas a transmissao pode ocorrer por vetores (moscas, baratas, besouros
e pulgas) e fomites, além de ser possivel também pela agua e ragdo (apenas se for
contaminada apoés a peletizacdo) (Ribeiro; Simao; Weber, 2022).

Existem alguns fatores de viruléncia que sdo comuns a pertencentes deste género,
como a presenca de fimbrias e atua¢do do lipopolissacarideo que auxilia na fixagdo de
superficies, como a mucosa intestinal, e colonizag¢do. O sistema de secrecdo tipo III atua
na transferéncia de um vasto nimero de sinalizadores para a célula hospedeira que
resultam em eventos celulares que colaboram para a infec¢do da bactéria (Forsythe,

2013).

L5 SINTOMATOLOGIA DE Salmonella EM HUMANOS

Os sintomas da maioria das pessoas infectadas com Salmonella comeca a
desenvolver com 12 a 72 horas ap6s a infec¢do, com duragdo de quatro a sete dias. Os
sintomas iniciais sdo nauseas, vomito e, posteriormente, progride para dores abdominais
e diarreia, variando de brandas a severas (CDC, 2019; WHO, 2023)

Sintomas como febre alta, diarreia por mais de trés dias que ndo apresenta melhora,
fezes sangrentas, vomitos prolongados e sinais de desidratacdo como boca e garganta
seca, tontura ao levantar e baixo volume de urina, precisa-se de procurar atendimento
médico rapido pois sdo casos potencialmente fatais (CDC, 2019; FDA, 2019).

Para que os primeiros sintomas de gastroenterite surjam € necessario em média
100.000 organismos para que ocorra uma infec¢do de fato (Shinohara ef al., 2008). No
entanto, pacientes i1dosos, criangas, gestantes e pessoas com sistema imunoldgico
comprometido tém maior probabilidade de ter infec¢des graves por salmonelose pois a

infec¢do pode disseminar por meio da corrente sanguinea e levar o paciente a 6bito, caso
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ele ndo seja prontamente tratado da forma correta (FDA, 2019; WHO, 2018; Who, 2022).
Nao existem manifestagdes clinicas especificas para S. Enteritidis (Omwandho;

KUBOTA, 2010).

1.6 TRATAMENTO DE SALMONELOSE

A maioria dos casos de gastroenterite causados por Salmonella spp. ndo requer
tratamento, principalmente para portadores saudaveis, uma vez que pode aumentar os
efeitos adversos e prolongar a eliminagdo da bactéria (CDC, 2023; Leedom; Spickler,
2013).

Pacientes com salmonelose severa podem ser tratados com antibidticos de primeira
escolha se a bactéria ndo for resistente. Os medicamentos de segunda ou terceira geragio
podem ser menos eficazes, administrados por via intravenosa em vez de por via oral, mais
sdo toxicos e mais caros. Os antibidticos fluoroquinolonas, azitromicina e cefalosporinas
de terceira geragdo sdo recomendados para infecgdes graves (CDC, 2023).

Em idosos, bebés e pessoas imunodeprimidas, que sdo propensas a septicemia e
complica¢des, podem ser administrados antibidticos para a gastroenterite. O uso
desnecessario de antibidticos para tratamento de Salmonella tem causado o aparecimento
de cepas resistente a multiplos farmacos, trazendo sérios problemas (CDC, 2023;

Leedom; Spickler, 2013).

1.7 EPIDEMIOLOGIA DA SALMONELOSE

As doengas transmitidas por alimentos (DTA’s) sdo aquelas causadas pela ingestio
de 4gua ou alimentos contaminados por microrganismos patogénicos e tem se tornado um
grande problema relacionado a satide populacional pois representam um importante causa

de morbidade e mortalidade que vem crescendo mundialmente (Silva, 2017). Cerca de
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600 milhdes de casos de doengas transmitidas por alimentos sdo notificados anualmente
em todo o mundo, com 420.000 mortes (OPAS, 2022).

Dentre as doencgas transmitidas por alimentos, encontramos na literatura dados
recentes de surtos provocados por Salmonella em todo o mundo, causando doenga
diarreica (Popa; Papa, 2021). Dados do CDC e USDA, nos Estados Unidos, estimam que
Salmonella causa aproximadamente 1,35 milhdo de doencas, resultando em 26.500
hospitalizagdes e 420 mortes (CDC, 2024b), sendo o sorotipo Enteritidis (17,5%) e
Typhimurium (15%) os mais prevalentes, responsaveis por metade de todas as infec¢des
humanas (CDC, 2009; USDA, 2023).

No Brasil, dados epidemiologicos do Ministério da Saude, de 2013 a 2022,
notificou 6.523 surtos em todo o pais, com 112 6bitos confirmados, sendo a regido sudeste
com os maiores numeros de casos. As bactérias dos géneros Escherichia coli, Salmonella
spp, Staphylococcus aureus, Bacillus cereus sdo as principais causadoras de surtos
(Figura 1) (Brasil, 2023). Nesse periodo, foram identificados 1.571 agentes etiologicos
causadores de DTA, sendo Salmonella spp. o segundo patégeno mais encontrado

10,9%), perdendo apenas para Escherichia coli (32,3%) (Brasil, 2023).]
p p p

Figura 1: Distribui¢do dos agentes etiologicos mais identificados em surtos de DTHA,

Brasil, 2013 a 2022* (Brasil, 2023).

Percentual
s

Agentes etiolégices

Fonte: Sinan/SVS/Ministério da Saude. * Dados preliminares, sujeitos a alteragdes

Casos de infecg@o de Salmonella estao espalhados por todo o mundo. Salmonella
enterica foi identificado na Coréia entre os anos de 1998 e 2007 como um dos principais

patdgenos de origem alimentar. A prevaléncia encontrada durante esse periodo foi dos
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sorotipos de Salmonella Typhi, Enteritidis ¢ Typhimurium. Esses sorotipos foram
apresentando declinio nas suas taxas de infec¢do ao mesmo tempo que foram aparecendo
casos de infecgdo por Salmonella sorotipo Infantis, e outros sorotipos mais raros (Kim,
2010).

Um estudo de revisdo de todas as infecgdes diagnosticadas por Salmonella spp. toi
realizado no periodo de 1999 e 2008, em Cambridge, no Reino Unido. Foram
identificados 88 diferentes sorotipos da bactéria que causaram 1.003 casos de
gastroenterite, sendo que os sorotipos mais prevalentes foram Enteritidis (59%),
Typhimurium (4,7%), Virchow (2,6%), Newport (1,8%) e Braenderup (1,7%) (Matheson
et al., 2010). Na Tunisia, um estudo relatou uma prevaléncia alta de Salmonella spp. em
frango cru (>50%), apesar dos esforcos para melhorar a higiene nas plantas de
processamento de aves (Abbassi-Ghozzi ef al., 2012).

No Brasil, os casos estdo espalhados em todos os estados. Um estudo analisando
sessenta cortes de carnes de frango foi realizado em um comércio varejista de Jodo Pessoa
(PB). Essas carnes estavam acondicionadas em embalagens a base de isopor e expostas a
venda sob refrigeracdo. A analise microbiologica foi realizada demonstrando um alto
indice de contaminacdo de Salmonella spp. (71,7%), L. coli (95%) e S. aureus (43,35%)
(Silva et al., 2002).

No Estado de Sdo Paulo, entre os anos de 2004 a 2020, um total de 9.014 isolados
de Salmonella foram encontrados em amostras humanas e ndo humanas (animais,
alimentos e ambientes), sendo o sorotipo S. Enteritidis o mais frequentemente notificado
nas infec¢des humanas, representando 41,9% (1.489) de todos os isolados, seguido por S.
Typhimurium com 11,4% (406) (Fernandes ef al., 2022). No estado de Pernambuco, entre
2018 e 2019, dos 34,4% de carcagas de frango comercializadas na cidade positivas para
Salmonella spp., todos eles mostraram a capacidade de formar biofilmes e ainda mais,
61,9% dos isolados demostraram ser resistentes a pelo menos um antibiético e 38% foram
resistentes a multiplas drogas (Melo, 2023). Mostrando mais uma vez a capacidade dessas
bactérias de acumular varios mecanismos de viruléncia e resisténcia aos antimicrobianos,
causando perdas economicas consideraveis, além da necessidade de controles efetivos
para conter esse microrganismo (Sivasankar ez al., 2020).

Além da contaminagdo em carcagas de frango, percebemos que carne bovina
também apresenta contaminagdo. Um total de 27% amostras de carne moida estavam
contaminadas com Sal/monella spp. no Distrito Federal (Monteiro ef al., 2018). Na cidade

de Ceres-GO, analisando carne moida comercializada em cinco diferentes supermercados
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da cidade, constatou que em todas as amostras apresentaram alto crescimento de colonias
caracteristicas de Salmonella spp., impossibilitando a contagem das colonias (Santos;
Pereira; Bidngulo, 2023). Na cidade de Sdo Luiz, no Maranhdo, também foi detectado
Salmonella (4,65%) em amostras de frango e peixe (Souza ef al., 2023). As carnes de sol
no Ceara também foram constatadas presenca de Salmomnella spp. acima do limite
aceitavel apresentando um risco para a saude da populac¢do consumidora (Coelho ez al.,
2023). Apesar dessas contaminac¢des encontradas, a legislacdo brasileira ¢ bem clara por
meio da IN 83/2003, estabelecendo que a carne moida comercializada no Brasil deve
apresentar-se ausente de Salmonella spp. (Brasil, 2003).

De modo geral, somente 10% do total de surtos de origem alimentar no Brasil sdo
notificados, demonstrando mais uma vez as falhas no sistema de notificagdo e de
fiscalizacdo (Forsythe, 2013; Germano ef al., 1993). Somente S. Typhi, causadora da
febre tifoide, possui notificagdo compulsoria obrigatoria no pais, mas ainda assim, apesar
de sua importancia epidemioldgica, existe uma grande subnotificacdo da doenga. As
razdes sdo diversas, pois sdo inumeros casos da doenca que ndo sdo diagnosticados,
encontra-se dificuldades de acesso aos servigos de saude, o ndo reconhecimento de casos
suspeitos e por fim, o uso precoce de antimicrobianos em situagdes clinicas indefinidas,
o que possibilita o surgimento de cepas resistentes. Devido a todos esses fatores, torna-se
dificil a coleta de dados que tenham significado estatistico (Brasil, 2002).

As doencas veiculadas por alimentos constituem atualmente um dos problemas de
saide mais disseminados e um importante fator de redugdo da produtividade economica.
Um alto indice de contaminag@do por Salmonella spp. é encontrado em cortes de carne em
todo o Brasil, demonstrando a falta de saneamento adequado que temos no pais, onde a
bactéria € encontrada facilmente nos alimentos sendo assim transmitida para os humanos
(Romaio, 2023). O fato do Brasil ser o maior exportador de carne de aves e pela grande
exigéncia dos paises importadores (Back, 2002), uma maior necessidade de controle
sanitario € refor¢ada, visando a redugdo dos indices de contaminagdo de carcacas de
frango por S. Enteritidis (Tessari ez al., 2003).

Atencdo deve ser dada ndo somente a contaminag¢do de carnes destinadas ao
consumo humano, mas também a infec¢do por Salmonella em animais. No Brasil, um
estudo realizado em 2009, na regido sul do Maranh3o, identificou por provas bioquimicas
e sorologicas que a Salmonella Enteritidis foi o agente etioldgico responsavel pelo
elevado indice de mortalidade em pintinhos em uma propriedade avicola. Segundo os

relatos, cerca de 1000 pintinhos com uma semana de idade, em média, morreram no
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intervalo de trés dia. A taxa de incidéncia calculada foi de 66,9%. Um adequado manejo
e higiene do ambiente sdo fundamentais para a prevencao desta enfermidade. Falhas no
manejo como contaminag¢do da ragdo desencadeiam graves perdas como foi relatado neste
caso (Pigatto, 2009).

De um modo geral, vemos que a epidemiologia da salmonelose humana ¢
influenciada por habitos alimentares e algumas condi¢gdes de preparacdo, sendo que o
armazenamento de grande quantidade de alimentos, manuseio, controle inadequados e
temperaturas desfavoraveis sdo processos que favorecem o aparecimento e multiplicagdo
da Salmonella (Bau; Siqueira; Mooz, 2009). A medida que houve o aumento do processo
de globalizagdo e industrializag¢do de aves domésticas e ovos, foi observado um aumento
de Salmonella spp. nesse comércio, principalmente Sa/monela Enteritidis, dita como a
possivel desencadeadora das epidemias de salmonelose ndo-tiféide em humanos (WHO,

2018).

1.8  CONTROLE E PREVENCAO DA SALMONELOSE

A salmonelose ¢ uma das principais zoonoses para a saude publica em todo o mundo
(Lourengo ef al., 2004) devido as suas caracteristicas de endemicidade, alta morbidade e,
sobretudo, pela dificuldade da ado¢do de medida no seu controle (Guérin, Vold;
Aavitsland, 2005). O Brasil representa uma das maiores poténcias mundiais na produgéo
de carne bovina, possuindo o segundo maior rebanho comercial (Abiec, 2020). O
crescimento do consumo tem trazido pontos positivos quando se trata da economia, no
entanto, a qualidade dos produtos diminui, o que interfere na saide alimentar (Franciele,
2019).

O controle de Salmonella spp. na indastria avicola brasileira passou a ser
implantado em 1994 com a Portaria n° 193, de 19 de setembro, do Ministério da
Agricultura Pecuaria e Abastecimento que estruturou e consolidou o Programa Nacional
de Sanidade Avicola - PNSA (Brasil, 1994) e norteou o desenvolvimento de programas
sanitarios para controle das principais doengas aviarias, dentre elas a salmonelose. A
normativa n.20, de 21 de outubro de 2016 se tornou importante também pois estabeleceu

o controle e o monitoramento de Salmonella spp. nos estabelecimentos avicolas
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comerciais de frangos e perus de corte e nos estabelecimentos de abate de frangos,
galinhas, perus de corte e reproducéo, registrados no Servigo de Inspegdo Federal (SIF),
com objetivo de reduzir a prevaléncia desse agente e estabelecer um nivel adequado de
protecdo ao consumidor. Apesar dos esfor¢os para o controle do patdégeno na producio
avicola e na industria, os indices de infec¢des decorrentes do consumo de alimentos
contaminados por este género continuam altos.

Medidas de controle sdo sempre avaliadas e atualizadas, como por exemplo, a OMS
reuniu recentemente para discutir sobre o controle pré e pos-colheita de Salmonella spp.
em carne de aves e entdo fornecerem medidas de controle na cadeia produtiva de frangos
de corte (WHO, 2022). Porém, surtos zoonéticos e de origem alimentar causados por
Salmonella sido reportados em todo o mundo, como podemos observar pelos dados
levantados pelo CDC (CDC, 2024a).

Sabe-se que os ovos sdo uma fonte de infec¢do por Salmonella e alguns métodos
de descontaminagdo estdo disponiveis como: irradiagdo gama, liofilizagdo, ar quente,
aquecimento por micro-ondas e a pasteurizagdo, sendo esse ultimo o método mais
comumente utilizado (Popa; Papa, 2021).

Os antibidticos tém sido utilizados como forma de controle bacteriano em animais,
porém, o crescente aumento de sua utilizagdo provocou uma acelerag@o do surgimento de
bactérias resistentes a antimicrobianos, que podem ser transmitidas aos humanos por meio
do consumo de carne e outros produtos de origem animal. (Agyare et al., 2018; Medeiros
et al., 2011; Romao, 2023). Por fim, para garantir a eficacia dos programas de controle,
ha necessidade de vigilancia continua e partilha de dados de susceptibilidade
antimicrobiana para Salmonella entre paises de todo o mundo, para garantir que somente
casos bem especificos fagam o uso consciente (Brasil, 2022a; de Oliveira ef al., 2012).

Além do controle desta doenga em animais ser de grande interesse para a economia
dos paises em que ocorrem esses surtos, também € importante seguir as medidas
preventivas para evitar o risco de infec¢do da salmonelose na populagdo humana. A
prevencdo requer medidas de controle em todas as fases da cadeia alimentar, que vai
desde a produc¢do agricola até ao processamento, fabricagcdo e preparacdo de alimentos,
tanto em estabelecimentos comerciais como em casa (Who, 2022).

Alguns pontos principais podem ser adotados como estratégias de prevengdo, como
selecdo da matéria-prima, utensilios e equipamento que sejam cuidadosamente
higienizados, fornecimento de agua potavel, adequado sistema de tratamento de lixo e

esgoto, afastamento dos portadores assintomaticos da area de produgdo e métodos de
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preservacdo e de transporte adequados (Shinohara ef al., 2008). Devido ao seu impacto
na seguranca alimentar da populagdo, ha uma busca constante por melhorias nas
estratégias para reduzir a contaminagdo por Salmonella spp. no Brasil, mas ainda ¢
necessario um aprofundamento continuo nessa area de estudo (Romao, 2023).

Com isso, as medidas para controle e prevencdo baseiam em biosseguridade, onde
ha algumas praticas que podem ser adotados pelas empresas. Como exemplo, tem-se a
implementacdo de politicas de a¢des de educagdo em saude, onde ird se destacar os
habitos de higiene pessoal como a lavagem correta das maos entre as pessoas que
manipulam alimentos, observando cuidados na preparagdo, manipulagido, armazenamento
e distribuico de alimentos (Shinohara et al., 2008; Spatkova et al., 2019). Conservar os
produtos alimenticios prontos para consumo refrigerados ou aquecidos, a 60°C ou mais,
limpar e desinfetar as caixas d’agua de institui¢des publicas e domiciliares a cada 6 meses
ou com intervalo menor, e filtrar, ferver ou clorar a 4gua com hipoclorito de sédio a 2,5%
em caso da ndo disponibilizagdo de agua potavel ou tratada também sdo medidas a serem
feitas para evitar a proliferagdo de microrganismos (Brasil, 2022b).

OMS esta acelerando desenvolvimento de vacinas contra os principais patogenos
endémicos, no qual Salmonella esta incluso (Who, 2023), porém, o uso de vacinas para
controle pode apresentar algumas desvantagens como causar confusdo na interpretacio
de resultados e dificuldade de distinguir sorologia vacinal e da enfermidade (Shivaprasad,

2000; Wibisono ef al., 2020).

1.9 DIAGNOSTICO

1.9.1 Diagndstico em humanos e em alimentos para consumo humano

O diagndstico laboratorial de Salmonella se baseia na identificacdo do agente.
Quase todos os membros do género Salmonella sio potencialmente patogénicos e a
investigacdo ¢ feita em amostras clinicas do paciente suspeito como sangue
(hemocultivo), fezes (coprocultura), secre¢des provenientes de outros sitios € em

amostras de alimentos suspeitos de terem veiculado a infec¢@o (Brasil, 2021). Para isso,
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existe uma grande quantidade de testes bioquimicos, sorologicos e moleculares que sdo
usados para isolar e identificar as salmonelas (Tortora; Case; Funke, 2016).

Em humanos podemos utilizar diferentes amostras para realizar o diagnostico, € a
amostra depende do tipo de infec¢do. Em casos de infeccdo intestinal, recomenda-se
como material de analise, as fezes, ja as infecgOes sistémicas, aconselha-se a coleta de
sangue (hemocultura), bago e medula ossea (post mortem) (Zawadzki, 2016). Para
realizagdo de uma inoculagdo direta, pode-se utilizar o agar MacConkey, agar verde-
brilhante ou agar XLD (37°C por até 48 horas). Ja se a inoculag@o feita precisa ser em
caldo enriquecido, utiliza-se o meio de agar XLD ou agar VB com caldos enriquecidos
de selenito de ferro, Rappaport ou tetrationato (37°C por até 48 horas). Se houver colonias
suspeitas nos meios anteriores, pode-se utilizar o meio de 4gar TSI e caldo lisina
descarboxilase (Zawadzki, 2016).

Além de coletar amostras diretamente do individuo, pode ser feito o isolamento da
Salmonella spp. em alimentos. A detec¢do de Salmonella em produtos destinados a
consumo humano € regulamentado nos Estados Unidos pela normativa MLG 4.14
(Microbiology Laboratory Guidebook) da FSIS, onde descrevem o procedimento de
isolamento e identificacdo de Salmonella em carnes, aves, ovos pasteurizados, produtos
siluriformes (peixes) e carcagas e esponjas ambientais (FSIS, 2023). No Brasil, temos
uma normativa semelhante para deteccdo de Salmonella, que ¢ a NBR ISO 6579-1,
aplicada a produtos destinados ao consumo humano e a alimentagdo de animais; amostras
ambientais na area de producdo e manipulacdo de alimentos; amostras da fase de
produgdo primaria, como fezes de animais, poeira e swabs (ABNT, 2021).

Basicamente, a deteccdo de Salmonella requer quatro etapas sucessivas. O primeiro
passo € o pré-enriquecimento da amostra em meio liquido néo seletivo, onde ird permitir
a deteccdo de um baixo numero de Salmonella ou de recuperar células injuriadas que
tiveram perda ou alteragdo de suas fungdes celulares sendo incapazes de se proliferar.
Logo, uma aliquota da amostra ¢ incubada com agua peptonada entre 34°C e 38°C, por
18 h. A segunda parte ¢ feito um enriquecimento em meio seletivo, que ird promover o
aumento continuo de Salmonella e inibir a multiplica¢do da microbiota acompanhante.
No outro dia, apds a incubag@o, 1ml da amostra serd colocado em caldo de tetrationato-
novobiocina Muller-Kauffmann - MKTTn incubado entre 34°C e 38°C, e 0,1ml da
amostra em caldo Rappaport-Vassiliadis - RVS a 41,5°C, ambos por 24h. O 4gar MSRV
destina-se a detec¢@o de cepas moveis de Salmonella e ndo € apropriado para a deteccdo

de cepas de Salmonella ndo méveis. A proxima etapa € o plaqueamento em meio solido
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seletivo, onde preferencialmente, coldnias de Salmonella possam se desenvolver,
apresentando caracteristicas tipicas que as distinguem dos competidores em fun¢do da
inibi¢do e do aspecto macroscopico das colonias. Nessa etapa, os meios Agar Xilose
Lisina Desoxicolato — XLD e verde brilhante- VB sdo usados para incubar as amostras
do passo anterior, a 37°C por 24h. Por fim, para a confirmag@o, as colonias presuntivas
de Salmonella sdo subcultivadas e sua identidade ¢ confirmada por meio de testes
bioquimicos e soroldgicos apropriados (ABNT, 2021; Brasil, 2021). Logo, o padrédo ouro
¢ considerado confiavel, no entanto, dependem de uma sequéncia complexa de etapas e
requerem varios dias para o resultado (Andrews et al., 2023).

Existem testes bioquimicos que sdo disponiveis comercialmente para a confirmagao
sorologica utilizando antissoro polivalente e para a sorotipagem utiliza-se o antissoro
especifico “H” ou “O” (Zawadzki, 2016). Esses anticorpos especificos podem ser
utilizados para diferenciar os sorovares de Salmonella por um sistema conhecido como
esquema de Kauffmann-White. Esse esquema designa um organismo por numeros e letras
que correspondem aos antigenos especificos da capsula, da parede celular e do flagelo do
organismo, que sdo identificados pelas letras K, O e H, respectivamente. Muitas
salmonelas sdo denominadas somente pelas formulas antigénicas. Por exemplo, a formula
antigénica para S. Enteritidis ¢ O1,9,12:H,g,m (Tortora; Case; Funke, 2016).

Testes baseados em ensaios imunologicos empregam anticorpos mono ou
policlonais para a detec¢do de Salmonella. Tais anticorpos s3o capazes de reconhecer
antigenos (somaticos, flagelares ou capsulares) em uma variedade de matrizes de
alimentos. Os ensaios imunologicos incluem, principalmente, o teste ELISA (Enzyme
Linked ImmunonoSorbent Assay), testes de aglutinagdo em latex e ensaios de
imunodifusdo. O teste ELISA ¢ o mais utilizado nessa categoria para deteccdo de
Salmonella, sendo comercialmente disponivel em uma grande quantidade de kits (FSIS,
2016).

Os métodos imunologicos apresentam algumas limitagdes para detecgdo de
Salmonella. As limita¢des sdo a necessidade de uma etapa prévia de enriquecimento da
amostra para obter o nimero adequado de células, possibilidade de rea¢des cruzadas com
antigenos de espécies filogeneticamente proximas, sensibilidade e especificidade
dependem em grande parte da microbiota da amostra, da complexidade da matriz do
alimento e das substancias inibidoras (por exemplo, gorduras, proteinas, polissacarideos,

metais pesados, antibidticos e compostos organicos) (Melo ef al., 2018).
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Métodos moleculares tem sido muito utilizado nas pesquisas recentes, sendo a
categoria de métodos alternativos que mais cresceu, apresentando varios kits disponiveis
no mercado (FSIS, 2016), e se mostrando superior a sorotipagem tradicional por
apresentar uma melhor padronizagdo, reprodutibilidade e maior capacidade de
discriminagdo (Popa; Papa, 2021).

O ensaio de PCR (Polymerase Chain Reaction) ¢ o teste molecular mais usado na
deteccdo de Salmonella em alimentos, sendo feito dentro de duas ou trés horas. A técnica
foi melhorada por meio da automatiza¢do nas etapas de extracdo do DNA, amplificagdo
e deteccdo, o que acelerou a capacidade de resposta dos laboratérios para um diagndstico
emergencial de Salmonella numa ampla variedade de matrizes de alimentos (Melo ef al.,
2018).

Atualmente, hd uma grande diversidade de testes comerciais como a técnica de
gPCR ou PCR em tempo real. Essa inovagdo tecnoldgica trouxe a capacidade de gerar
resultados quantitativos, permitindo que se acompanhe a reagdo de amplificacdo em
tempo real de forma mais rapida e precisa, por meio da deteccdo do sinal de fluorescéncia
que ¢ produzido de forma diretamente proporcional ao numero de sequéncias
amplificadas (amplicons) (Melo et al., 2018).

O ensaio de hibridizagdo com sonda de DNA, também bastante utilizado para
detecgdo de bactéria, baseia-se na utilizagdo de uma sonda de DNA com uma sequéncia
complementar a sequéncia-alvo do DNA da bactéria. No final do processo tem a formagéo
de um hibrido estavel com o DNA marcado, que pode ser detectado por meio de técnicas
como radioisdtopos ou reagdes enzimaticas. Esse método apresenta uma alta
especificidade, sensibilidade e sdo eficazes para rastrear rapidamente um grande numero
de amostras, porém, exigem uma etapa de pré-enriquecimento para alcangar a
concentracdo adequada a sensibilidade, logo o tempo médio de anélise ¢ de 48 horas
(Melo et al., 2018).

Percebemos entdo que os testes moleculares apresentam vantagens quanto a
sensibilidade, especificidade, maior controle do processo, menor risco de contaminagao,
possiblidade de combinagdo com outros métodos permitindo identifica¢do mais rapida,
porém, os equipamentos e reagentes ainda sdo menos acessiveis para os paises em

desenvolvimento (Melo et al., 2018; Mohammed; Thapa, 2020).
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1.9.2 Diagnéstico em animais

A sorologia pode ser util para o diagnostico em um rebanho e para identificar
portadores em programas de erradicacdo de Salmonella spp. em aves. Os testes
sorologicos incluem testes de aglutinacdo e testes ELISA. Alguns ELISAs podem ser
utilizados para exames em leite a granel, em amostras de tecido muscular descongelado
(fluido tecidual) de suinos, em ovinos e bovinos A maioria dos testes sorologicos
detectam um numero limitados de sorovares e sorogrupos. A sorologia € de uso limitado
em um uUnico individuo, pois os anticorpos ndo aparecem até duas semanas apos a
infec¢do, podendo também estar presentes em animais ndo infectados (Leedom; Spickler,
2013; Zawadzki, 2016).

Em aves, o diagnostico comega no aparecimento de sinais clinicos e nas lesdes
encontradas no exame necroscopico, mas para o diagnostico definitivo € necessario isolar
e identificar o agente etioldgico em meios de cultura. Testes soroldgicos e PCR também
podem ser utilizados (Santos; Murer, 2018)

Em estabelecimentos avicolas comerciais de frangos, a normativa n° 20 de 21 de
outubro de 2016 estabelece o controle e 0 monitoramento de Salmonella spp. nas aves.
Primeiramente, amostra de swabs de arrasto, propés ou de fezes sdo coletadas dos lotes
de frangos, de forma que seja proximo ao dia do abate, mas que os resultados cheguem
antes do envio das aves ao abatedouro, pois os resultados devem ser enviados para a
empresa de abate. No momento da coleta, as aves e o ambiente ndo deverdo estar sob
efeito de antimicrobianos para bactérias gram-negativas. Apos os resultados, o médico
veterinario que realiza o controle sanitario devera fazer um relatorio conforme os
procedimentos do servi¢o veterinario oficial (SVO). Os estabelecimentos passardo por
uma avaliag@o clinica, epidemiologica e zootécnica por um médico veterinario, cujo
tempo entre cada avaliagdo € determinado se o estabelecimento € ou néo registrado pelo
servigo veterinario estadual (SVE) (Brasil, 2016).

Em casos de resultados positivos, o médico veterinario responsavel providenciara
que o estabelecimento fermente as camas de todos os aviarios do nicleo e descarte toda
a cama e esterco do nucleo apos ser fermentada. Em seguida, precisar realizar a limpeza
e desinfeccdo das instalagdes e equipamentos, fazer adesdo ao vazio sanitario por quinze
dias, investigar a fonte de infec¢do e transmissdo e implementar um novo plano de agéo

para prevencdo. O SVO realizara coletas aleatorias nos estabelecimentos avicolas. Nos
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estabelecimentos de abate, entretanto, os lotes positivos para Salmonella serdo abatidos
separadamente dos demais lotes, seguindo de imediata higienizagdo das instalagdes e
equipamentos. Por sua vez, a producdo sera sequestrada e destinada para tratamento

térmico, ou fabrica¢do de carne mecanicamente separada (Brasil, 2016).

1.10 PHAGE DISPLAY

A tecnologia de Phage Display ou exposi¢do de biomoléculas em fagos ¢ uma
técnica eficiente para identificar peptideos ou proteinas que se ligam a outras moléculas
com diversas finalidades. Essa técnica foi originalmente introduzida em 1985 por Geroge
Smith, quando conseguiram a expressdo da enzima de restri¢do EcoRI por meio da fusdo
com a proteina trés (pIll) do capsideo de bacteriofagos, abrindo caminho para a
construcdo de bibliotecas conformacionais apresentadas na superficie destas particulas
virais (Smith, 1985), um bacteridéfago que infecta uma variedade de bactérias Gram-
negativas, frequentemente, a Fscherichia coli usando o pilus sexual como receptor
(Benhar, 2001).

A técnica baseia-se no principio de que polipeptideos podem ser expressos na
superficie de bacteriofagos filamentosos pela inser¢do de um segmento de DNA
codificante no genoma dos mesmos, de modo que o peptideo ou proteina expressado fique
exposto na superficie da particula viral fusionado a uma proteina endogena (Barbas ef al.,
2001). Quanto maior a variedade de peptideos da biblioteca, maiores sdo as chances de
expor fagos a uma proteina que possam ter a afinidade de ligag@o.

As bibliotecas de peptideos podem ser adquiridas comercialmente e possuem um
vasto numero de peptideos de um dado tamanho (107-10%), onde suas sequéncias so
geradas aleatoriamente por uma variedade de residuos de aminoacidos em cada posigao.
Os peptideos expressos, em forma linear ou circular, sdo capazes de mimetizar estruturas
conformacionais e epitopos continuos ou descontinuos (Azzazy; Highsmith, 2002).

A selecdo de sequéncias baseada na afinidade de ligagdo do fago a uma molécula
alvo ¢ feita por um processo de selec¢do in vitro denominado biopanning (Vodnik et al.,
2011). O biopanning ¢ realizado pela incubagdo da biblioteca de peptideos expostos em

fagos contra o alvo, da forma que serdo realizadas trés ou quatros ciclos de selegdo
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(ciclos de ligag@o, elui¢do e amplificagdo) e entdo no final do processo, somente estardo
fagos com sequéncias especificas contra o alvo. Os clones individuais sdo entdo
caracterizados por sequenciamento de DNA, western blotting ou ELISA (Smith, 1985).

Bibliotecas de peptideos geradas por phage display tem apresentado um grande
impacto na imunologia, biologia celular, descoberta de medicamentos e outros farmacos
(Willats, 2002). Peptideos sintéticos também tém sido amplamente utilizados nos ultimos
tempos para o desenvolvimento de técnicas de diagnostico para detec¢do de diversas
doengas como artrite (Gomara; Haro, 2013), cancer (Moral; Siahaan, 2017) e bactérias
patogénicas (Alban ef al., 2014; Liu et al., 2007). Além disso, peptideos sintéticos na
forma de antigeno(s) apresentam boas caracteristicas, como serem mais estaveis, faceis
de armazenar mesmo em temperatura ambiente, altamente especificos e podem ser
sintetizados em massa (Gomara; Haro, 2007).

Devido a busca crescente da necessidade de seguranga alimentar, métodos de
detec¢do de Salmonella combinando bacteriofagos tem sido mostrado na literatura.
Alguns dos métodos que podemos citar inclui PCR em tempo real de base molecular
(Botsaris ef al., 2013; Galikowska ef al., 2011), separa¢do imunomagnética baseada em
imunoensaios de fluorescéncia (Bennett ef al., 1997; Favrin; Jassim; Griffiths, 2001),
espectrometria de massa de dessor¢do / ionizag@o a laser assistida por matriz (MALDI-
TOF MS)(Rees; Voorhees, 2005), fago repdrter geneticamente modificado (Smartt ef al.,

2012) e ensaios imunoabsorventes ligados a enzimas (ELISAs) (Galikowska ef al., 2011).

1.11  BIOSSENSOR

Um biossensor ou sensor biologico € um dispositivo analitico que mede rea¢des
bioldgicas ou quimicas gerando sinais através de um transdutor, que sdo proporcionais a
concentragdo de um analito na reac¢do (Bhalla er al., 2016b; Healy et al., 2007). Os
biossensores apresentam basicamente trés componentes (Bhalla ez al., 2016b; Melo et al.,
2018):

¢ Um elemento bioreceptor, usado para detectar uma molécula que reconhece
especificamente o analito (ex: glicose). Sdo exemplos de bioreceptor:

organelas celulares, aptdmeros, tecido animal ou vegetal, microrganismos
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como fungos, bactérias e virus, células, enzimas, antigenos, anticorpos,
fragmentos de DNA, enzimas.

o Um elemento transdudor, que ird converter uma forma de energia em outra,
ou seja, converter sinais bioquimicos que ocorrem entre os analitos alvo e o
biorreceptor em sinais elétricos mensuraveis. Os transdutores mais
utilizados sdo os Opticos, piezoelétricos e eletroquimicos.

o Um elemento de deteccdo, por exemplo um display, que ira captar os dados
obtidos pelo transdutor e interpretar em forma de graficos ou dados
numéricos que serdo lidos em um hardware, que pode ser um computador
ou impressora direta.

Biossensores opticos concentraram atengdo significativa durante as ultimas décadas
e tem sido baseado em varios principios como refletdncia, transmitancia, absor¢do,
elipsometria ou fluorescéncia (Buerk, 2014). Eles permitir uma determinag@o quantitativa
de uma ou mais caracteristicas fundamentais da radiagdo Optica como amplitude, energia
do féton, fase ou polarizagdo (Buerk, 2014).

Biossensores tém sido usados para diversas aplicagdes como monitoramento de
doengas, descoberta de medicamentos, deteccdo de poluentes e de marcadores indicativos
de doenga nos fluidos corporais (sangue, urina, saliva, suor) e para detec¢do de patogenos
(Bhalla ef al., 2016a; Melo ef al., 2018). Um estudo revisou o desenvolvimento e
aplicag@o de biossensores eletroquimicos desenvolvidos para deteccdo de Salmonella e
mostrou bons resultados com um tempo de deteccdo de até 6 minutos e baixos limites de
detecgdo (Melo et al., 2016).

A evolugdo no desenvolvimento de biossensores vem sendo favorecida pelo
aumento da compreensdo molecular e bioquimica da resposta analitica e das suas
respectivas tecnologias (Melo ef al., 2018). Os dispositivos portateis miniaturizados
existentes permitem analises in-situ, apresentando uma alta sensibilidade, seletividade,
reprodutibilidade, custo acessivel, de facil uso, com respostas rapidas e além de tudo, com
limite de deteccdo menor do que os métodos convencionais (Bhalla e al., 2016a; Kaya et

al., 2021).



28

1.12  ESPECTROSCOPIA NO INFRAVERMELHO POR TRANSFORMADA DE
FOURIER COM REFLECTANCIA TOTAL ATENUADA (ATR-FTIR)

A espectroscopia no infravermelho com transformada de Fourier com reflexdo total
atenuada (ATR-FTIR) tem sido nos ultimos tempos uma das técnicas mais poderosas para
andlise estrutural e reconhecimento direto espectral de materiais bioldgicos e suas
interagdes (Glassford; Byrne; Kazarian, 2013; Goormaghtigh; Raussens; Ruysschaert,
1999; Tiernan; Byrne; Kazarian, 2020). Espectros de infravermelho demonstram as
ligacBes que existem nas espécies moleculares e, portanto, nos permite “imprimir
impressdes digitais” (fingerprint) de substancias, bem como determinar sua identidade,
impurezas, qualidade e altera¢cdes (Hosseini; Jafari, 2020; Tranter, 2016). Na verdade,
qualquer alteragdo na estrutura molecular de tecidos e materiais pode ser refletida como
uma mudanga na intensidade e posi¢@o das bandas de absorgdo nos espectros vibracionais.
Portanto, o espectro de um material nos permite compreender a composi¢do quimica de
uma substancia e como as altera¢des quimicas podem ocorrer durante processamento
(Marcott; Padalkar; Pleshko, 2017).

A espectroscopia ATR-FTIR se refere a uma classe de espectrometros que se
distinguem das unidades infravermelhas de feixe duplo mais antigas e por isso foi em
grande parte substituida por varios motivos como: uso de um unico feixe, possuem uma
melhor resolucdo espectral, permitem uma coleta de dados muito mais rapida, t€ém uma
relagdo sinal-ruido melhorada e por ter um detector para coletar simultaneamente um
espectro em todo o comprimento de onda de interesse (Peak, 2005). Os dados brutos
coletados, chamados de interferogramas, sdo convertidos em uma fungio de frequéncia
pelo uso de um procedimento matematico chamado transformagdo de Fourier (Peak,
2005).

A técnica de ATR-FTIR pode ser utilizada como método analitico quantitativo e,
também, como ferramenta para determinar mecanismos de ligacdo em solidos e
superficies (Peak, 2005). As vibragdes moleculares podem estar diretamente relacionadas
com a simetria das moléculas e devido a isso, € possivel determinar com precisdo como
uma molécula se liga as superficies ou determinar um componente numa fase solida a
partir do seu espectro infravermelho (Peak, 2005).

As moléculas bioldgicas sdo estudadas principalmente em solugdes aquosas, porém

a forte absor¢@o de dgua € um problema nas analises dos espectros de ATR-FTIR (Peak,
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2005). Logo, o método de refletancia total atenuada (ATR) € um avango recente em FTIR,
permitindo que os espectros sejam coletados na presenca de agua, facilitando esse efeito
e fortalecendo a relagdo sinal-ruido (Harrick; Beckmann, 1974).

A espectroscopia ATR-FTIR se baseia em um feixe infravermelho (IR) que ¢
refletido dentro de um elemento de reflexdo interna (IRE) (que pode ser um cristal de
germanio ou diamante) e a absor¢do pela amostra ocorre além do ponto de reflexdo na
chamada onda evanescente (Goormaghtigh; Raussens; Ruysschaert, 1999; Nogueira ef
al., 2022). A diferenga no indice de refracdo entre a amostra e os ATRs de cristal define
a profundidade de penetragdo da onda evanescente na amostra. A luz atenuada ¢
posteriormente devolvida ao detector (Causserand; Aimar, 2010; Lindon; Tranter;
Koppenaal, 2016). De acordo com as influéncias dos diferentes grupos quimicos, o
espectro de transmitancia (ou absorbancia) ¢ tracado mostrando a interagdo entre a
amostra e a luz infravermelha em diferentes comprimentos de onda e, portanto, pode-se
interpretar as ligacdes moleculares e grupos funcionais de amostras solidas, liquidas e
gasosas (Baker ef al., 2014; Goormaghtigh; Raussens; Ruysschaert, 1999). Finalmente, ¢
obtida uma impressdo digital molecular exclusiva que pode ser usada para identificar a
amostra (Karoui, 2018). O ATR-FTIR ¢, portanto, um dos métodos mais poderosos para
registrar espectros de ATR-FTIR de moléculas biologicas (Baker ef al., 2014; Glassford,
Byrne; Kazarian, 2013; Goormaghtigh; Raussens; Ruysschaert, 1999; Tiernan; Byrne;
Kazarian, 2020).

As frequéncias vibracionais mais significativas do IR para a maioria das moléculas
varia entre 4.000 e 400 cm '(Baker et al., 2014; Griffths, 1983). Dentro desta faixa
especifica, existem quatro grandes regides: (1) a regido de ligacdo simples (2.500—-4.000
cm 1), (2) a regido de ligagdo tripla (2.000-2.500 cm 1), (3) a regido de ligagdo dupla
(1.500-2.000 cm ') e (4) a regido de fingerprint (600-1.500 cm 1) (Figura 2). Mais
especificamente, as regides podem ser divididas em 5 janelas espectrais distintas: A
primeira janela ¢ influenciada principalmente por grupos funcionais especificos, como
acidos graxos de membrana e certas vibragdes da cadeia lateral de aminoacidos,
dominadas por vibra¢des de alongamento de CH dos grupos funcionais CHs e CHa, que
abrange a regidio de 3.100 a 2.850 cm !, A segunda janela, entre 1.800 e 1.500 cm !, é
afetada pelos grupos amida I e amida II em proteinas e peptideos, apresentando modos
vibracionais bem definidos que fornecem informagdes sobre grupos funcionais presentes
na estrutura da proteina, juntamente com vibragdes de grupos funcionais éster em lipidios

e absor¢des de acidos nucléicos. A terceira janela representa uma regido mista
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influenciada por proteinas, acidos graxos e compostos com grupos fosfato, afetados pelos
modos de curvatura CH:z e CHs, que abrange de 1.500 a 1.200 cm !, A quarta janela, de
1.200 a 900 cm !, é caracterizada por vibragdes de estiramento simétrico de grupos PO:

em acidos nucléicos, juntamente com vibra¢des relacionadas a carboidratos,
polissacarideos e acidos nucléicos. Por tltimo, a quinta janela, entre 900 e 700 cm ',
conhecida como regido verdadeira da impressdo digital, demonstra padrdes espectrais

sutis decorrentes de vibragdes de anéis aromaticos em aminoacidos e nucleotideos

especificos (Figura 2) (Baker ef al., 2014; Kassem ef al., 2023a).

Figura 2: Espectro infravermelho em amostra biologica por meio da plataforma ATR-

FTIR.
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Espectro de infravermelho do ATR-FTIR tipico de amostras biologicas mostrando
atribui¢des de modos vibracionais (lipideos, proteinas, carboidratos e acido nucléico).
Azul: lipideos; Vermelho: proteinas; Verde: acido nucléico; e Amarelo: carboidrato.

Fonte: Adaptado de (Baker ez al., 2014).

Os modos vibracionais servem como identificadores para grupos funcionais em
compostos organicos e inorganicos, utilizando suas bandas de absor¢do caracteristicas
dentro da regido infravermelha do espectro eletromagnético (El-Azazy et al., 2023;
Griffths, 1983). Expressar as frequéncias dessas vibragdes em niimeros de onda (cm 1), e

fazer a comparagdo das posi¢des e intensidades das bandas de absor¢do no espectro da
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amostra com espectros de referéncia conhecidos, permite aos analistas determinar a
presenca de grupos funcionais especificos na amostra (Kassem ef al., 2023b).

Atualmente, ATR-FTIR é uma ferramenta de diagndstico comercialmente acessivel
devido a sua miniaturizagdo e custos razodveis, uma vez que requer preparagdo minima
da amostra e nenhum descarte de produtos quimicos (Nogueira ef al., 2022). Além disso,
os métodos espectroscopicos vibracionais sdo procedimentos sem reagentes nos quais nao
hé necessidade de adicionar corantes ou rétulos para medig¢ao espectral (Choo-Smith et
al., 2001). Além de ser um teste rapido, em comparagdo com procedimentos complicados
como a biotipagem ou a analise do genoma, ¢ facil de executar, logo, parece que o ATR-
FTIR esta se tornando uma ferramenta importante nos estudos de identificagdo de
microrganismos (Mariey ef al., 2001).

A espectroscopia ATR-FTIR representa uma ampla gama de aplicag¢des, incluindo
a analise de moléculas pequenas e complexas, bem como de células ou tecidos bioldgicos
sendo possivel fazer o mapeamento de componentes celulares (por exemplo, lipidios,
carboidratos e proteinas) para detectar células anormais ou até mesmo diferengas entre as
espécies (Hosseini; Jafari, 2020). O uso do ATR-FTIR acoplado a outras técnicas,
incluindo algoritmos de inteligéncia artificial, tém sido utilizadas também na area da
microbiologia para identificagdo, discriminagdo e classificagdo de bactérias (Mariey et

al., 2001; Mossoba et al., 2003, 2005; Naumann, 1998; Orsini et al., 2000).
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2 OBJETIVO

2.1 OBJETIVO GERAL

Desenvolver biossensores baseados em ATR-FTIR e inteligéncia artificial com ou

sem ligantes especificos a partir de colonias puras e/ou carcagas de aves.

2.2  OBIJETIVOS ESPECIFICOS

Capitulo IT

o Selecionar e caracterizar peptideos ligantes a Sal/monella Enteritidis usando
tecnologia de Phage Display

o Avaliar a eficiéncia dos peptideos acoplados em beads magnéticas para detecgdo
de Salmonella Enteritidis a partir do ATR-FTIR suportada por algoritmos de inteligéncia

artificial.

Capitulo IIT

o Desenvolver uma plataforma biofotdonica sustentdvel a partir do ATR-FTIR,

suportada por algoritmos de aprendizado de maquinas para deteccdo de Salmonella

Enteritidis.
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Abstract

Salmonella Enteritidis (SE) is a zoonotic and the primary Salmonella serotype
associated with human diseases. SE control is mandatory in Brazil and many other
countries; however, its identification is time-consuming and laborious for the food
industry. Our goal is to enhance SE control by developing a biosensor for detecting SE in
pure colonies and/or bird carcasses. Initially, we selected SE-binding peptides using
phage display technology and immobilized two (C1-2 and H1-2) on magnetic beads to
identify SE. We then employed an ATR-FTIR biosensor for detection in the samples. It
was shown that the detection using an ATR-FTIR biosensor combined with artificial
intelligence (AI) enabled rapid identification of crucial wavenumbers for distinguish
between Salmonella serovars. The algorithm models trained with the best predictive
performance on pure colony samples were Neural Network (C1-2), Random Forest (H1-
2), and SVM (Support Vector Machine) (anti-HM) (Rabbit anti-HM Salmonella). The
C1-2 peptide showed the best results, demonstrating high sensitivity (100%), specificity
(91.67%), and area under the curve (AUC) (99.2%) in colonies isolated from SE. For
carcass samples, the best algorithm models were Tree Sorting (C1-2) and Gradient
Boosting (H1-2 and anti-HM). The H1-2 peptide showed better sensitivity (88.57%),
specificity (75%), and AUC (76.5%) values compared to C1-2 in carcass samples,
demonstrating good potential for use in serial tests such as screening. Therefore, it could

serve as an alternative to replace current standard tests.

Keywords: Phage display, magnetic beads, ATR-FTIR, artificial intelligence.
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1. INTRODUCTION

The increase in the number of pathogens associated with foodborne illnesses
(FADs) has posed a global threat to human health [, Salmonella is the primary pathogen
involved in human foodborne diseases, with poultry meat being one of the primary
vehicles for transmission to humans 21 Salmonella infection in the USA is estimated at
1.35 million cases yearly, with 26,500 hospitalizations and 420 deaths . In Brazil, the
Ministry of Health reported 1,571 etiological agents causing foodborne and waterborne
diseases (FADs) from 2013 to 2022, with Salmonella spp. as the second most common
pathogen (10.9%), surpassed only by Escherichia coli (32.3%) 41,

There are 2,610 serovars within the Salmonella enterica species ©°l, and the

2

Salmonella Enteritidis (SE) is one of the main causes of food poisoning worldwide [¢7)

The Centers for Disease Control and Prevention (CDC) has reported outbreaks of SE
transmitted by poultry meat in the U.S., leading to human infections and economic losses
891 The close relationship with broiler poultry flocks, along with public health
ramifications and the scarcity of reliable commercial kits for pathogen detection, warrants
further investigation to provide novel platforms for rapid identification of SE in poultry
samples with improved cost-effectiveness.

Disease detection based on synthetic peptides includes the identification of
pathogenic bacteria 1% 1. The use of synthetic peptides offers advantages such as
increased stability and the capacity for large-scale synthesis 2. The application of
magnetic beads for isolating, separating, and purifying these peptides has emerged as an
effective approach 1314 Magnetic separation depends on paramagnetic particles that
bind selectively and separate target organisms from food samples ['>I. The use of magnetic
beads as a purification method offers several advantages, including rapid procedures
(minutes instead of hours), elimination of laborious pipetting or centrifugation repetitions,
ease of use (elimination of columns or filters), and reduced non-specific binding due to
the hydrophilic surface of the bead 1171,

The gold standard for detecting Salmonella in food involves microbiological
techniques %! followed by serology or real-time polymerase chain reaction (PCR) for
confirmation. However, these steps require several days to complete the microbiological
protocol being linked with a high cost. The use of PCR, in particular, contributes to the

overall expense due to the cost of reagents and equipment 2>, Hence, the search for a
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quick, cost-effective, and portable diagnosis is crucial to mitigate the risk of
contaminating other foods or the potential spread to other regions and countries.
Alternative detection platforms have gained widespread use due to their advantages over
traditional methods 12?21, Biosensor platforms based on nanoparticles have proven to be
extremely promising for bacteria detection (% These cutting-edge technologies offer
significant advantages, providing faster, portable, sensitive, and specific platforms for
detecting foodborne bacteria 24271,

Attenuated total reflection (ATR)-Fourier transform infrared (FTIR) spectroscopy
is a powerful technique for the direct structural and spectral recognition of samples. It can
characterize molecular bonds and functional groups in biological materials. 2%,
Currently, it stands as a commercially accessible detection tool due to its miniaturization
and reasonable costs, requiring minimal sample preparation and no chemical disposal
30311 The high potential of using ATR-FTIR as a biosensor to detect various diseases has
been well-documented in the literature 3231 In this context, the aim of the present study

was to develop a biosensor based on ATR-FTIR spectroscopy for the detection of SE

using binding peptides immobilized on magnetic beads.

2. MATERIALS AND METHODS

2.1 Preparation of whole and lysed Salmonella antigen samples

The strain of Salmonella Enteritidis (SE) ATCC 13076 was plated on Xylose
Lysine Deoxycholate (XLD) agar in the Laboratory of Infectious Diseases — UFU
(LADOC-UFU) and grown at 37° C for 24 h before use. Typical colonies were then
diluted in 2.5 ml of ice-cold PBS, adjusted to an optical density (OD) of approximately
0.5 (600nm). Whole SE antigen was immediately used after adjusting the OD.

Lysed SE antigens were obtained after colonies dilution in ice-cold PBS and
adjusting the concentration, three successive thermal shocks were carried out in a water
bath at 37°C and liquid nitrogen (2 min each). Finally, this material was sonicated five
times at 4°C at an amplitude of 55 amps and cycles of 0.55, with intervals of 30 seconds
on ice. Lysed SE antigens were stored at 4°C until use. We tested both intact live and
lysed bacteria separately because although we focused on intact bacteria, we did not know

if there would be sufficient clones for later tests.
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2.2 Biopanning

Microplate 96-well, high binding (Greiner Bio one, Kremsmunster, Austria) was
coated with 150 uL of whole or lysed SE (OD 600 ~0.5) in 0.1 M carbonate/bicarbonate
buffer (NaHCO3, pH 9.6) at 4 °C overnight. The plate was blocked for 1 h at 37 °C with
phosphate-buffered saline-bovine serum albumin (PBS-BSA) (Bovogen, East Keilor,
Australia) 5% and washed five times with phosphate-buffered saline plus 0.1% of Tween
20 (PBS-T 0.1%). Then, several rounds of biopanning were performed. In the first round,
10 uL of 1 x 10 phage particles from the Ph.D.-C7C library (New England Biolabs,
Beverly, MA, USA) was incubated with 140 uL of PBS per well per 1 h at 37 °C by
shaking to select the phages that bind to the SE After incubation, the plate was washed
ten times with PBST 0.1% to minimize the nonspecific binding of phages. Subsequently,
the first-round high-affinity phages were eluted by incubating for 10 min with 150 uL of
0.2 M glycine (pH 2.2) at room temperature (RT) and then neutralized with 22.5 pL of
IM Tris- HCI (pH 9.1). In the next step, the phage clones (100 pL) were amplified using
L. coli ER 2738 (ECR) (New England Biolabs, Beverly, MA, USA) as a host cell (5h at
37°C with gentle shaking). Then, it was precipitated using 20% polyethylene glycol
(PEG)/2.5M NaCl and it was suspended in PBS. Afterward, the next round (second
round) was performed similarly to the first round, however, using the first round's selected
phages to sensitize plaques. After the incubation, colonies infected by phage were
visualized in blue and titrated in Luria-Bertani (L.B.) medium containing IPTG (200
mg/mL) and X-Gal (20 mg/mL). The subsequent round maintained the same amount of

input (1 x 10! pfu of phages) 3¢

2.3 DNA extraction and sequencing

Phage DNA from clones selected after the 3rd round of biopanning were isolated
from 1 ml of ECR culture in the early-log phase (OD600 ~0.03) overnight by precipitation
with 1/6 volume of PEG/NaClI (20% w/w, polyethylene glycol 8000) and iodide buffer
(10 mM Tris-HCI (pH 8.0), 1 mM EDTA and 4 M Nal). The phage DNA was precipitated
with absolute ethanol, followed by a wash with 70% ethanol, and resuspended in 20 pl of
Milli-Q water [*®l. Electrophoresis was performed on a 0.8% agarose gel stained with red
gel solution to verify DNA quality. Twenty-four individual clones selected were
submitted to phagemid DNA sequencing, which was carried out by using the DyEnamic
ET Dye Terminator Cycle Sequencing Kit (G.E. Healthcare, Chicago, IL, USA) with the
primer — 96 M13 (5’-CCCTCATTAGTTAGCGCGTAACG-3'), according to the
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manufacturer's instructions, and detection was performed in a MegaBace 1000 Genetic
Analyser (Amersham Biosciences, Slough, Buckinghamshire, U K.) automatic capillary
sequencer. Amino acid sequences were deduced according to the nucleotide sequences
and and analyzed using the translate tool from ExPASy-SIB Bioinformatics Resource

Portal (http://web.expasy.org/translate/).

2.4 Preparation of Salmonella serovars and microbiota of poultry for

phage-ELISA

Whole SE ATCC 13076 (O:9 (D1)) and Salmonella Typhimurium (ST) ( O:4 (B))
isolated from poultry by LADOC-UFU (confirmed by microarray PCR test Check &
Trace Salmonella (Bio-Rad Laboratories, Inc) were seeded on Xylose Lysine
Deoxycholate (XLD) agar (OXOID®) and incubated for 24 hours at 37°C. Typical
colonies were diluted in 0.1 M carbonate/bicarbonate bufter (NaHCO3, pH 9.6) and
adjusted (OD 600 ~0.5). We used an ST strain as a control to eliminate possible cross-
reactivity with this serovar.

In addition to ST, a pool containing 16 Salmonella serovars isolated (from poultry
production or feed plants or poultry in LADOC-UFU (serotype confirmed by
Check&Trace Salmonella) and a total microbiota of SPF (Specific Pathogen Free) poultry
were tested. Clones that showed an affinity with ST and the pool of different serovars of
Salmonella or total microbiota of SPF poultry were excluded.

The serovars contained in the Pool were: S. Mbandara (O:7 (C1-2)), S. Tennessee
(O:7 (C1-2)) (, S. Montevideo (0O:54), S. Hadar (O:8 (C2-C3)), S. Panama (O:9 (D1)),
S. Javiana (0:9 (D1)), §. Molade (O:8 (C2-C3)), S. Newport (0:8 (C2-C3)), .
Heidelberg (0:4 (B)), S. Ouakam (0:9,46 (D2)), S. Brede (O:4 (B)), S. Minnesota
(0:21 (L)), S. Infantis (0:7 (C1-2)), S. Saintpaul (O:4 (B)), S. Tiphymurium 5459/11
(0:4 (B)), S. Pullorum (0:9 (D1)). isolated from poultry by LADOC-UFU (confirmed
by microarray PCR test Check &). All these serovars were isolated from poultry and
grown in XLD agar. Then, the typical colonies were diluted in 01 M
carbonate/bicarbonate buffer (NaHCOs, pH 9.6) and adjusted (OD 600 ~0.5) to the
ELISA test.

To prepare the total microbiota, 100 grams of SPF poultry feces were diluted in
distilled water (1:5) and filtered through a 120-micrometer filter paper. The filtrate was

centrifugated at 7000 rpm for 10 minutes. After centrifugation, the supernatant was
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discarded, and the pellet was resuspended in 0.1 M carbonate/bicarbonate buffer

(NaHCOs3, pH 9.6) and adjusted (OD.600 ~0.5).

2.5 Screening-Phage-ELISA

ELISA plates were coated with 50 uL./well of whole SE, ST, pool of 16 serovars of
Salmonella, SPF poultry microbiota and wild phage (M13 phage) as a negative control in
0.1 M carbonate/bicarbonate buffer (NaHCOs3, pH 9.6) at 4°C overnight. To each selected
clone, we performed the test in duplicate. After washing once with PBST 0.1%, the wells
were blocked for nonspecific sites with 270 pL of BSA blocking buffer, 5% in PBS,
incubating for 1 h at 37 °C. After washing the wells three times, 50 uL of selected phage
clones (1 x 101 pfu/well) were added in PBST 0.1% and incubated at 37 °C for 1 h. After
washing the wells five times with PBST 0.1%, we added 50 pL per well of 1:5000 HRP—
anti-M 13 conjugate diluted in PBST 0.1%, and incubated at 37 °C for 1 h to detect the
phage clones binding to SE. Then the wells were washed six times and 50 pL. of TMB
substrate was added and incubated at R.T. for 5-15 min. Finally, the reaction was stopped

using 20 pL of 2 M H2S04 and plates were read at 492 nm using a microplate reader.

2.6 Synthesis of synthetic peptides

ELISA identified two SE-binding clones with better reactivity to SE, which
differentiated SE from other serovars. These two clones, selected from whole live SE by
biopanning, had their amino acid sequences used in the design for the chemical synthesis
of peptides performed by GenScript USA Inc. (Piscataway, NJ, USA). Each peptide (C1-
2 and HI1-2) was constructed with 20 residues, containing in the C-terminal region
amidation, disulfide bridge (between residues 2—10), and in the N-terminal region
acetylation with 4-aa spacer (GGGS) and 6-aa part of the phage p3 (AETVES). Peptides

were aliquoted in microtubes at 2mg/ml for later use and kept at -80°C.

2.7 Preparation of pure colonies of Sa/monella spp. to develop the biosensor

Isolated strains of SE ATCC 13076, SE 1, SE 2, S. Gallinarum (SG) (0:9 (D1)), ST
and S. Pullorum (SP) isolated from birds at LADOC-UFU were streaked onto nutrient
agar (NA) plates. The colonies were diluted in saline until they reached turbidity
corresponding to 0.5 in McFarland. scale (approximately 1.5 x 10® CFU/mL).

A total of 72 samples were prepared from pure colonies samples: [6 (strains of

Salmonella) X 3 [2 peptides and + 1 commercial antibodies (anti-HM)] X 4
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(quadruplicate)]. These samples were bound to peptide-coupled beads for analysis in
AFTR later.

Commercial HM antibody (Rabbit anti-HM Salmonella) was used as test control.
Anti-HM is one of the five commercial antibodies recommended by the WHO for
differentiating SE in serum agglutination tests (gold standard) (SSI Diagnostica, Thermo
Fisher Scientific, Waltham, USA P71,

2.8 Contamination of poultry carcasses with Salmonella spp. to develop

the biosensor

Three poultry carcasses (C1-2, C2 and C3) were obtained at BRF SA after dripping.
We grow different serovar of Salmonella (SE 1, SE 2 isolated from poultry in LADOC-
UFU and SE ATCC 13076), a pool of Salmonella spp. (ST, SG, SP and S. Heidelberg -
SH) in NA and incubated for 24 hours at 37°C. Colonies were diluted in saline until
reaching approximately 1.5 x 10® CFU/mL.

A total of 17 samples of 25g of meat from three regions of each poultry carcass
(perianal, under the wing and neck) was weighed, following standard recommended by
NBR ISO 6579: 2002 to detect the presence/absence of Salmonella in food ¥, Then,
each fragment of 25¢g of meat was added to 222,5mL of buffered peptone water and 2,5
ml of bacterial inoculum at three concentrations (1.5 x 10® or 1.5 x 10° or 1.5 x 10
CFU/mL). So, the final concentration of bacteria in each sample was 1.5 x 10%0r 1.5 x
10° or 1.5 x 10! CFU/mL. After 10 minutes at room temperature (21 + 2°C) to allow the
inoculum to interact with the meat. A total of 2ml of fluid was removed from each sample
to couple to magnetic beads immobilized with peptides C1-2, H1-2 or anti-HM as control
of the test.

The rest followed the ISO 6579: 2002 protocol ¥l To evaluate whether the pre-
incubation process increased the chance of detecting a low amount of SE, the samples
inoculated with 1.5 x 10! CFU/mL were incubated at 37°C for 18h and tested after
incubation (similar to fresh samples). In parallel, one sample of each uninoculated poultry
carcass was analyzed for the detection of Salmonella. In summary, we tested a total of
153 samples: {[4 (3 SE strains + one pool with four serotypes of Salmonella) X 4 (3
dilutions + low dilution after the incubation time) X 3 (carcass) + 3 (negative control)] X
3 (2 peptides + anti-HM)]}.

The carcass samples were incubated at 37°C for 18h for the isolation of Salmonella.

Then, we took 1ml to transfer to Muller-Kauffmann Tetraction-Novobobiocin (MKTTn)
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broth and 0.1ml to Rappaport-Vassiliadis Medium with Soya (RVS) broth incubated at
37°C for 24 hours. The samples were streaked on XLD and bright green (BG) agar. After
the selection of typical Sa/monella spp., we performed the incubation in agar nutrients at
37°C/24h. After this time, following instructions from the manufacturer, the Biochemistry

series was performed with the Bactray (Laborclin, Brazil).

2.9 Coupling of C1-2 and H1-2 peptides on NHS-activated magnetic beads

Following the manufacturer's instructions (Thermo Scientific) with some
modifications, the synthesized peptides C1-2 and H1-2 and the control anti-HM were
functionalized into magnetic beads (Pierce™ NHS-activated Magnetic Beads).

Initially, 100ul of magnetic spheres were placed in 1.5 mL microcentrifuge tubes
and placed on the magnetic support (Dyna Separator, Dyna, Noruega), where the spheres
were collected and the supernatants discarded. A total of 200ul of wash buffer (cold ImM
hydrochloric acid) was added to each tube and gently shaken for 15 seconds. After
collecting the spheres on the magnetic support and discarding the supernatant, 200ul of
test solution (100ul of C1-2 or H1-2 or anti-HM at 2mg/ml and 100ul of SOmM borate,
pH 8.5) were added to tubes adequately identified. After vertexing for 30 seconds, these
tubes were incubated at 4°C overnight. After this time, the coupled beads were collected
and 200ul of washing buffer (0.1M glycine, pH 2.0) was added to the tubes, homogenized
and collected again. This washing step was performed one more time to eliminate
everything that did not bound to magnetic spheres, and then 300ul of ultrapure water were
added, homogenized, and the beads collected. Then, 300ul of quenching buffer (3M
ethanolamine, pH 9.0) were added to the beads, vortexed and incubated on a rotator at 2h
R.T. After incubation, the spheres were collected, 300ul of purified water was added.
After shaking well, the beads were collected through the magnetic holder, the supernatant
was discarded and 300ml of storage buffer (borate buffer with 0.05% sodium azide) was
added to the tubes. After mixing well, collecting the granules and discarding the
supernatant, this washing step was performed twice more. Finally, 300 ul of each tube of

storage buffer was added to the pellets, mixed well and stored at 4°C until use.

2.10 Capture of Salmonella spp. on magnetic beads coupled to C1-2 and H1-2
Two kinds of samples from different sources of Sa/monella spp. were tested in the
beads: pure colonies samples of Salmonella spp extracted from NA (1.5 x 108 CFU/mL),

as described in section 2.7, and fluid of contaminated poultry carcasses (1.5 x 10° or 1.5
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x 10° or 1.5 x 10! CFU/mL or inoculated with 1.5 x 10! CFU/mL after pre-incubation
time), described in section 2.8.

Following the manufacturer's instructions (Thermo Scientific), with some
modifications, 300ul (0.25mg) of magnetic bead coupled to C1-2, HI-2 and anti-HM
(described in section 2.9) were added separately in 1.5ml microtubes (Step 1 and 2). The
beads were collected in the magnetic holder, the supernatant was discarded (Step 3) and
500ul of each 1ml sample separated into sections 2.7 and 2.8 was added to a microtube
and correctly identified (Step 4). Then, 20ul of bead coupled to C1-2, H1-2 and anti-HM
was added separately to these microtubes with the samples and then they were incubated
for 2 hours, at RT and under rotation. After that time, the spheres were collected with the
magnetic support and the unbound sample was removed with washing buffer (Step 5).

Finally, the spheres were diluted in 300ul of ultrapure water and stored at 4°C until use.

2.11 Spectrum Collection using Fourier Transform Infrared Spectroscopy
(FTIR)

Infrared spectra were recorded on a portable ATR-FTIR spectrophotometer
coupled with an attenuated total reflectance unit (Agilent Technologies, Agilent Cary
630, Santa Clara, CA, USA). A diamond disk was the crystal material in the ATR unit
used as the internal reflection element. For spectral collection, 20ul of the sample were
applied in a high-throughput system based on aluminum pellets, heated to 80°C in a dry
bath (Ageon, Brazil) for three minutes, and added to the ATR crystal. Before each infrared
analysis, the air spectrum was used as a background. The spectra were analyzed in the

wavenumber region from 4000 cm™ to 650 cm'

and 128 scans were performed per
analysis with a resolution of 4 cm™! Finally, the collected spectral data were imported into
Orange 3.34.1 for analysis.

The spectra were collected from two ATR-FTIR equipment. A total of 72 pure
colonies spectra were analyzed, 36 positive (SE ATCC 13076, SE 1 and SE 2) and 36
negatives (SG, ST and SP). A total of 153 spectra were collected from poultry carcass
samples, 117 of which were positive (SE ATCC 13076, SE 1 and SE 2) and 45 negatives

(pool of ST, SG, SP and SH).

2.12 Data analysis: multivariate and artificial intelligence

We used qualitative statistics by calculating the title mean to select the peptides.
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Multivariate analyzes of the spectra generated by the ATR-FTIR were carried out
using the Orange 3.34 software. The spectra were processed to obtain the best algorithm
models for classifying the groups as positive and negative.

Three performance measures were calculated using the MEDCALC online
platform: sensitivity, specificity, and accuracy. A receiver operator characteristic curve
(ROC) was constructed with the calculation of the area under curve (AUC). For analysis,
samples inoculated with SE 1, SE 2 and SE ATCC were considered positive, while
serovars ST, SG, SP and SH, bacteria important for poultry production and/or poultry

carcasses, were considered negative.

3. Results

3.1 Selection of phages by biopanning

The selection of peptides displayed in M13 phages that bind to SE antigens was
performed using the biopanning technique. At the end of the third round, 24 SE-binding
clones were selected (nine phages from whole bacteria and fifteen from the lysate). Data

is not shown as it will be part of a patent.

3.2 Validation of phage clones by phage-ELISA

The ability of phages to bind with SE in its integrated and lysed form was evaluated
by phage-ELISA. The ST, the microbiota of SPF poultry, and the pool with 16 serovars
were used to analyze possible cross-interactions of phages, not being desirable to interact
with them. Wild-type phage was used as a negative control for the reaction. Two (C1-2
and H1-2) of the twenty-four clones were selected because they show greater affinity for

whole SE and lower affinity to other serovars and the microbiota (Figure 1).

3.3 Detection of Sa/monella in pure colonies and poultry carcasses using the
ATR-FTIR biosensor

In order to be able to differentiate SE from other Salmonella serotypes, a
multivariate analysis of the data generated by the ATR-FTIR biosensor was performed

on pure colonies of bacteria and also from the poultry carcasses contaminated by them.
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3.3.1 FTIR mid-infrared spectra

For the average profile, the region of 650 — 4000 cm ! was subjected to Gaussian
smoothing, baseline correction using the Rubber Band model, and normalization with the
maximum-minimum model. Figures 2 and 3 present graphs of the average spectra for the
positive and negative groups of pure colonies and carcass samples, respectively.

Principal component analyzes (PCA) was performed on a total of 225 infrared (IR)
spectra including peptides (C1-2, H1-2) and anti-HM antibody from the pure colonies
(Figure 4) and carcass samples (Figure 5).

The region of 650 — 1800 cm™ was selected for PCA from pure colonies which was
treated with Gaussian smoothing, baseline correction with Rubber-band model and
maximum-minimum model normalization.

Poultry carcasses with the capture made by magnetic spheres, the region of 650 —
1800 cm™ was selected, which C1-2 and antibody anti-HM was treated with Gaussian
smoothing, baseline correction with Rubber-band model and maximum-minimum model
normalization. Peptide H1-2 was treated with Gaussian smoothing, baseline correction
with linear model, maximum -minimum model normalization, performed the second
derivative using the Savitzky-Golay model.

For the selected groups of Salmonella pure colonies (Figure 4), the results of this
study indicate an explained variance of 93% for the C1-2 (Fig. 4A) and H1-2 (Fig. 4B)
peptide, and 94% for the anti-HM control using the first three principal components
(PCs). (Fig. 4C). The two primary components contributed most to explaining the models,
where for the C1-2 peptide it was 52% (PC1-2), 33% for (PC2) (Fig. 4A), H1-2 50%
(PC1-2) and 37% (PC2) (Fig. 4B), and for anti-HM 46% (PC1-2) and 35% (PC2) (Fig.
4C).

For the selected groups of Salmonella samples on the carcass (Figure 5), the results
showed an explained variance of 88% for the C1-2 peptide (Fig. SA), 94% for H1-2 (Fig.
5B) and 90% for the anti-HM control using the first three PCs (Fig. 5C). The two primary
components contributed most to explaining the models, where for the C1-2 peptide it was
43% (PC1-2), 31% for (PC2) (Fig. 5A), H1-2 60% (PC1-2) and 26% (PC2) (Fig. 5B),
and for anti-HM 42% (PC1-2) and 28% (PC2) (Fig. 5C).

The PCA algorithm used in this study generated characteristic wavelengths or
vibrational frequencies for each PC of the peptides (C1-2 and H1-2) and control (anti-
HM) in both pure colony and carcass samples (Supplementary Figure 1 to 6).
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Further application of machine learning helped to distinguish which wavenumbers
had the greatest contributions within each PC to distinguish the SE positive group from
the negative group (other Sa/monella), and certain spectral regions with high diagnostic
values were identified. The wavenumbers (cm ') and potential chemical assignments of
the bands referring to the biomolecular components of the C1-2, H1-2, and anti-HM
carcass samples are identified in Tables 1, while in Table 2, they are for the pure colony

samples

3.3.2 Artificial intelligence to select the best models

The processing of data from pure colonies and carcasses used to create artificial
intelligence algorithm was carried out in the same way as in the processing of PCA, as
described in section 3.3.1. The prediction models for pure colonies of the two peptides
(C1-2 and H1-2) and anti-HM antibody were trained using 10-fold cross-validation. The
Neural Network model demonstrated the best performance for peptide C1-2, the Random
Forest model showed the best performance for peptide H1-2, and the SVM model
performed the best for the anti-HM antibody (Table 3).

The spectra classification to C1-2 and H1-2 from pure colonies of Salmonella spp.
showed high specificity, accuracy, positive predictive value (PPV), negative predictive
value (NPV), positive likelihood ratio (LR+) and low negative likelihood ratio (LR-)
(Table 1). The results of the biosensor immobilized with C1-2 were better than H1-2
(Table 3). Both peptides showed better results compared to commercial antibody anti-
HM. Figure 6 shows the area under the curve (AUCroc) values for pure colony samples,
where peptide C1-2 showed an AUC of 99.2%, H1-2 of 95.8%, and anti-HM of 96.5%.

The prediction model for ATR-FTIR data from poultry carcasses was trained with
cross-validation with folds of 10 for C1-2, and the model with the best performance was
Tree Sorting. For H1-2 and anti-HM, the forecast model was trained with the leave one
out method, the model with the best performance was Gradient Boosting (Table 4).

The classification of spectra of poultry carcass samples, showed greater sensitivity
to biosensor of H1-2 compared to C1-2 and anti-HM (Table 4). However, although the
biosensor immobilized with C1-2 and H1-2 presented high specificity, the values were
lower than anti-HM (Table 2). The LR+ was greater in anti-HM compared to C1-2 and
H1-2 (Table IV). Figure 7 shows the area under the curve (AUCRroc) values for poultry
carcass samples, where peptide C1-2 showed an AUC of 76.3%, H1-2 of 76.5%, and anti-
HM of 84,7%.



62

On the XLD and VB plates of carcass samples from test groups SE 1, SE 2, SE
ATCC and poll presented the shape of the bacteria and the biochemical test confirmed
the presence of Salmonella spp. In contrast, non-contaminated carcasses were negative

tor Salmonella spp presence.

Discussion

The phages displaying SE-binding peptides selected showed a low binding affinity
to the total microbiota or several strains of Sa/monella spp. However, they exhibited high
affinity specifically for SE.

Subsequently, highly specific SE-binding clones were identified, and from these
clones, peptides named C1-2 and H1-2 were synthesized. Our study successfully selected
peptides expressed in phage clones selected against SE to be potentially tested in an ATR-
FTIR biosensor. In the literature, phage-based biosensors have already been used to detect
bacteria [*® and good results have been found with the use of peptides expressed in
bacteriophages, demonstrating high specificity for Salmonella *°!

Rapid Salmonella detection methods have become increasingly crucial for
effectively monitoring food products or animals. We immobilized selected peptides (C1-
2 and H1-2) and anti-HM rabbit antiserum in magnetic spheres and thus managed to
capture SE present in samples of pure colonies and poultry carcasses. Magnetic separation
method has already been used before rapid detection methods such as PCR, to improve
the analytical sensitivity of detection of SE 41,

Detection of SE from peptide-immobilized beads was performed on a biophotonic
ATR-FTIR, a promising technology for disease diagnosis [**2 Our strategy aimed to
increase the signal for the ATR-FTIR biosensor. Thus, we could develop a portable, high-

performance, and sustainable platform to differentiate SE spectra from other existing

Salmonella samples.

The PCA model generated characteristic wavelengths for each spectrum, which are
like spectral signatures, and within each spectrum, we were able to map which cellular
components (lipids, carbohydrates, proteins, and nucleic acids) were most found in that
sample and which were important to distinguish it from other [**#! Together with
machine learning, we found which wave numbers had the greatest contributions within

each PC and certain spectral regions with high diagnostic values were identified.
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Upon analyzing the wavenumbers present in the spectra of the peptides and control,
we observed that all values are below 2000 cm . As previously reported in the literature,

values below 2000 cm ! are crucial and selective for differentiating bacterial species [>-41.

In this study, we identified two biomolecular components distributed among the
three PCs, which were proteins and carbohydrates. These components were consistently
found in pure and carcass samples, both with the peptides and anti-HM coupled. The
relation between wavelengths and biomolecular compounds was determined based on a

recent review study on ATR-FTIR applications in microbial cell biology 7.

Analyzing the results of this study, we realized that the regions found here of
diagnostic importance are proteins and carbohydrates, which are two important
components in the composition of the cell wall of Gram-negative bacteria, essentially
formed by peptidoglycan (consisting of polysaccharide (carbohydrate) and peptide
chains), lipid bilayer, lipoprotein, and lipopolysaccharides [ 48], Thus, showing that cell
wall constituents of Gram-negative bacteria are important for the differentiation of

Salmonella serovars 4

In detecting SE in pure culture, biosensors immobilized with C1-2, H1-2 and anti-
HM presented similar high specificity. However, biosensors immobilized with C1-2
presented better results showing a sensitivity of 100% with high PPV (91,67%) and NPV
(100%). So, the test does not miss to detect correctly non-SE Salmonella colonies. The
LR+ of the biosensor of C1-2 showed that a sample identified as SE in biosensor of C1-
2 has 12 times as likely to come from a really positive SE colony. Besides, LR- was zero,
which is expected to be from a perfect test. The AUC of biosensor C1-2 was high (99,2%),

which shows the test's potential.

Although results were a little inferior to the biosensor of C1-2, the biosensor of H1-
2 showed a more significant potential with a high sensitivity, specificity, PPV, NPV, LR+
and lower LR- when compared to anti-HM (Table I). So, our results show the potential
of the two peptides (C1-2 and H1-2) to identify and discriminate the SE serotype from

other strains.

We did not expect both a high sensitivity and specificity result in the testes from
poultry carcasses. Then our primary focus was the high sensitivity to identify fresh
samples positive for SE. This approach would allow the selection of fewer samples for

traditional cultivation tests using the biosensor in serial tests. The biosensor of C1-2
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showed lower results compared to H1-2 and anti-HM (Table 2 and Figure 3). And
although the biosensor of anti-HM showed greater specificity, the sensor of H1-2
presented greater sensitivity (Table 2). The biosensor of HI-2 showed a sensitivity of
88.55%, specificity of 75.00%, PPV of 83.78, NPV of 81.82, LH+ of 3.54, LH- of 0.15
(Table II) and AUC of 76% (Figure 3). The high sensitivity, NPV and lower LH- of the
biosensor HI-2 compared to anti-HM show that biosensor H1-2 is safer for detecting
negative carcasses. In this context, this biosensor based on H1-2 has the potential to be
used in serial tests as a screening. However, methods to improve the quality of the sample

directly from the carcass should be applied in future tests.

Compared to PCR-based methods, these are highly specific and sensitive, with a
sensitivity level of 97.1%, but, in turn, they are methods that still require 24 hours of pre-
application and selective enrichment steps, followed by of 2 hours of testing on food, and
may have false negatives if the bacterial load is low °l. Microarray technology is the
gold standard in some places. It can perform simultaneous gene analysis (array PCR) and
QRT-PCR (quantitative polymerase chain reaction preceded by reverse transcription), but

although it has high specificity, it is expensive [°!l.

New methods to detect Salmonella were recently developed, including the VIDAS
Salmonella Xpress (SLMX), an immunoassay-based test used to detect Salmonella in
poultry meat with 26.7% of specificity and 100% of sensitivity and 81.7% of accuracy to
detect SE 12l We didn’t reach the sensitivity expected by us in the poultry carcass.

However, our test proved to have great potential.

The standard methods recommended by ISO 6579:2002 to detect the presence of
Salmonella spp are microbiological, followed by confirmation by serology, biochemistry,
or PCR [ However, in carcasses to obtain preliminary positive or negative results, these
tests take 4 to 5 days and can extend up to 7 days [**|. After conducting the biochemical
series, it is essential to perform the gold standard serotyping test known as Kauffmann-
White. This method is labor-intensive, requiring substantial material consumption, and
its accuracy may vary depending on the quality of the commercial and technical

components involved [,

Following Normative Instructions of 34/2008 and N° 20 of October 21, 2016 of the
Ministério da Agricultura e Pecuaria (MAPA) in Brazil, periodic analyzes must be
foreseen to ensure the absence of Salmonella sp. in animal carcass samples for human

consumption purposes 1*>*I. According to Programa Nacional de Sanidade Avicola
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(PNSA), in Brazil is mandatory to differentiate SE and ST from other serotypes of
Salmonella since SE and ST must be under monitoring, controlling, and vigilance in
poultry farms 71, To export poultry meat, most countries also require the control of at

least these two serotypes.

We aimed to develop a rapid and low-cost test highly specific for detecting SE from
Salmonella colonies. Initially, we tested two separate peptides for their ability to bind to
three positive SE strains and three other non-SE Salmonella strains in quadruplicate, with
excellent results. However, it is possible that the diversity among other strains could better
train artificial intelligence in subsequent tests, thereby improving our results. Therefore,
our focus in future trials will be achieving a specificity of at least 99.5%, surpassing that

of the PCR matrices currently available on the market °%1,

The test we developed is fast; after the peptide is immobilized on the magnetic
sphere, the ATR-FTIR biosensor reads it in 2 minutes using artificial intelligence,
allowing us to discriminate positive poultry carcasses for SE. Our study indicated that the
detection method performed better in pure colonies than in poultry carcasses. This finding
was expected and aligns with existing literature, which emphasizes that the sensitivity
and specificity of methods depend significantly on the sample's microbiota, the food
matrix, and the presence of inhibitory substances such as fats, proteins, polysaccharides,

heavy metals, antibiotics, and organic compounds [2!!.

Additional tests need to be conducted to improve our index. For example, we plan
to include a diverse range of Sal/monella strains and serotypes in future tests. Furthermore,
we intend to employ techniques to enhance sample purification (removing substances that
interfere with test results) and prevent cross-reactions. Finally, testing both peptides in
the same biosensor for pure colonies and poultry carcasses could enhance binding with

positive samples, which is an interesting approach to explore.
Conclusion

We selected two peptides with high affinity for SE and coupled them to magnetic
nanoparticles to develop an ATR-FTIR biosensor. The results obtained enabled the
detection and difterentiation of SE colonies, demonstrating high potential for utilizing the

test as a screening method to identify SE on fresh bird carcasses.
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TABLES

Table I: Wavenumber and potential chemical assignments of bands associated with

biomolecular components frequently found in ATR-FTIR spectra for discriminating

Salmonella serovars in carcass.

C1-2 peptide

Journal of Clinical Microbiology,

54(8),

PCs Wavenumber Band Biomolecular
cm-1 assignment components
PC3 1579 N-H Protein
bending
PC2 1636 C=C stretching Protein
PC2 1743 Carboxylic acids Protein
C=0 stretching
PC1 1058 C-H bending Carbohydrates
PC1 1092 C-H bending Carbohydrates
PC2 1019 C-H bending Carbohydrates
PC2 1020 C-H bending Carbohydrates
PC1 1034 C-H bending Carbohydrates
H1-2 peptide
PCs Wavenumber Band Biomolecular
cm! assignment
components
PC3 1579 N-H bending Protein
PC3 1590 N-H bending Protein
PC3 1519 Aromatic C=C Protein
stretching
PC1 1743 Carboxylic acids Protein
C=0 stretching
PC3 1741 Carboxylic acids Protein
C=0 stretching
PC3 1745 Carboxylic acids Protein
C=0 stretching

1992-1998.
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PC1 1020 C-H bending Carbohydrates
PC2 1159 C-H bending Carbohydrates
PC1 1036 C-H bending Carbohydrates
Anti-HM
PCs Wavenumber Band Biomolecular
cm! assignment
components
PC1 1539 Aromatic C=C Protein
stretching
PC2 1541 Aromatic C=C Protein
stretching
PC3 1744 Carboxylic acids Protein
C=0 stretching
PC1 1020 C-H bending Carbohydrates
PC1 1036 C-H bending Carbohydrates
PC1 1071 C-H bending Carbohydrates
PC2 1101 C-H bending Carbohydrates
PC2 1160 C-H bending Carbohydrates
PC1 1054 C-H bending Carbohydrates

Table II: Wavenumber and potential chemical assignments of bands associated

with biomolecular components frequently found in ATR-FTIR spectra for discriminating

Salmonella serovars in pure colonies

C1-2 peptide

PCs Wavenumber Band Biomolecular
cm! assignment
components
PC1 1632 N-H bending Protein
PC3 1636 N-H bending Protein
PC3 1511 Aromatic C=C Protein
stretching
PC2 1743 Carboxylic acids Protein
C=0 stretching
PC1 1020 C-H bending Carbohydrates
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PC2 1035 C-H bending Carbohydrates
PC2 1161 C-H bending Carbohydrates
H1-2 peptide
PCs Wavenumber Band Biomolecular
cm’! assignment
components

PC1 1662 C=0 stretching Protein
PC3 1657 C=O0 stretching Protein
PC2 1637 N-H bending Protein
PC2 1207 Aliphatic C-N Protein

stretching
PC3 1506 Aromatic C=C Protein

stretching
PC1 1060 C-H bending Carbohydrates
PC1 1058 C-H bending Carbohydrates
PC1 1069 C-H bending Carbohydrates
PC2 1388 C-H bending Carbohydrates

Anti-HM
PCs Wavenumber Band Biomolecular
cm! assignment
components

PC1 1653 N-H bending Protein
PC1 1560 N-H bending Protein
PC2 1256 C-N stretching Protein
PC3 1512 Aromatic C=C Protein

stretching
PC1 1052 C-H bending Carbohydrates
PC2 1176 C-H bending Carbohydrates
PC1 1061 C-H bending Carbohydrates
PC2 1159 C-H bending Carbohydrates
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Table III: Sensitivity, specificity and precision values of granules coupled with C1-2

and HI-2 peptide, and antibody anti-HM after artificial intelligence analysis of data

obtained from pure colonies of the ATR-FTIR biosensor.

C1-2 H1-2 Anti-HM
Neural network Random Forest SVM
Value 95% ci Value 95% ci Value 95% ci
Sensitivity 100% 71.51 — 91.67 % 61.52- 83.33% 51.59-
100% 99.79% 97.91%
Specificity 91.67% 61.52- 91.67 % 61.52- 91.67% 61.52-
99.79% 99.79% 99.79%
PPV 91.67% 62.75 — 91.67 % 61.52- 90.91% 60.09-
08.63 99.79% 98.52%
NPV 100% 91.67 % 61.52- 84.62% 60.64-
99.79% 95.17%
LR+ 12 1.84- 11 1.67- 10 1.51-
78.37 72.40 66.43
LR - 0 0.09 0.01- 0.18 0.05-
0.60 0.65
Accuracy 95.65% 78.05 - 91.67% 73.00- 87.50% 67.64-
99.89% 98.97% 97.34%

PPV: Positive predictive value. NPV: negative predictive value. LR+: Positive likelihood ratio. LR-:

Negative likelihood ratio
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Table I'V: Sensitivity, specificity and precision values of granules coupled with C1-2 and

H1-2 peptide, and antibody anti-HM after artificial intelligence analysis of data obtained

from poultry carcasses of the ATR-FTIR biosensor.

H1-2 Anti-HM
Tree Sorting Gradient Boosting Gradient Boosting
Value 95% ci Value 95% ci Value 95% ci
Sensitivity  73,53% 55,64- 88,57 % 73,26- 77,78% 57.74-
87.12% 96,80% 91,38%
Specificity  70,83% 48.91- 75 % 53,20- 87,50% 67,64-
87.38% 90,23% 97,34%
PPV 78,12% 64,97- 83,78 % 71,89- 87,50% 70,44-
71,40% 91,26% 95,36%
NPV 65,38% 50,49- 81,82 % 63,49% 77,78% 62,97-
77, 7% 87,81%
LR+ 2,52 1,31- 3,54 1.75- 6,22 2,12-
4,85 7.16 18,28
LR - 0,37 0,20- 0,15 0.06- 0.25 0,12-
0,69 0.39 0,52
Accuracy  72,41% 59.10 - 83,05% 71,03- 82.35% 69,13-
83.34% 91,56% 91,60%

PPV: Positive predictive value. NPV: negative predictive value. LR+: Positive likelihood ratio.

LR-: Negative likelihood ratio.
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Figure 1: Mean of absorbance from Phage-ELISA testing of the twenty-four Salmonella
Enteritidis (SE)-biding clones (X-axis) selected in biopanning to SE (blue), ST (orange),
pool of Salmonella (gray) and total of microbiota of SPF birds (yellow). Optical density

(O.D.) was measured at a wavelength of 492 nm (Y-axis).


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/optical-density
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Figure 2: The average spectral profile of pure colonies of the C1-2 (A), HI-2 (B), and

anti-HM (C) peptide is shown. In red are the averages of the IR spectra for the positive

group (SE), and in blue are the averages for the negative groups (SG, ST, SP).
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Figure 3: The average spectral profile of poultry carcasses of the C1-2 (A), H1-2 (B),
and anti-HM (C) peptide is shown. In red are the averages of the IR spectra for the positive
group (SE), and in blue are the averages for the negative groups (pool of ST, SG, SP, SH).
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Figure 4: Principal component analysis (PCA) graphs for pure colonies of peptides C1-

2 (A), H1-2 (B), and anti-HM (C) are presented. Positive samples (SE) are represented in

red and negative samples (SG, ST, SP) are represented in blue.
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Figure 5: Principal component analysis (PCA) plots are presented for the poultry
carcasses of the C1-2 (A), H1-2 (B), and anti-HM (C) peptides. Positive samples (SE) are
represented in red and negative samples ( pool of ST, SG, SP, SH) are represented in
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Figure 6: The area under the curve (AUCroc) values: A) C1-2 peptide, B) H1-2
peptide, and C) anti-HM antibody after artificial intelligence analysis of data obtained

from pure colonies of the ATR-FTIR biosensor.
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Supplementary Figure 1: The wavenumber of greatest contribution for the C1-2
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PC1-2 (A), PC2 (B), and PC3 (C).
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Supplementary Figure 3: The wavenumber of greatest contribution for the anti-
HM in pure colony samples is represented by the first three principal components, PC1-

2 (A), PC2 (B), and PC3 (C).
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Supplementary Figure 5: The wavenumber showing the greatest contribution for
the H1-2 peptide in poultry carcasses is represented by the first three principal
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ABSTRACT

Salmonella 1s a primary pathogen responsible for foodborne illnesses. In this
study, we combined attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) with artificial intelligence (Al) to detect Salmonella Enteritidis (SE).
Infrared (IR) spectra were recorded from the five Salmonella serotypes [SE, S.
Gallinarum (SG), S. Typhimurium (ST), S. Heidelberg (SH), and .S. Dublin (SD)], and the
data were divided randomly across training data (158 samples) and external validation
data (118 samples) for the construction of the Sal/monella database. The trained algorithm
models with the best predictive performance were Random Forest, Support Vector
Machine (SVM), and Logistic Regression. All models achieved a high accuracy value of
97.46%. Considering a good diagnostic test as one that presents the best values of
sensitivity, specificity, and area under the curve, the Random Forest (94.74%, 97.98%,
and 99,7% respectively) and SVM (94.74%, 97.98%, and 99,6% respectively) models
were deemed by this study as the best for distinguishing SE from other Salmonella
serovars. Our study revealed that the combination of ATR-FTIR and machine learning,
demonstrating good results and being fast, economical, and applicable in sifu, holds great
potential for use in Salmonella diagnosis.

Keywords: ATR-FTIR, artificial intelligence, diagnostic, Salmonella Enteritidis.
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1. Introduction

Salmonella 1s a gram-negative bacterium that spread widely throughout nature,
contaminating meat, raw and undercooked foods, leading to salmonellosis or
gastroenteritis (WHO, 2023). Data from the CDC in the United States estimates that
Salmonella causes approximately 1.35 million illnesses, resulting in 26,500
hospitalizations and 420 deaths (CDC, 2024). Despite substantial underreporting of the
disease in the country, data from the Brazilian Ministry of Health reveal that from 2013
to 2022, Salmonella was one of the most identified etiological agents in outbreaks of
Waterborne and Foodborne Diseases, representing 10.9% of total cases (Brazil, 2023).

While the World Health Organization continually evaluates and discusses control
measures in the broiler production chain (WHO, 2022), zoonotic and foodborne outbreaks
caused by Salmonella are reported globally (CDC, 2024). Among the five main
Salmonella serovars involved in human infections in general, S. Enteritidis (SE) appears
first with 54.6% of cases, followed by S. Typhimurium with (ST) 11.4% (EFSA, 2022).

The rates of infections resulting from the consumption of food contaminated by this
genus remain high and Brazil plays an important role in this scenario as it is the largest
exporter of meat to the world. To mitigate the risk of infection from food, the pursuit of
a quick, affordable, and in situ diagnosis for detecting Sa/monella becomes an important
strategy for controlling the disease. Biosensor-based methods have shown great promise
and are considered a favorable approach for enhancing Salmonella detection (Shen ef al.,
2021, Zambry et al., 2022).

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)
has emerged as one of the most powerful techniques for structural analysis and the direct

spectral recognition of biological materials and their interactions (Glassford ef al., 2013;
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Goormaghtigh ef al., 1999; Tiernan et al., 2020). ATR-FTIR spectroscopy is sensitive,
and fast (compared to complicated procedures such as biotyping or genome analysis), and
it does not require the use of reagents, offering a relatively low cost of processing with
sustainability (Butler ef al., 2019; Caixeta ef al., 2020; Mariey ef al., 2001a; Severcan ef
al., 2010; Theophilou et al., 2016).

Although different Salmonella serotypes can cause diseases with different degrees
of pathogenicity, differentiating these serotypes can be expensive, time-consuming,
and/or laborious. In this sense, the differentiation of SE is mandatory since it is the most
pathogenic zoonotic Sa/monella tor humans. Then, alternative methods for identifying
SE distinguishing this serovar from others more commonly associated with foodborne
human disease is important (Shinohara et al., 2008). ATR-FTIR technology is also
available in portable devices, and samples do not require extensive preparation, making
it ideal for field use to prevent outbreaks caused by contamination. Therefore, the present
study aims to demonstrate the potential of ATR-FTIR spectroscopy combined with Al

strategies to distinguish SE from other Salmonella serovars.

2. Materials and methods
2.1 Salmonella spp. strains and sample preparation

Samples of strains of Salmonella spp. isolated from chicken at the Infectious
Diseases Laboratory - UFU (LADOC-UFU) were well characterized and confirmed by
commercial microarray PCR test Check & Trace Salmonella (Bio-Rad Laboratories, Inc).
A total of two strains of SE, one strain of S. Gallinarum (SG), two strains of ST (ST), one
strain of S. Heidelberg (SH), and one strain of S. Dublin (SD) were tested. These strains
were cultured on universal nutrient medium LB (Luria Broth - KASVI) for 18-24 hours

at 37°C.
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Three LB agar plates were prepared for each of the serovars (for ST and SE, two
strains were used to streak 3 plates each). Next, three different 1.5 ml microtubes were
properly labeled, and colonies were collected from the plates using a sterile loop. The
collected colonies were then diluted in MilliQ water, and the absorbance (OD) was
measured in a spectrophotometer at 600nm until reaching an OD of 2.9. Samples from
each microtube were read in triplicates, and this process was carried out on two different
days. Samples whose OD was greater than 2.9 were not used ensuring a minimum of sixty
readings per bacterium to analyze for potential errors or noise in the two pieces of
equipment used. After the analysis, excluding data from noisy sample readings, a total of
276 Salmonella samples were obtained, including 53 SE samples, 55 SG samples, 55 SH

samples, 57 ST samples, and 56 SD samples.

2.2 Collection of infrared spectra

The ATR-FTIR analyzes were carried out at the Laboratory of
Nanobiotechnology prof. doctor Luiz Ricardo Gourlart. ATR-FTIR analyses, SE samples
were considered positive, while SG, ST, SH, and SD samples were considered negative.
Portable ATR-FTIR spectrophotometer coupled with an attenuated total reflectance unit
(Agilent Technologies, Agilent Cary 630, Santa Clara, CA, USA) was used to read the
samples on two different days and with two separate pieces of equipment.

This approach ensured that the multivariate analysis models considered potential
sources of variance in the sampling procedure. The internal reflection element in the ATR
unit was a diamond disk. For the collection of infrared spectra, 2 microliters of samples
were directly applied to the crystal and allowed to dry before measuring the absorbance.
Before each infrared analysis, the air spectrum was used as a background. The spectra

were analyzed in the wavenumber region from 4000- 650 cm ', with 32 scans performed
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per analysis at a resolution of 2 cm '. The spectrum was recorded by absorbance, and the
data were subsequently imported into Orange 3.34.1 for analysis. A total of 276 spectra,
encompassing all five Salmonella serovars (as explained in section 2.1), were collected

using two ATR-FTIR equipment to build a database.

2.3 Data segregation for use in Artificial Intelligence (AI).

The datasets are randomly divided into two parts: training data and testing data.
Training data is utilized to train the machine learning models, enabling them to predict
test results. External validation data, or test data, is then employed to accurately and
efficiently assess the performance of the trained algorithm (Ugar ez al., 2020). The dataset
acquired in this study was randomly divided into 158 samples for the training data and
118 samples for the external validation data. In the training data, 124 negative samples
(28.3% ST, 27.4% SD, 25% SH, 19.3% SG) and 34 positive samples were randomly
separated. In the external validation data, there were 19 positive samples (100%) and 99
negative samples (31.3% SG, 24.3% SH, 22.2% ST, 22.2% SD). The spectra generated

from these sets were then utilized in Artificial Intelligence analysis.

2.4 Multivariate analyzes

Multivariate analyses of the spectra generated by the ATR-FTIR were conducted
using Orange 3.34 software. The spectra were processed to obtain the best algorithm
models for classifying the groups as positive and negative. Three performance measures
sensitivity, specificity, and accuracy were calculated using the MEDCALC online
platform. For analysis, samples of SE were considered positive, and the other samples

were considered negative
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3. Results and discussion
3.1 ATR-FTIR spectra
Infrared spectra reveal the bonds present in molecular species, thereby providing
'fingerprints' of substances (Hosseini & Jafari, 2020a; Tranter, 2016). The region of 4000
- 650 cm ! was subjected to Gaussian smoothing, baseline correction using the Rubber
Band model, and normalization with the maximum-minimum model. Figure 1 displays
the graphs of the average spectra for the positive and negative groups from both the

training (Figure 1A) and external validation (Figure 1B) data.

3.2 Principal Component Analysis (PCA)

As an unsupervised model for database construction, principal component
analysis (PCA) was conducted. PCA graphs assess the degree of sample grouping by
projecting data into linear subspaces and detecting infrared spectral changes (Mariey et
al., 2001b). Each spectrum is compared to others, facilitating the differentiation of SE
from other Salmonella serovars (negative samples).

PCA was performed on the 158 IR spectra from the training data and 118 spectra
from the external validation data, representing the five different Salmonella serovars
(Figure 2). The results of this study indicate an explained variance of 100% for the
training data (Figure. 2A) and an achieved variance of 100% for the external validation
data (Figure 2B) using the first five principal components (PCs). Our results align with
the literature, where FTIR technology successfully detected and differentiated S.
Typhimurium and S. Enteritidis between live and dead cells using the PCA model
(Sundaram ez al., 2012).

The two primary components, PC1-2 (53.99%) and PC2 (24.57%), explained

78.56% of the cumulative variance explained in the training data (Figure 2A). In the
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external validation data, PC1-2 (60.28%) and PC2 (18.61%) collectively explained
78.89% of the cumulative variance (Figure 2B).

The IR vibrational frequencies in ATR-FTIR technology serve as spectral
signatures, containing valuable information about the characteristic chemical
composition of each Salmonella serovar. This technology is capable of mapping cellular
components, including lipids, carbohydrates, proteins, and nucleic acids (El-Azazy ef al.,
2023; Hosseini & Jafari, 2020b).

The PCA algorithm used in this study generated characteristic wavelengths or
vibrational frequencies for each PC in the training and external validation data
(Supplementary Figure 1). Further application of machine learning helped to distinguish
which wavenumbers had the greatest contributions within each PC to distinguish the SE
positive group from the negative group (other Salmonella ), and certain spectral regions
with high diagnostic values were identified. The wavenumber (cm —1) and potential
chemical assignments of bands referring to biomolecular components for the external
validation and training data are identified in Tables 1 and 2, respectively. Wavenumbers
below 2000 cm !, including 1020 cm !, 1025 ¢cm !, 1036 cm !, 1037 cm !, 1050 cm !, and
1055 cm ! identified here were well-documented in the literature as crucial and selective
for differentiating between different species of bacteria (Mossoba et a/., 2003; Naumann
& Helm, 1997).

The present study identified three functional groups derived from lipids, proteins,
and carbohydrates distributed within PCs, and these components were found consistently
in both external validation and training data. The vibrational modes at 3395 cm™, 3292
cm!, 3368 cm™ 2922 cm ! were responsible for characterizing lipids, while 1050 cm™,
1025 cm™, 1037 cm™, 1036 cm™, 1020 cm™, 1055 cm™ were responsible for

differentiating carbohydrates and 627 cm™, 1659 cm™!, 1654 cm™, 1659 cm™, 1515 cm™,
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1540 cm™, 1629 cm™, 1624 cm™, 1662 cm™, 1657 cm™, 1659 cm™, 1545 cm™ were
responsible for differentiating proteins The correlation between wavelengths and
biomolecular compounds was determined based on a recent review study on ATR-FTIR
applications in microbial cell biology (Kassem ef al., 2023a).

Analyzing the results, we realized that three molecular components found in this
study are predominantly present in the composition of the cell wall of Gram-negative
bacteria — essentially formed by peptidoglycan (consisting of polysaccharide
(carbohydrate) and peptide chains), lipid bilayer, lipoprotein (lipids and proteins), and
lipopolysaccharides (lipids and polysaccharides) (Tortora ez al., 2016). We thus realized
that the three molecular components identified in this study are found predominantly in
the cell wall of Gram-negative bacteria. Thus, showing that the constituents of the cell
wall of Gram-negative bacteria are important for the differentiation of Salmonella

serovars (Sundaram ef al., 2012).

3.3 Artificial intelligence to select the best models

To create the artificial intelligence algorithm, the absorbance data of the samples
were processed by selecting the region of 4000-650 cm' and applying Gaussian
smoothing, baseline correction with the Rubber Band model, and normalization using the
maximum-minimum model. The prediction models were trained with 10-fold cross-
validation, and the three best models underwent external validation. Supplementary
Figure 2 displays their predictive performance.

For the Random Forest modeling, the sensitivity, specificity, test set accuracy
(Table 3), and the area under the curve (AUC) (Figure 4) of the external validation data
were 94.74%, 97.98%, 97.46% and 99,7% respectively. For the support vector machine

(SVM) model, the sensitivity, specificity, test set accuracy (Table 3), and the area under
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the curve (AUC) (Figure 3) of the external validation data were 94.74%, 97.98%, 97.46%
and 99,6%, respectively. For the Logistic Regression model, the sensitivity, specificity,
test set accuracy (Table 3), and the area under the curve (AUC) (Figure 3) of the external
validation data were 100%, 96.97%, 97.46% and 98,1% respectively.

The gold standard method for monitoring Sa/monella contamination in food is the
conventional microbiological method standardized by the International Organization for
Standardization (ISO) (ISO 6579:2002) (ABNT, 2021) followed by serological or
molecular methods for identification. The conventional method is laborious and time-
consuming, as results can only be confirmed within two to seven days, posing challenges
when testing a large number of samples (Lee ef al., 2015). The ELISA test is the most
commonly used serological test, but it is laborious (Ren ef al., 2022), and the use of
monoclonal/polyclonal antibodies and enzymes can be disadvantageous due to cost.
(Wang et al., 2014). The multiplex qPCR assay and microarray PCR are commonly used
for screening Salmonella spp, exhibiting a sensitivity and specificity of 100%. (Delgado
et al., 2024; Heymans ef al., 2018). However, it is a complex test that involves intricate
processing and necessitates sophisticated equipment and skilled operators, rendering it an
expensive method (Brosel-Oliu ef al., 2018; Yang ef al., 2017).

Our results achieved very high sensitivity, specificity, and accuracy, however, they
are still inferior to PCR. It is important to highlight that we tested only 5 serotypes in our
study. By expanding our spectral library to include a greater variety of samples and
serotypes, we anticipate achieving satisfactory results. Therefore, in the future, we expect
that the ATR-FTIR biosensor, aided by Al algorithms, will be capable of effectively
identifying viable bacteria (Sundaram et al., 2012) as potential sources of contamination

in the food industry.
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The use of Al has proven to be a promising tool, and the application of the SVM
algorithm, as demonstrated in this study, has shown effectiveness in classifying groups
into positive and negative (Chen et al., 2021). Other techniques that rely heavily on visual
interpretation often face reproducibility challenges, as judgments are required to decide
whether a faint band is a band or an artifact, or whether there is sufficient bacterial growth
in a well or not (Foley ef al., 2007).

The ATR-FTIR method developed in this study is a promising tool for use as a
commercially accessible diagnostic due to its miniaturization (can be taken to the field),
shorter operational time (about 2 minutes for reading), reasonable costs (requires minimal
sample preparation), and no disposal of chemicals or need to add dyes for spectral

measurements (Choo-Smith ez al., 2001; Nogueira ef al., 2022).

4. Conclusion
In conclusion, our study suggests that the ATR-FTIR platform coupled with
artificial intelligence holds significant potential for Salmonella diagnosis. It not only
yields good results and is user-friendly but also is portable for field use, improving current
detection methods in the food industry. Therefore, this sustainable technique could reduce
test costs, sample volume, and time to result, enabling the possibility of conducting

multiple tests.
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TABLES

Table 1: Wavenumber and potential chemical assignments of bands associated
with biomolecular components frequently found in ATR-FTIR spectra for discriminating

Salmonella serovars (External validation data).

PCs Wavenumber Band Biomolecular
cm! assignment
components
PC-1 3395 C-H stretching Lipid
PC-2 3292 C-H stretching Lipid
PC-4 627 N-H bendig Protein
PC-3 1659 N-H bendig Protein
PC-4 1654 N-H bendig Protein
PC-4 1659 N-H bendig Protein
PC-1 1515 Aromatic C=C Protein
stretching
PC-3 1540 Aromatic C=C Protein
stretching
PC-4 1629 N-H bending Protein
PC-2 1050 C-H bending Carbohydrates
PC-4 1025 C-H bending Carbohydrates

Adapted from (Kassem et al., 2023b; Silverstein ef al., 2014; Smith, 1998).
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Table 2: Wavenumber and potential chemical assignments of bands associated

with biomolecular components frequently found in ATR-FTIR spectra for discriminating

Salmonella serovars (Training data).

PCs Wavenumber Band Biomolecular
cm! assignment
components
PCl1 3368 C-H stretching Lipid
PCS5 2922 Carboxylic acids Lipid
O-H stretching

PC2 1624 N-H bending Protein
PC2 1624 N-H bending Protein
PC3 1662 N-H bending Protein

PC 4 1657 N-H bending Protein
PC5 1659 N-H bending Protein
PC3 1545 Aromatic C=C Protein

stretching

PC2 1037 C-H bending Carbohydrates
PC3 1036 C-H bending Carbohydrates
PC 4 1020 C-H bending Carbohydrates
PCS5 1055 C-H bending Carbohydrates

Adapted from (Kassem et al., 2023b; Silverstein ef al., 2014; Smith, 1998).
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Table 3 - Sensitivity, specificity, and precision values were determined for the

external validation data following artificial intelligence analysis of the data obtained from

the ATR-FTIR biosensor.
Random Forest SVMP Logistic Regression
Performance Value 95% ci Value 95% ci Value 95% ci
Sensitivity 94,74% 73,97%- 94,74% 73,97%- 100% 82,35%-
99,87% 99,87% 100%
Specificity 97,98% 92,89%- 97,98% 92,89%- 96,97% 91,40%-
99,75% 99,75% 99,37%
PPV 46,89 11,85- 46,89 11,85- 33,00 10,83-
185,65 185,65 100,57
NPV 0,05 0,01- 0,05 0,01- 0
0,36 0,36
LR+ 90% 69,45%- 90% 69,45%- 86,36% 67,51%-
97,27% 97,27% 95,07%
LR - 98,98% 93,50%- 98,98% 93,50%- 100% 96,23%-
99,85% 99,85% 100%
Accuracy 97,46% 92,75%- 97,46% 92,75%- 97,46% 92,75%-
99,47% 99,47% 99,47%

PPV: Positive predictive value. NPV: negative predictive value. LR+: Positive likelihood ratio. LR-: Negative

likelihood ratio.

2 Predictive performance was calculated using MEDCALC online platform

b Support vector machines
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Figure 1 — The average spectral profile of the sample groups for training (A) and
external validation (B) data is presented. In red are the averages of the IR spectra for the
positive group (SE), and in blue are the averages for the negative groups (SG, SH, SD,
ST).
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Figure 2 — Graphs of principal component analysis (PCA) for training data and
external validation data are presented. A) 100% explained variance was found for the
training data. B) 100% explained variance was found for the external validation data.
Positive samples (SE) are represented in red, and negative samples (SG, SH, SD, ST) are

represented in blue.
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Figure 3 The area under the curve (AUCroc) values for the external validation

data from the three best prediction models are presented: (A) Random Forest model result,
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Supplementary figure 1— The wavelength of the greatest contribution of the five
main components (PC1-2, PC2, PC3, PC4, and PC5) is depicted for both the training data
(A) and external validation data (B).
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SVM, and Logistic Regression models for the training data (A) and external validation

data is presented.



