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RESUMO

A sepse ¢ uma resposta sistémica com diferentes estagios clinicos contra um
agente infeccioso como bactérias, virus, fungos ou protozodrios. Atualmente, o
diagnostico precoce apresenta um desafio clinico para diminuir sua elevada taxa de
mortalidade, além de gerar um alto custo de tratamento nos setores publico e privado.
Nesse contexto, o presente estudo pretende identificar potenciais biomarcadores
plasmaticos baseados em uma tecnologia biofotonica por ATR-FTIR visando o
rastreamento ou diagnostico da sepse em um estudo pré-clinico. Para isto, um modelo
murino com sepse foi estabelecido por ligadura e pungao cecal (CLP). Dezesseis ratos
foram divididos aleatoriamente em grupos controle (n=8) e sepse (n=8). Os animais foram
eutanasiados 24h apds a inducdo da sepse ¢ o sangue foi coletado. O plasma sanguineo
foi analisado usando uma plataforma ATR-FTIR e analises univariadas foram usadas para
selecionar potenciais biomarcadores espectrais da sepse no plasma. A presenca de sepse
foi confirmada pelo aumento (p < 0.05) da concentragdo da proteina C reativa em
comparacgdo aos controles. No espectro de absorbancia a banda 2945-2888 cm™! foi
reduzida (p<0.05) em animais sepse comparado com controles. A analise da area da banda
2945-2888 cm™! indicou sensibilidade de 87,5% e especificidade de 75%. No espectro da
segunda derivada o modo vibracional 1513 cm™ também foi reduzida (p<0.05) em
animais sepse comparado com controles. A analise da altura do vale em 1513 cm™ indicou
sensibilidade de 75% e especificidade de 87,5%. Em conclusao, esses resultados indicam
que a espectroscopia ATR-FTIR acoplada a andlise univariada tem o potencial de
fornecer alternativa para detec¢do da sepse sem uso de reagentes, de forma sustentavel e

rapida utilizando amostras de plasma sanguineo.

Palavras chave: ATR-FTIR, biomarcadores plasmaticos, sepse, triagem, diagnostico



ABSTRACT

Sepsis is a systemic response with different clinical stages against an infectious agent
such as bacteria, viruses, fungi, or protozoa. Currently, early diagnosis presents a clinical
challenge to reduce its high mortality rate, in addition to generating a high cost of
treatment in public and private health sectors. In this context, the present study search to
identify potential plasmatic biomarkers based on a biophotonic technology by ATR-FTIR
aiming at screening or diagnosing sepsis in a preclinical study. For this, a murine model
of sepsis was established by cecal ligation and puncture (CLP). Sixteen rats were
randomly divided into control (n=8) and sepsis (n=8) groups. The animals were
euthanized 24h after sepsis induction and blood was collected. Blood plasma was
analyzed using an ATR-FTIR platform and univariate and multivariate analyzes were
used to screen for potential spectral biomarkers of sepsis in plasma. The presence of sepsis
was confirmed by an increase (p < 0.05) in C-reactive protein concentration compared to
controls. In the absorbance normalized spectrum, the band area between 2945-2888 cm’!
was reduced (p<0.05) in animals with sepsis compared to controls. The analysis of the
band area in the region 2945-2888 cm™! indicated a sensitivity of 87.5% and a specificity
of 75%. In the second derivative spectrum, the vibrational mode at 1513 cm™! was also
reduced (p<0.05) in animals with sepsis compared to controls. Analysis of the height of
the valley at 1513 cm! indicated a sensitivity of 75% and specificity of 87.5%. In
conclusion, these results indicate that ATR-FTIR spectroscopy supported with univariate
analysis has the potential to provide an alternative for the detection of sepsis without the

use of reagents, sustainably, and rapidly using blood plasma samples.

Keywords: ATR-FTIR, plasmatic biomarkers, sepsis, screening, diagnosis
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1. FUNDAMENTACAO TEORICA

1.1 Sepse — aspectos gerais

Sepse pode ser considerada como uma sindrome clinica provocada por uma
infeccdo que desencadeia uma reagdo inflamatoria sistémica com diversos graus de
severidade (REZENDE et al., 2008). Observa-se que a sepse, presente nas Unidades de
Tratamentos Intensivos (UTIs) de hospitais publicos e privados, bem como, nas unidades
de emergéncias representam um grave problema de saude publica que esta relacionado
com elevadas taxas de morbimortalidade e acarreta altos custos de tratamento
(BOECHAT; BOECHAT, 2010).

O termo sepse advém da antiga denominagdo Septicemia (infec¢do na corrente
sanguinea), cuja mudanca desta nomenclatura foi realizada pelo Consenso das Sociedades
Americanas de Terapia Intensiva, que padronizou a terminologia e estabeleceu o carater
evolutivo da doenca dentro da mesma condigdo fisiopatologica (SILVA, PINHEIRO,
JUNIOR, 2004).

No ano de 1992, em Consenso do American College of Chest Physicians e Society
of Critical Care Medicine (ACCP/SCCM), novos conceitos de Sepse foram definidos,
servindo de base para estudos epidemiologicos e facilitaram o diagnostico na pratica
clinica (BONE, et al., 1992).

Os novos conceitos de Sepse definidos neste consenso, foram:

Sindrome da Resposta Inflamatoria Sistémica (SIRS) é uma resposta do
organismo a uma variedade de agressdes, infecciosas ou ndo (trauma,
pancreatite, grande queimado, infec¢do sistémica). A caracterizacdo de
envolvimento sistémico € estabelecida por pelo menos duas ou mais alteragdes;
Temperatura corporal > 38°C ou < 36 °C; Taquicardia - frequéncia cardiaca >
90 bpm; Taquipneia - frequéncia respiratdria > 20 inspira¢des por minuto ou
PaCO? < 32 mmHg; Leucocitose ou leucopenia >12.000 cels/mm? ou > 10%
das formas imaturas; Sepse - quando dois ou mais sinais de SIRS ocorre em
decorréncia de um processo infeccioso. Sepse grave € uma resposta
inflamatoria sistémica a infec¢do secundaria, associada com a disfuncdo
organica, caracterizada por hipoperfusdo, acidose lactica, oliguria ou
rebaixamento do nivel de consciéncia. Choque séptico consiste em hipotensao
induzida pela sepse, refrataria a reposicao volémica e necessidade de agentes

vasopressores (BONE, et al., 1992).
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Posteriormente, no ano de 2001, em nova reunido de Consenso com as mesmas
sociedades participantes no ano de 1992, deixou-se mais evidentes as defini¢cdes e
abrangeu a especificidade do diagnostico, acrescentando sinais e sintomas identificados
no paciente com sepse (LEVY et al., 2003). Em 2016, novas defini¢des foram propostas
pelas Society of Critical Care Medicine (SCCM) e a European Society of Intensive Care
Medicine (ESICM), baseadas em um estudo com uma grande base de dados, ocorrendo
assim, uma mudanca conceitual da doenca (SINGER et al, 2016).

Atualmente a sepse ¢ definida como disfuncdo organica potencialmente fatal,
ocasionada por uma resposta desregulada frente ao agente infeccioso, causando a
disfun¢do de um ou mais 6rgaos (SINGER et al., 2016; KAWASAKI, 2017). Baseado
nestes novos conceitos, Rhodes (2017) definiu a sepse como uma disfun¢do organica
decorrente de uma resposta desregulada do hospedeiro frente a um processo infeccioso.

Destaca-se que o desenvolvimento de sepse apds lesdo organica ndo ¢
determinado somente pelo agente agressor e/ou pela viruléncia do patdogeno, mas,
também pelos caracteres genéticos do individuo e o somatério destes fatores, culminando
em uma série de eventos imunoldgicos, metabdlicos e hemodindmicos que definem a
sepse (NAMATH; PATTERSON, 2009; BOECHAT; BOECHAT, 2010).

A sepse ¢ atualmente uma das principais causas de mortes em hospitais publicos
e privados de todo mundo, sendo um grave problema de satde publica, com elevadas
taxas de morbimortalidade e altos custos de tratamento. O estudo multicéntrico
denominado SPREAD - Sepsis Prevalence Assessment Database, conduzido pelo ILAS
(Instituto Latino Americano de Sepse), com o objetivo de avaliar tanto a prevaléncia
como a letalidade por sepse grave e choque séptico em UTI brasileiras, apresentou uma
ocorréncia de mortalidade por sepse de 55% em UTIs brasileiras. Tornando esse cenario
mais estarrecedor, cerca de 1/3 (29,6%) dos leitos de UTI do pais estdo ocupados com
pacientes com sepse grave e choque (MACHADO et al, 2017).

Apesar disso, ¢ sabido que a realizagdo de triagem por meio de programas de
melhoria de qualidade, a implementacdo de protocolos para o diagnostico e tratamento
precoce tem auxiliado na redu¢do da mortalidade por sepse (ILAS, 2015; RHODES et al,
2017).

12



1.2 Diagnéstico da Sepse

Para identificag@o dos sinais e sintomas de sepse, foi adotado as defini¢gdes sugeridas
pela Sepsis Definition Conference em 2003 (LEVY et al., 2003), que se trata de um guia
apropriado ao diagnostico da sepse baseado na avaliagdo da presenca de uma das
disfungdes relacionados abaixo, sem outros sinais e sintomas (ILAS, 2005;LEVY et al.,

2003).

* hipotensao (PAS <90 mmHg ou PAM < 65 mmHg ou queda de PA > 40 mmHg)
* oligaria (<0,5mL/Kg/h) ou elevacao da creatinina (>2mg/dL);

* relacdo PaO2/Fi02 < 300 ou necessidade de O2 para manter SpO2 > 90%;

» contagem de plaquetas < 100.000/mm*® ou redu¢do de 50% no numero de
plaquetas em relagcdo ao maior valor registrado nos ultimos 3 dias;

* lactato acima do valor de referéncia;

* rebaixamento do nivel de consciéncia, agitacao, delirium;

» aumento significativo de bilirrubinas (>2X o valor de referéncia).

No ano de 2016, 32 sociedades cientificas se reuniram de forma concomitante
para atualizarem as novas defini¢des para o diagnostico de Sepse que ficaram conhecidas
como SEPSI-3. Nessa mudanca, a sepse passou a ser destinada como “presenga de
disfuncdo organica ameagadora a vida secundaria a resposta desregulada do organismo a
infec¢do”. A partir disso, o diagnostico de sepse também sofreu alteracdes e passou a ter
novo score, denominado Sequential Organ Failure Assessment — SOFA (Shankar-Hari et

al., 2016). Essa altera¢do pontual no indice de SOFA > 2 reflete risco de morte de cerca

de 10%.
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Segue abaixo a tabela descriminando os scores SOFA para o diagnodstico da

Sepsis-3:

Tabela 1. Indice de Avaliagio Sequencial de Faléncia Organica (SOFA)

SOFA escore 1 2 3 4 5
Respiragao PaO2 / > 400 > 400 <300 <200 (a) <100
FiO2 (a)
Coagulagao > 150 > 150 <100 <50 <20
Plaquetas 103/ mm?
Hipotensao PAM>70 PAM>70 Dopamina <5 ou Dopamina > 5 ou Dopamina > 15 ou
Cardiovascular (b) Dobutamina, Epinefrina < 0.1 ou Epinefrina > 0.1 ou
qualquer dose Norepinefrina < 0.1 Norepinefrina > 0.1
Figado bilirrubina mg <12 1.2al19 20a5.9 6.0al1l1.9 >12
/dl
SNC escala de coma > 14 13a14 10a12 6a9 <6
de Glasgow
Renal creatinina ou <1.2 12al9 20a34 3.5a24.9<500 >5a<200

débito urinario

Foi definido que apods realizagdo da triagem por meio dos sinais € sintomas
clinicos, e definindo-se por adotar o protocolo de sepse, a equipe médica deve efetuar a
coleta de exames laboratoriais para a pesquisa de disfungdes organicas: gasometria e
lactato arterial, hemograma completo, creatinina, bilirrubina e coagulograma. Contudo, ¢
importante destacar que os exames laboratoriais ndo permitem o diagnostico apropriado
de sepse, € o custo destes exames geralmente sdo elevados e nem sempre o diagnostico

de sepse sera confirmado (ILAS, 2015; Shankar-Hari et al., 2016).

Ainda de acordo com ILAS (2015), o diagndstico da sepse pode ser impreciso
devido as alteracdes leucocitarias promovendo reducdo da acurdcia em pacientes com
SIRS devido a outras causas e também sdo limitados na capacidade de fazer esta
discriminacao. Sugere-se a verificagdo de presenga de hiperlactatemia como componente
obrigatorio para a definicdo da sepse, o que pode dificultar o diagnostico em locais
desprovidos de equipamentos ou com poucos recursos para compra de reagentes para

realizagdo de exames (Schubert et al., 2020).
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Pacientes graves, cujas doencgas sao complexas e com frequente uso de
antimicrobianos trazem dificuldades adicionais para o diagnostico da sepse, € caso ja
tenham um foco infeccioso, seu diagnostico correto ¢ dificultado pela presenga dos sinais
de resposta inflamatéria em resposta a um agente infeccioso anterior (BOECHAT;
BOECHAT, 2010; ILAS, 2015). Nesse sentido, fica evidente que o desenvolvimento de
novas alternativas de diagnostico, triagem ou monitoramento da sepse que permitam a
detecgdo em plataformas de forma sustentavel, sem uso de reagentes, com reducgdo
drastica de custos de analises e que permitam liberacdo de resultados de forma répida
podem permitir a detec¢do da sepse de forma mais abrangente em populagdes
desfavorecidas e também permitir a detecgdo precoce para potencializar um maior

sucesso do tratamento da sepse usando antibidtico adequado.

1.3 Espectrometria de reflexdo total atenuada no infravermelho com

transformada de Fourier (ATR-FTIR)

A espectroscopia de infravermelho (IV) pode mensurar a frequéncia e a intensidade
que uma determinada amostra absorve a radiacao infravermelha, portanto, ela representa,
por meio de bandas de absor¢ao, a frequéncia de vibragdo dos atomos constituintes do

material, identificando os componentes quimicos da amostra (HEINEN, 2006).

Esta defini¢do, corrobora com Silva (2020) enfatizando que a espectroscopia de [V
mensura qualitativamente e quantitativamente esses modos vibracionais e os relacionam
a composicao quimica, ou seja, representa a impressao digital da amostra através das
frequéncias de vibracdes entre as ligacdes dos 4atomos, desta forma, permite a

identificacao de materiais e componentes quimicos/bioldgicos.

A espectrometria de reflexdo total atenuada no infravermelho com transformada de
Fourier (ATR-FTIR) € uma técnica analitica vibracional que se refere ao estudo da
absorcdo de ondas eletromagnéticas na regido do IV médio (4000400 cm™) (ANDREW
CHAN; KAZARIAN, 2016) e possibilita fornecer informacdes detalhadas em andlise de
multiplos componentes presentes na amostra. Esta andlise ocorre de forma réapida, livre
de reagentes, com volume reduzido de amostras, e pode apresentar alta especificidade, o
que ¢ fundamental para aplicagdo clinica (BAKER et al., 2014; KHAUSTOVA et al.,
2010; KHAUSTOVA et al., 2009). A aplicagdo da tecnologia ATR-FTIR permite a
utilizagdo de biofluidos e tecidos bioldgicos associados com analises univariadas e de
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quimiometria, o que pode contribuir para sua aplicacdo como ferramenta alternativa de
triagem ou avaliagdo diagnodstica desses materiais bioldgicos (BAKER et al., 2014;

SCHULTZ, 2002).

O infravermelho tem sido utilizado nas ultimas décadas em diversas areas do
conhecimento, € o material a ser analisado pode ser liquido, gas, filme seco, em poé ¢ in
natura. Os componentes bioquimicos (proteinas, lipideos, acidos nucleicos) possuem
modos vibracionais na regido do infravermelho médio (4000-400 cm™) e sdo usualmente
indicados como marcadores na identificacdo de alteragdes metabolicas decorrentes de
diversas patologias (BALAN; MIHAI; COJOCARU; URITU et al., 2019; BUNACIU;
FLESCHIN; HOANG; ABOUL-ENEIN, 2017). Estudos realizados utilizando o ATR-
FTIR identificaram o potencial da saliva como fluido diagnéstico da doenca renal cronica,
do cancer de mama ¢ diabetes (RODRIGUES et al., 2019, CAIXETA et al., 2020,
FERREIRA et al. 2020; SILVA, 2020). A espectroscopia ATR-FTIR também foi
utilizada para avaliar a saliva de ratos ndo diabéticos (ND), diabéticos (D) e diabéticos
tratados com insulina (D+I) para identificar potenciais biomarcadores salivares
relacionados a0 monitoramento da glicose e demonstrou que os biomarcadores salivares
espectrais descobertos, usando andalise univariada e multivariada, podem fornecer uma

nova alternativa robusta para monitoramento de diabetes (CAIXETA et al., 2020).

A analise de componentes salivares em pacientes com Doenga Renal Cronica (DRC)
e controles pareados baseado na tecnologia ATR-FTIR demonstrou que os modos
vibracionais de 2052 cm™ e 924 cm! foram capazes de discriminar pacientes com DRC
de individuos saudaveis. Sugere-se que apos validacao por meio de estudos multicéntrico
em maior escala, estes modos vibracionais relacionados a detec¢do da DRC na saliva
possam ser utilizados em ferramenta de triagem ou diagnostico para DRC (RODRIGUES

etal., 2019).

O ATR-FTIR também foi utilizado com o objetivo de estabelecer modos vibracionais
salivares especificos para detectar impressoes digitais de cancer de mama adequadas ao
diagnostico e demonstrou que a espectroscopia ATR-FTIR pode ser usada em amostras
de saliva para discriminar pacientes com cancer de mama dos pacientes benignos e
individuos saudaveis. Os resultados sugerem que a andlise salivar por espectroscopia
ATR-FTIR ¢ uma ferramenta promissora para o diagnostico de cancer de mama

(FERREIRA et al., 2020).
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Nesse contexto, a espectroscopia ATR-FTIR ¢ uma técnica emergente para
desenvolvimento de novas plataformas biofotonicas para realizar a triagem,
monitoramento ¢ diagnostico de diversas doencas utilizando pequeno volume de
biofluidos. Isto podera permitir a deteccdo da sepse de forma mais sustentavel, sem
utilizacao de reagentes, com reducgdo evidentes dos custos de processamento das amostras
e com liberacdo mais célere dos resultados para equipe médica, permitindo melhoria da

terapéutica da sepse.

2. OBJETIVO

2.1 OBJETIVO GERAL

Identificar potenciais biomarcadores plasmaticos analisados por espectrometria de

reflexdo total atenuada no infravermelho com transformada de Fourier (ATR-FTIR) para

deteccao da sepse.

2.2 OBJETIVOS ESPECIFICOS

- Identificar o perfil espectral de infravermelho para detectar componentes bioldgicos da

sepse no sangue;
- Comparar os componentes plasmaticos por ATR-FTIR em ratos controles e sepse

induzida por CLP para identificar potenciais biomarcadores para diagndstico ou triagem

da sepse.
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Abstract

Sepsis is a systemic response with different clinical stages against an infectious agent
such as bacteria, viruses, fungi, or protozoa. Currently, early diagnosis presents a clinical
challenge to reduce its high mortality rate, in addition to generating a high cost of
treatment in public and private health sectors. In this context, the present study search to
identify potential plasmatic biomarkers based on a biophotonic technology by ATR-FTIR
aiming at screening or diagnosing sepsis in a preclinical study. For this, a murine model
of sepsis was established by cecal ligation and puncture (CLP). Sixteen rats were
randomly divided into control (n=8) and sepsis (n=8) groups. The animals were
euthanized 24h after sepsis induction and blood was collected. Blood plasma was
analyzed using an ATR-FTIR platform and univariate analyzes were used to screen for
potential spectral biomarkers of sepsis in plasma. The presence of sepsis was confirmed
by an increase (p < 0.05) in C-reactive protein concentration compared to controls. In the
absorbance normalized spectrum, the band area between 2945-2888 cm™! was reduced
(p<0.05) in animals with sepsis compared to controls. The analysis of the band area in the
region 2945-2888 cm’! indicated a sensitivity of 87.5% and a specificity of 75%. In the
second derivative spectrum, the vibrational mode at 1513 cm™! was also reduced (p<0.05)
in animals with sepsis compared to controls. Analysis of the height of the valley at 1513
cm’! indicated a sensitivity of 75% and specificity of 87.5%. In conclusion, these results
indicate that ATR-FTIR spectroscopy supported with univariate analysis has the potential
to provide an alternative for the detection of sepsis without the use of reagents,

sustainably, and rapidly using blood plasma samples.

Keywords: ATR-FTIR, plasmatic biomarkers, sepsis, screening, diagnosis
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INTRODUCTION

Sepsis is a clinical condition that represents a dysregulated host response to an
infection that may lead to systemic inflammation and multiple organ damage [1]. Sepsis
and septic shock are closely related to higher mortality rates in hospitalized patients.
Sepsis is the most frequent systemic cause of admission in the intensive care unit (ICU)
[1]. World Health Organization (WHO) data inform that sepsis affected around 49 million
cases and ~11 million sepsis-related deaths in 2017. These data suggest sepsis is related
to ~20% of all global deaths [2].

Although early detection and appropriate therapeutical management in the initial
stage of sepsis significantly improve outcomes in septic patients, the diagnosis of sepsis
is currently performed based on clinical criteria associated with biomarkers of multiple
organ dysfunction with the incorporation of SOFA (Sequential Organ Failure
Assessment) score prediction [3]. SOFA is a widely validated tool to assess acute
parameters of morbidity in critical illness patients and an extending application has been
applied in the diagnosis of sepsis [4]. This diagnostic test with clinical criteria highlights
the difficulty and lack of a gold standard diagnostic test, which limits prompt diagnosis
and appropriate treatment. SOFA is considered a valuable screening tool for sepsis
detection, however, the SOFA application should be applied with caution for clinical
decision-making in patients with suspected sepsis during the ICU course [1,3,4]. The
identification of novel diagnostic platforms applied to the early detection of sepsis that
are innovative, safe, and effective is critical to successful sepsis treatment using adequate
broad-spectrum antibiotics [1,3,4]. In preclinical studies, the classical and reproducible
model of sepsis induction is performed via cecal ligation and puncture (CLP). Higher
levels of C-reactive protein (CRP) in plasma samples is a clinical biomarker to confirm
sepsis-induction and bacteremia [5,6].

Among the vibrational spectroscopy tools, infrared (IR) spectroscopy is a high-
sensitive analytical platform capable to detect biochemical components in biofluids, such
as blood, plasma, serum, and urine. The detection of functional groups of each biofluid
molecular component using an attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectrometry is a sustainable and reagent-free platform. ATR-FTIR
platforms can offer an economically viable opportunity to perform screening and/or
diagnostic analysis [7]. The ATR-FTIR analysis is performed with a low sample volume
for each analysis with simple preparation. A notable benefit of the ATR-FTIR analysis is

the feasibility to investigate simultaneously the presence of functional groups from lipids,
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peptides, carbohydrates, metabolites, DNA, and RNA, as well as searching for unique
disease biomarkers contained in each sample [8]. As biochemical changes are frequently
described in plasma samples in diseases related to bacterial infections, the adoption of
ATR-FTIR can reveal these differences at a molecular level and could serve as a novel
screening and/or diagnostic tool [9-10].

Here, we tested the hypothesis that infrared spectral vibrational modes in blood
are differentially expressed in rats with sepsis than controls and it can be used as a novel
plasmatic biomarker for sepsis detection. Thus, our study aimed to identify an infrared
profile to detect sepsis signatures in blood plasma that are suitable for screening or

diagnosis of this highly prevalent disease in ICUs.

METHODS
Animal procedures

The research staff received special training in animal care or handling at the
Rebir/PROPP/ Federal University of Uberlandia (UFU). All animal procedures were
approved by the Ethics Committee for Animal Research of the UFU (Approval No.
45/2015). In this study were used 16 male Wistar rats weighing between 230 and 290 g.
Unless otherwise stated, animals were housed under ethical standard conditions including
ad-libitum access to food and water.

The cecal ligation and puncture surgery (CLP) was performed in 8 male Wistar
rats (weighing ~ 260g) to trigger sepsis-induced (n=8). For CLP procedures, rats were
anesthetized by an intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10
mg/kg). Rats underwent an aseptic midline laparotomy, and the portion of the cecum was
exteriorized and placed outside of the abdominal cavity. The cecum was partially ligated
using a 4.0 silk tie, perforated nine times with a 22-gauge needle, and then gently
squeezed to extrude a small amount of feces from the perforation. The cecum was
returned into the abdominal cavity and the laparotomy was closed using a 4.0 silk sutures.
The other 8 control animals underwent the same procedure; however, the cecum was not
ligated and perforated [11, 12]. Animals were caged and allowed free access to water and
a standard rodent chow diet (Nuvilab CR-1; Nuvital, Curitiba, Brazil). The animals were
observed for twenty-four hours after surgery. Animals were kept in dorsal recumbence
throughout the experimental procedures. Body temperature was maintained at 37.5 +
1.5°C with a heating blanket. Control and CLP-Sepsis rats were studied 24 hours after

sepsis induction.
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Blood was obtained from anesthetized rats. Blood was collected into vials
containing citrate-phosphate-dextrose anticoagulant and centrifuged at 1,000xg for 10
min. The plasma in the supernatant was stored in aliquots for C-reactive protein (CRP)
analysis at —80°C [13]. All efforts were made to minimize animal suffering. The methods
were carried out following the approved guidelines. We considered a humane endpoint
with specific criteria: 1) in the cases of ruffled fur and ocular discharge is indicated careful
monitoring; and 2) in cases of ataxia, tremor, and cyanosis is indicated euthanasia.
However, probably due to the short period of sepsis, it was not necessary to perform

humane endpoint euthanasia in animals [14,15].

C-reactive protein concentration in plasma
Enzyme-linked immunosorbent assay (ELISA) kits were used to measure C-
reactive protein (CRP) in blood according to the manufacturer’s protocol. Results were

presented in ng/mL [14].

Chemical profile in blood by ATR-FTIR Spectroscopy

Blood infrared spectra were captured using a Vertex 70 ATR-FTIR
spectrophotometer (Bruker Optics) coupled to a micro-attenuated total reflectance (ATR)
tool in OPUS v.6.5 software, Bruker). Two pl of blood samples were applied directly on
ATR-crystal and these samples were dried using a dry airflow for 5 minutes. The blood
biofilm spectra of each sample were collected in triplicate using a spectral resolution of
4 cm™! with 32 scans. All samples analysis were performed with a controlled temperature

(~22°C) and humidity. The air spectrum was used as a background [9].

Spectra data procedures

The absorbance spectra were normalized by vector and baseline was performed
using OPUS software. The second derivative order was applied in the absorbance spectra
to discriminate overlapping adjacent vibrational modes. The second derivative order
offers frequently improved resolution of overlapping vibrational modes and permits
refined analysis of spectral changes between two classes [16]. Second order derivative
technique was carried out in the absorbance spectra using the Savitzky-Golay method in
Origin 9.1 software. The parameters were set as 5 for polynomial order and 20 for points

of the window. The second-order derivative provides some valleys (negative peaks) based
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on bands from the absorbance spectra. Therefore, the level and ROC curve data we

calculated based on the height of valleys in the second derivative [17].

Statistical analysis

The Kolmogorov-Smirnov test was applied to assess the normality of variables.
Comparisons of the means were performed by Student’s t-tests (GraphPad Prism version
7.00 for Windows, GraphPad Software, San Diego, CA, USA). For all spectral
biomarkers candidates, we constructed the Receiver Operating Characteristic (ROC)
curve. Values of p < 0.05 were considered statistically significant. All values are reported

as mean £ SEM. The number of animals used in each analysis is described in legends.

RESULTS
As expected, control and sepsis rats did not demonstrate a change in body weight

(p > 0.05; data not shown).

Effect of sepsis in protein C (PCR) reactive on the blood of rats with sepsis
The plasmatic level of a clinical biomarker of sepsis was analyzed to confirm
sepsis induction. As expected, CRP levels in blood plasma were higher (p < 0.05) in rats

with sepsis compared to control rats (Figure 1).
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Fig 1. C-reactive protein (PCR) in plasma of rats with sepsis and control rats. Results are
mean + SEM of 8 animals per group; *p <0.05 vs. Control.
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These pre-processed spectra in the plasma of rats with sepsis and controls were
analyzed by two main univariate analyses, as follows: band area from absorbance spectra
and the height of valleys (amplitude) in the second derivative spectra.

Univariate analysis based on band area of normalized absorbance spectra of plasma
samples

The representative infrared spectrum of blood evaluated in the 3000 — 900 cm’!
range in rats with sepsis and controls can indicate several blood components such as
lipids, proteins, DNA/RNA, and carbohydrates (Fig 2A). Twelve infrared band areas
were measured in the plasma analyzed in rats with sepsis and controls, however, only the
band area at 2945 — 2888 cm™! was changed (p <0.05) in rats with sepsis than controls
(Fig 2B). The ROC curve analysis was carried out in the band area at 2945 — 2888 cm’!
to indicate the area under the curve (AUC), sensitivity, specificity, and accuracy of
discrimination between rats with sepsis compared to controls. The selected cutoff value
was 0.1345 a.u. to the band area at 2945 — 2888 cm™! and it indicates an AUC of 0.8594.
Besides, this band area showed a sensitivity and specificity of 87.5% and 75%,
respectively (p < 0.05; Fig 2C).
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Fig 2. Representative infrared spectra (3000-900 cm™) in plasma of rats with sepsis than
controls (A). Band area at 2945-2888 cm™! (B). ROC curve analysis of band area at 2945-
2888 cm! in absorbance spectra (C). Results are mean + SEM of 8 rats per group;
*p <0.05 vs controls.
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Univariate analysis based on The height of the valley of second derivative infrared

spectra in plasma samples

The representative second derivative infrared spectra of blood samples in rats with

sepsis than controls indicate a superposition of several bands (Fig 3).
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Fig 3. Representative infrared second derivative spectra (1800-900 cm™) in blood saliva
of rats with sepsis and control rats.

Considering the changes in the spectrum of the vibrational mode at 1513 cm! this
region was amplified in Fig 4A. In this context, the height of valleys (amplitude) was
reduced (p < 0.05) in blood samples from rats with sepsis compared to control rats (Fig
4B). The ROC curve of vibrational mode at 1513 cm™! presented a sensitivity of 87.5%,
a specificity of 75%, and an accuracy of 81.2% to discriminate rats with sepsis than

controls. The AUC of the vibrational mode at 1513 cm™ was 0.80 (p: 0.046; Fig 4C).
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Fig 4. Representative infrared second derivative spectra (15201510 cm™) in plasma of
rats with sepsis and controls (A). The amplitude of the second order derivative at 1513
cm™! in blood (B). ROC curve analysis of 1513 cm™ in the second order derivative
spectra (C). Results are mean + SEM of 8 per group. *p <0.05 vs controls.

DISCUSSION

The implementation of fast, reagent-free, and sustainable tests developed for the
early detection of sepsis are critical to successful sepsis treatment from a public health

perspective. In this context, the present study is a pioneer as a pre-clinical proof-of-
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concept study to assess the potential implementation of an ATR-FTIR platform for sepsis
detection in plasma samples of rats. This biophotonic platform coupled with univariate
analysis showed a reduction in the band area between 2945-2888 cm™! of plasma in
animals with sepsis compared to controls. Besides, this band area had a sensitivity of
87.5% and a specificity of 75%. In the second derivative spectrum, the vibrational mode
at 1513 cm™! was also reduced in animals with sepsis compared to controls. The height of
the valley at 1513 cm™! presented a sensitivity of 75% and specificity of 87.5%. Although
second derivative order frequently can improve the resolution of overlapping vibrational
modes to refined analysis to discriminate two classes, the accuracy performance was
similar to the absorbance spectra. Thus, the spectral region between 2945-2888 cm™ and
the vibrational mode at 1513 cm™ of plasma were responsible for the discrimination of
sepsis condition, suggesting that changes can occur in lipid and amide II. Taken together,
the present data suggest indicating a significant potential for infrared spectroscopy to
discriminate sepsis from controls using plasma samples.

Sepsis is characterized by a set of intensive systemic reactions in response to an
infection that failed to be locally contained by the host. Currently, sepsis accounts for 1
in 5 deaths globally [2]. To understand sepsis at various levels it is crucial to have a
suitable and comprehensive animal model that reproduces the clinical course of the
disease. Several models have contributed significantly to our understanding of host
defense mechanisms during infection [19]. This is important because the characterization
of the pathophysiological mechanisms could indicate molecular changes during sepsis, as
well as supply profitable conditions for testing screening and diagnostic tools [20].

The model to induce in the present study was cecal ligation and puncture (CLP)
which is the most widely used in pre-clinical studies [21,22]. This model fulfills the
human condition that is clinically relevant. Compared to other animal models of sepsis,
CLP could be performed in any rodent strain, of different ages and sex [21-24]. It is a
relatively easy and inexpensive surgical procedure [5,6, 25]. Although confirmation of
sepsis is not required in the CLP induction protocol, the presence of higher levels of CRP
in the plasma of septic animals can be used as a biomarker to confirm sepsis induction
[5,6]. In this CLP model, the grade of severity has a direct impact on the percentage of
survival. The length of the ligation, the thickness of the needle, and the number of
punctures are parameters that can be controlled to modulate the severity/mortality of CLP

[14,23].
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In this context, FTIR spectral data analysis was capable to detect changes in the
plasma of rats with sepsis. The difference observed in the absorbance spectral profile at
2945-2888 c¢cm! indicates changes in lipids and fatty acids (stretching C-H, N-H
symmetric stretching vibration of CH3 of acyl chains) [26]. A proteomic study
emphasizes changes in metabolism related to lipids as one of the main plasma disorders
associated with sepsis [27]. Lipid fractions play an important role in the clearance of
pathogen toxins, such as LPS, and in the modulation of inflammatory responses [28, 29].
It has been described that sepsis decreases HDL levels, and promotes
hypocholesterolemia, with a reduction in total cholesterol, LDL levels, and free fatty acids
(FFAs) [30-33]. The imbalance in lipid metabolism aggravates the sepsis condition [34],
and low LDL levels have been associated with the presence of fever and sepsis in
hospitalized patients [35]. Furthermore, cholesterol levels have been associated with the
risk of acquiring nosocomial infection [36]. In this context, our findings on the FTIR
spectral peak decrease, associated with lipids and fatty acids (2945-2888 cm™!), are
consistent with the pathogenesis of sepsis, reinforcing the importance of lipid metabolism
as a therapeutic target and possible detection of specific changes in sepsis that can offer
an early potential screening, as observed by the ROC curve with 81.2% accuracy.

To better identify the contributing spectral characteristics, we performed a second-
order derivative analysis of the spectrum. It was possible to observe a decrease in the peak
intensity (amplitude) in 1513 cm™! referring to amide II (proteins) [26]. Proteins are the
actual players in biological systems; hence, proteome changes have been investigated in
clinical and experimental sepsis revealing that biological pathways, such as inflammatory
(i.e., kininogen, complement C3, alpha 1-acid glycoprotein, hemopexin, transthyretin,
actin, SAA, Apo A-I4, and A-IV), acute phase response, coagulation (i.e., fibrinogen,
antithrombin II), complement, mitochondrial energy metabolism, apoptosis (i.e., alpha2-
HS glycoprotein) and oxidative stress (i.e., GST M1) pathways are altered at the protein
level [37,38]. Previous studies of serum proteomics from a sepsis model (CLP) identified
differences in serum protein expression in the first 24 hours after surgery and resulted in
40 differentially expressed proteins [39]. Many of these protein changes point to the
involvement of the acute phase response, lipid metabolism, and chaperone proteins. Acute
phase response proteins represent the most substantial changes [37, 39]. Thus, the change
observed in the protein region by second derivative analysis corroborates previous studies

on changes in the protein profile of serum from animals and patients with sepsis in the
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first 24 hours. Thus, vibrational mode 1513 cm™ may be a screening biomarker indicative
of septic syndrome with a sensitivity of 75% and specificity of 87.5%.

Although additional studies should be performed with a larger sample clinical, it
was found a reduction in band area at 2945-2888 cm! in the absorbance normalized
spectrum and a reduction in the valley height of the vibrational mode 1513 cm™ in the
second derivative spectrum of plasma samples from sepsis condition as well as an
adequate accuracy to be used in alternative tests for sepsis detection. In this context, we
assume that further confirmation in human clinical studies should be performed to
indicate the performance of this photonic platform to detect sepsis in plasma samples.
However, based on the present results this innovative tool reveals an attractive potential
to detect sepsis using human plasma samples.

This study demonstrated that plasmatic infrared spectra are an attractive
alternative to detect sepsis using a reagent-free ATR-FTIR platform. This biophotonic
platform coupled with univariate analysis showed a reduction in the band area between
2945-2888 cm! of plasma in rats with sepsis compared to controls. Besides, this band
area had a sensitivity of 87.5% and a specificity of 75%. In the second derivative
spectrum, the vibrational mode at 1513 cm™ was also reduced in rats with sepsis
compared to controls. The height of the valley at 1513 cm™ presented a sensitivity of 75%
and specificity of 87.5%. In this perspective, the spectral region between 2945-2888 cm’

' and the vibrational mode at 1513 cm™

of plasma were capable to detect sepsis,
suggesting that alterations can occur in both lipid and amide II components of plasma

induced by sepsis.
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