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1. INTRODUGAO

Atualmente, a sepse neonatal € uma das principais causas de mortalidade e
morbidade em bebés prematuros, a sepse neonatal também é conhecida como
sindrome clinica com infecgdo grave que atinge o sistema circulatério do neonato
associado ao sistema imunolégico sobrecarregado que € incapaz de proteger o
organismo da infeccdo. As infecgcbes sdo comumente desencadeadas por
microrganismos oportunistas e quanto menor o peso em que o RNPT maiores sao
os riscos de desenvolvimento de sepse neonatal. Estima-se que as infecgdes
neonatais s&o responsaveis por aproximadamente 23,4% das mortes registradas em
neonatos em todo mundo (CHAUHAN; TIWARI; JAIN, 2017).

A infecgdo pode ter diferentes cargas de microrganismos, o que sinaliza
parcialmente a gravidade da sepse. As formas de exposicdo mais comuns em RNPT
que desencadeiam a sepse neonatal sdo ligadas a infecgdo intrauterina, por
bactérias intestinais materna e exposicéo a outros patdégenos extrauterinos. Alguns
aspectos relevantes da sepse s&o o tempo de exposigao, o tamanho do inéculo, o
estado do sistema imunolégico do recém-nascido (RN), a presenca de
prematuridade e a viruléncia do respectivo microrganismo responsavel pelo
desencadeamento da sepse. Estima-se que a estadia prolongada de bebés
prematuros no hospital em conjunto com procedimentos invasivos continuos para
acompanhamento de exames tendem a aumentar o risco de infec¢cdes hospitalares
oportunistas e assim gerar a sepse neonatal (SHANE; SANCHES; STOLL, 2017).

Os principais microrganismos patogénicos da sepse sao as bactérias gram
positivas e gram negativas, virus e fungos. A infeccdo mais comum ocorre por
bactérias e a terapéutica varia baseada na idade do bebé, tipo de infecgao,
microrganismo patogénico causador da infeccdo e testes de antibiograma para
checagem de resisténcia microbiana. Comumente, o tratamento com antibibticos se
inicia imediatamente apos a suspeita de sepse neonatal para evitar que ocorra piora
no quadro clinico do neonato (ERSHAD. et al., 2019).

Embora os exames de sanguineos sdo o padrao-ouro, a busca por novos
biomarcadores de sepse em neonatos tem sido ardua. Destaca-se a presenca de
resultados incipientes na busca biomarcadores urinarios relacionados a funcao renal

de RN com frequente associagéo a citocinas inflamatérias da sepse. Comparado



com O sangue, a urina tem a vantagem de ser coletada de forma ndo invasiva,
indolor e também possibilita, de maneira efetiva, a dosagem de varios potenciais
biomarcadores da sepse (CHAUHAN; TIWARI; JAIN, 2017). Segundo Viana &
Amaral (2022), o diagndstico rapido e preciso da sepse neonatal € essencial para
evitar piora dos quadros clinicos dos RNs e 6bito. Assim, atualmente, a auséncia de
estrutura laboratorial para exames relacionados a sepse pode afetar negativamente
neonatos acometidos pela sepse neonatal, o que afeta principalmente paises

subdesenvolvidos e em desenvolvimento.

A prevaléncia de sepse diminuiu em algumas regidées do mundo, no entanto,
continua sendo um grave problema de saude publica em todo o mundo,
principalmente em bebés com peso reduzido no nascimento. A deteccao da sepse
pode ocorrer por diferentes testes, no entanto ainda existe uma caréncia para
realizagcédo de diagndsticos efetivos e confiaveis de forma rapida, frequentemente sao
necessarios testes caros com demora na liberacdo de resultados. Esta dificuldade
no diagndstico precoce limita o tratamento correto no momento adequado.
Atualmente, o tratamento padrdo para a sepse neonatal utiliza administragao
continua de antibiéticos com acompanhamento de parametros clinicos de forma
continua, garantindo assim maiores taxas de sucesso no tratamento sistémica
(ERSHAD. et al., 2019).

Segundo Chauhan, Tiwari, Jain (2017), a presenga dos marcadores
inflamatdrios presentes na urina apresenta capacidade de deteccédo da sepse apos o
nascimento, podendo preceder o aparecimento dos sintomas clinicos, representando
uma ferramenta de potencial diagnosticode forma rapida e eficiente, podendo
também garantir terapéuticas eficazes que aumentam a sobrevida do RN com
sepse neonatal. Os sintomas da sepse neonatal sdo inespecificos e variam de
organismo para organismo, 0S mais comuns sdo: apneia, distensdo abdominal,
dispnéia, letargia, hipotonia e choque séptico em casos mais graves da infecgdo. O
diagnostico conclusivo da sepse neonatal € complexo pois o resultado de testes de
detecgdo de bactérias com crescimento em meio de cultura pode apresentar
resultados falsos positivos em caso de contaminagdes ou de falsos negativo quando
a presenca das bactérias tem niveis menos elevados no momento da coleta.
(CORONELL. et al., 2009).

A sepse neonatal apresenta maior potencial de letalidade no RN com
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consequente  mortalidade neonatal, podendo também causar sequelas
neurocognitivas. A sepse neonatal é classificada como precoce ou tardia, sendo que
a sepse neonatal precoce acomete os RNs no periodo peri-parto, antes ou durante o
parto. Os microrganismos causadores da sepse precoce normalmente tém origem
do trato génito-urinario materno, ha indicios de que 62% das sepses neonatais
precoces sao ocasionadas por microrganismo gram positivos, O patégeno mais
prevalente nesta infecgdo € o Streptococcus agalactiae com até 43%, seguidos de
bactérias gram negativas com 37% e a Escherichia coli com 29% em estudos de
coorte (SOIBELMANN; SILVEIRA, 2020). Sugere-se que fungos e virus sejam
responsaveis pelos outros casos de sepse neonatal, embora seja evidente uma
propor¢ao menor de casos (SOIBELMANN; SILVEIRA, 2020)

Segundo Viana & Amaral (2022), RNs do género masculino tem de duas a
seis vezes mais chances de ter sepse neonatal precoce, estima-se que isso ocorra
devido discrepancia na presenca de receptores de interleucina-1. Os RNs que
nascem com baixo peso apresentem maior suscetibilidade a infeccbes e maior taxa
de obitos, devido ao fato de que neonatos prematuros que nascem com baixo peso
(< 2500g) tenderem ao desenvolvimento de disfun¢cdo do sistema imunoldgico e
reducdo dos anticorpos IgG que sédo adquiridos pela via transplacentaria. Segundo
Soibelmann & Silveira, 2020, as principais formas de se proteger da sepse neonatal
sao a higienizagao das maos regularmente e optar pelo consumo do leite materno ao
bebé. A realizacdo de procedimentos adequados na antibioticoterapia para o
tratamento da sepse neonatal visa diminuir a resisténcia de microrganismos
invasores oportunistas aos farmacos.

Segundo Viana & Amaral (2022), outro fator que aumenta as chances de
sepse neonatal € a gestagcdo em mulheres com idade materna abaixo dos 18 anos e
acima dos 40 anos. Estas gestag¢des de risco podem gerar ruptura precoce do utero,
com isso, o risco de sepse neonatal em RNPTs aumenta. A sepse neonatal também
esta associada a infecgdo do trato urinario materno durante a gestagao, pois as
chances das mulheres com este tipo de infecgdo no decorrer da gestagdo darem a
luz a RNs de baixo peso e prematuros suscetiveis a infecgbes € aumentada. Esses
microrganismos patogénicos responsaveis pela sepse neonatal, tanto a precoce
quanto a tardia, sdo bastante distintos (SOIBELMANN; SILVEIRA, 2020).

As avaliagdes continuas e planos otimizados estratégicos para a prevengéao e

tratamento da sepse neonatal sdo extremamente importantes, além de estudos
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analiticos dos fatores associados aos obitos dos RNs em neonatal com diagndéstico
de sepse, visando a total compreensdo dos minimos fatores que possam fazer a
diferenca e ser mais efetivo de forma geral para que haja redugdo da mortalidade
por sepse neonatal em RNs (VIANA; AMARAL, 2022). Em conjunto, percebe-se que
a sepse neonatal requer de plataformas de diagndstico que permitam a liberagéo de
resultados de forma mais célere e se possivel sem a utilizagdo de reagentes,
frequentemente de alto custo e com alta capacidade de poluir o meio ambiente. O
aumento da oferta de plataforma de deteccdo da sepse neonatal de inicio tardio
pode proporcionar diagnosticos para uma parcela mais significativa da populagao,
especialmente em paises de menor desenvolvimento tecnoldgico, possibilitando
diagndstico precoce e terapéutica no momento oportuno para redugdo da

mortalidade infantil globalmente.
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2. REFERENCIAL TEORICO

A sepse se constitui em uma infeccdo generalizada pela disfungédo de um ou
mais érgaos, oferecendo risco de vida para criangas independente de problemas de
saude subjacentes (KAWASAKI, 2017; WATSON et al.,2003). Além disso, a sepse &
considerada uma das principais causas de 6bitos em criangas mesmo em paises de
alto desenvolvimento tecnoldgico ( WATSON et al., 2003). No periodo neonatal, nos
primeiros 28 dias de vida, a sepse constitui uma das doengas mais graves pela sua
alta incidéncia e letalidade (LEVY et al.,, 2001). No entanto, nas ultimas duas
décadas a sepse foi definida como uma sindrome da resposta inflamatdria sistémica
(SIRS), causando uma infec¢ao tanto em adultos quanto em criangas (LEVY et al.,
2001; GOLDSTEIN et al., 2005). A Organizagdao Mundial da Saude (OMS) estima
que 15% dos 6bitos neonatais sdo causados pela sepse, indice consideravelmente
maior entre o0s recém-nascidos pré-termo (WHO, 2012). Esse grupo de
recém-nascidos (RN) possui um sistema imunoldgico ainda imaturo e, portanto,
incapaz de responder adequadamente aos agravos infecciosos (LEVY, 2007;
SHARMA et al., 2012).

A sepse neonatal tardia (LOS) & definida mais frequentemente em 72 horas
ap6s o nascimento, e € um dado considerado importante para diferenciar da sepse
neonatal precoce (EOS), em termos do espectro de patégenos causadores dessas
infeccbes (BOGHOSSIAN et al., 2013; HAMMOUD et al., 2012). Contudo, cerca de
10-25% dos neonatos prematuros internados em unidades de terapia intensiva
neonatal desenvolverao sepse neonatal tardia, responsavel por 10-20% dos obitos
(LIU et al., 2012; BIZZARRO et al., 2015). Estudos tém demonstrado que durante o
periodo neonatal, complicagdes associadas a sepse tem efeitos severos sobre o
crescimento e o desenvolvimento neonatal, especialmente em neonatos prematuros
(REGEV et al., 2016; ADAMS-CHAPMAN et al., 2006).

Nesse contexto, sabe- se que no periodo neonatal, e particularmente nos
neonatos prematuros, as funcgbes vitais e imunoldgicas sdo imaturas, sendo
portanto, dificil de se estabelecer uma resposta regulada as infecgdes (BURY et al.,
2021). Dessa forma, os sinais e sintomas clinicos s&o muitas vezes discretos, pouco
sensiveis e especificos, com possibilidade eminente de deterioracdo clinica de
maneira rapida (MCGOVERN et al., 2020; WYNN & POLIN, 2018). Assim, o conceito
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de disfuncdo organica esta indefinido nesta populagéo, sem referéncia concensual
para descri¢ado das alteragdes fisioldgicas associadas a LOS (sepse neonatal tardia),
durante o periodo neonatal, em particular em neonatos prematuros (BURY et al.,
2021; MCGOVERN et al., 2020; WYNN & POLIN, 2018).

A sepse neonatal tardia (LOS) continua sendo uma importante causa de
morbidade e complicagbes a longo prazo entre prematuros, que incluem internagoes
prolongadas e aumento dos custos com servicos de saude (STOLL et al.,2002). E de
suma importancia conhecer a incidéncia e estratégias eficazes para prevenir a sepse
neonatal tardia em unidades de terapia intensiva neonatal (MANZONI et al.,2013;
LANDRE-PIEGNE et al.,2011).

Além da maior incidéncia e letalidade, a sepse neonatal tardia apresenta
outras especificidades, como a dificuldade em estabelecer o diagndstico, uma vez
que os sinais e sintomas sao inespecificos e facilmente confundidos com as
condicbes que sdo esperadas nesta populacdo, tais como dispnéia , apnéia da
prematuridade e dismotilidade gastrointenstinal (BEKHOF et al., 2013).

Contudo, além dos fatores de risco associados a sepse neonatal tardia
classica, sabe-se que neonatos que necessitam de cuidados intensivos em paises
em desenvolvimento correm um risco aumentado comparado com paises de maior
indice de desenvolvimento tecnoldgico-industrial, devido a fatores estruturais, como
superlotacdo de leitos, escassez da equipe de enfermeiros e médicos
especializados, auséncia ou uso indevido de insumos e equipamentos basicos, uso
indevido e excessivo de antibidticos, falta de conhecimento adequado sobre o
manejo de neonatos com sepse e dificuldades na implementagdo de praticas
seguras de controle de infeccdo (GRAHAM et al., 2006; HARBATH et al., 1999;
CIMIOTTI et al., 2006).

O diagndstico microbiolégico costuma ser pouco confiavel em neonatos
prematuros, devido ao longo tempo de espera do resultado e, muitas vezes, nao é
facil correlacionar o quadro clinico com a bactéria identificada (BIZARRO et al.,
2015).E, em suma, todos os elementos do diagndstico, sejam eles clinicos,
biolégicos ou microbiolégicos continuam sendo frequentemente debatidos(BIZARRO
et al., 2015; MCGOVERN et al., 2020; BERLARK et al., 2018).

Além disso, os exames laboratoriais atualmente disponiveis, em especial
hemograma e as proteinas de fase aguda, como a PCR( proteina C reativa), podem

nao contribuir de maneira adequada para o diagnostico de sepse neonatal (QUADIR;
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BRITTON, 2018; ROSENFELD et al., 2018). Dessa forma, todos esses fatores em
conjunto tém contribuido para o uso excessivo de antibiéticos no ambiente de terapia
intensiva neonatal e o surgimento de organismos resistentes aos mesmos (TZIALLA
et al., 2015).

Contudo, a hemocultura para detec¢do de patdogenos causadores da sepse é
considerada padrdo ouro para o diagndstico de sepse neonatal, entretanto esse
teste pode levar de 48 a 72 horas para que os resultados sejam liberados (FATTAH.
et al., 2017). Além disso, muitos resultados sao inconclusivos. Dessa forma, novas
técnicas utilizadas como preditoras de sepse neonatal sdo de suma importancia para
o diagnédstico precoce(GANATRA et al.,2010; BENITZ, 2010). Assim, tém-se
observado a importancia de alguns biomarcadores presentes no sangue e na urina
de neonatos que estao associados com quadro de sepse (ANDREJAITIENE, 2006;
CARROL et al., 2002).

Dessa forma, um dos grandes esforgos na reducdo da taxa de mortalidade
neonatal esta direcionada na procura de novos marcadores bioquimicos que sejam
capazes de predizer de maneira precoce o risco de desenvolvimento de doencgas
agudas neonatais e o0 monitoramento do curso natural da doenga no recém-nascido
grave (MUSSAP. et al, 2012).

A dosagem de biomarcadores urinarios tém se mostrado promissora quanto a
avaliagao de risco, diagndstico e progndstico de sepse, pela possibilidade de serem
dosados de maneira efetiva neste fluido corporal (SUGUNA NARASIMHULU et
al.,2013; SYLVESTER, et al., 2014). Dessa forma, a principal vantagem € a forma de
coleta da urina, sendo esta nao invasiva e indolor, permitindo a obtencao de varias
amostras para acompanhamento e, portanto, mais segura e benéfica para o
recém-nascido (RN).

A aplicagdo da espectroscopia infravermelho com transformada em Fourier
acoplada com reflexdo atenuada (ATR-FTIR) permite a obtengdo de espectros
especificos de biofluidos e tem sido aplicada para deteccdo de doengas. A
plataforma ATR-FTIR permite estudar a composigdo molecular de grupos funcionais
e também a proporgcdo de seu conteudo molecular de forma célere e com volumes
ultra-reduzidos de amostra (BAKER et al., 2014).

A plataforma ATR-FTIR é considerada uma tecnologia verde, com grande
vantagem de sustentabilidade pois permite analise sem a utilizacao de reagentes,

que frequentemente apresentam alto potencial de malignidade, citotoxicidade e sao
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inflamaveis. Nos ultimos anos sua aplicagdo tem sido direcionada para a triagem,
diagnostico e monitoramento  de  diversas  doencas  metastaticas,
cronico-degenerativas e infecciosas. Os modos vibracionais no infravermelho de
amostras consideradas minimamente-invasivas como a urina podem ser
consideradas como impressdes bioquimicas relacionadas diretamente com a
presenga de componentes especificos que apresentam grande potencial para o
diagndstico de doencgas sistémicas de forma rapida, com analise de custo reduzido e
com alta sensibilidade (BAKER et al., 2014).

Desta forma, evidencia-se que o desenvolvimento de uma plataforma
biofotdnica baseada em ATR-FTIR de forma rapida e sustentavel para deteccao
urinaria da sepse neonatal de inicio tardio para recém-nascidos de muito baixo peso

pode ter grande utilidade clinica e permitir avangos na terapia da sepse neonatal.
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3. OBJETIVO

O objetivo deste trabalho é desenvolver uma plataforma biofoténica baseada
em tecnologia ATR-FTIR para detecgao urinaria da sepse neonatal de inicio tardio
de forma célere e sustentavel baseada em um estudo clinico de prova-de-conceito

com uma populagao de recém-nascidos pré-termo de muito baixo peso.
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ABSTRACT

Neonatal sepsis is a critical cause of morbidity and mortality affecting up to 2 cases per 1000
live births. There is a lack of diagnostic platforms for late-onset neonatal sepsis with reduced
time to deliver results, which can provide suitable platforms for early diagnostics. The present
study aimed to determine the discriminatory accuracy of a biophotonic Attenuated Total
Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy coupled with univariate
analysis for late-onset neonatal sepsis and matched-control without sepsis in
preterm-neonates. Here, an ultra-low volume of urinary samples from 45 samples, 6 late-onset
sepsis in neonates, and 39 matched-control without sepsis in neonates were analyzed in a
biophotonic coupled to univariate analysis associated with the receiver operating
characteristic (ROC) curve. We demonstrated that three urinary vibrational modes of
late-onset neonatal sepsis patients were distinct (p<0.05) from matched-control without
sepsis. The vibrational modes 1337, 1152, and 1107 cm™ were selected as potential infrared
vibrational modes to discriminate late-onset neonatal sepsis. The vibrational mode at 1516
cm™! presented a sensitivity of 100% and specificity of 92.31% also suggesting a potential use
in infrared discriminatory analysis for late-onset neonatal sepsis. After validation with
additional studies in higher cohorts, the vibrational modes at 1516, 1337, 1152 and 1107 cm’
present potential to be applied in screening or diagnostic platforms for late-onset neonatal
sepsis detection. The feasibility of execution in a biophotonic platform that delivers fast
results from a 2 pl drop of urine indicates potential application as a proof-of-concept for

late-onset neonatal sepsis detection.

Keywords: Late-onset neonatal sepsis, urine, infrared spectroscopy, ATR-FTIR spectroscopy;

Screening; Biomarkers



19

INTRODUCTION

The Millennium Development Goals proposed by United Nations suggest a global
action focusing on the reduction in child mortality. The neonatal mortality rate is an
outstanding mirror of several features of quality of life including access to adequate nutrition
and food, sanitation, housing infrastructure quality with clean water, and access to adequate
therapeutic procedures in public health services, including sepsis treatment [1]. Although it is
critical to point out the huge disparities in the neonatal mortality rate worldwide, the neonatal
period comprising by is the most vulnerable risk of dying for a child [1]. The Group for Child
Mortality of the United Nations estimates the average global rate for neonatal mortality was
18 deaths per 1,000 live births in 2021 [2].

From the perspective of neonatal mortality in newborns, neonatal sepsis is a critical
cause of morbidity and mortality affecting up to 2 cases per 1000 live births [3]. Neonatal
sepsis is a clinical infection caused by bacteria, viruses, or fungi in blood circulation in the
neonatal period. Neonatal sepsis can be detected by culture of a specific pathogen in blood,
urine, or cerebrospinal fluid (CSF) culture [4]. Neonatal sepsis is divided into three groups:
early-onset neonatal sepsis, late-onset neonatal sepsis, and very late-onset neonatal sepsis
according to the time of the onset [5]. According to the time of onset, sepsis is classified into
early-onset (EOS) when infection occurs before 72 h of life and late-onset sepsis (LOS) when
it occurs after 72 h [4]. The clinical symptomatology of neonatal sepsis is random and
nonspecific including fever, respiratory distress, behavioral changes such as lethargy or
irritability, convulsions, and bleeding [6].

Despite advances to an early diagnosis of neonatal sepsis, this condition needs
confirmatory analysis due to the inespecific symptomatology. The early and highly accurate
diagnosis of neonatal sepsis is critical to decreasing the overuse of antibiotics and improving

clinical outcomes in the neonatal period. Currently, due to the absence of appropriate
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diagnostic tests for neonatal sepsis, pathogen detection which requires time-consuming
biofluid culture samples remains a gold standard technique. However, blood culture results
are frequently delivered over 72 h to detect a pathogen in the clinical routine. Besides, often is
necessary additional time to analyze antibiotic susceptibility [7], which can lead to the
overuse of antibiotics or delay critical therapeutic decision-making in the medical clinic. It is
expected that cutting-edge platforms can overcome current limitations in the s late-onset
neonatal sepsis. The suggestion of biomarkers using mass spectrometry related to cell
adhesion molecules, interleukins, and acute phase inflammatory components in neonatal
sepsis [8], suggests the potential for infrared analysis in biofluids

.Sustainable technologies such as Attenuated total reflectance—Fourier transform
infrared (ATR-FTIR) spectroscopy can offer a reagent-free, fastly, and highly reproducible
analytical platform applied device used to molecular analysis. It can be applied for molecular
characterization with diagnostic purposes in biofluids [9; 10]. Each molecule in a biofluid
depicts a unique profile with a unique infrared biophotonic signature. Considering the absence
of the hazardous reagent application, ATR-FTIR is a promising green technology for the
diagnostic field [11]. To our knowledge, the potential of urinary diagnostics for late-onset
neonatal sepsis by ATR-FTIR spectroscopy was never been evaluated.

In the present study, we tested the hypothesis that non-invasive infrared spectral
markers can be differentially expressed in the urine of late-onset neonatal sepsis in preterm
neonates to be employed as non-invasive biomarkers in alternative detection platforms for
late-onset neonatal sepsis. Thus, the present study aimed to determine the discriminatory
accuracy of the ATR-FTIR platform coupled with univariate analysis for late-onset neonatal

sepsis detection.
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METHODS
Subjects and sample

Written informed consent was obtained from all the caregivers of in preterm neonates
participants in this study. The research protocol followed the Standard for Reporting of
Diagnostic Accuracy Studies (STARD) statement. These experimental procedures approved
by the Institutional Ethics Committee of the Federal University of Uberlandia approved the
study (Protocol # CAAE:36471314.5.0000.5152). The methods were carried out under the
approved guidelines. The samples from late-onset neonatal sepsis and controls were carefully
conducted using a protocol from the Neonatal Unit of the Clinical Hospital at the Federal
University of Uberlandia. Of the 190 in preterm neonates eligible for inclusion in the study,
145 were excluded, 45 for having early sepsis (up to 72 hours of life) or late sepsis after the
8th day of life; 106 in preterm neonates were excluded due to suspected sepsis without
confirmation with positive blood culture (HMC +) and/or with an infectious risk and/or with a
presumed infectious process and/or with the use of antibiotics in the first 7 days of life. Of the
remaining in preterm neonates, 45 were included in the study, 6 with late-onset neonatal
sepsis (HMC+ up to the 7th day of life), and the other 39 in preterm neonates were used as
control because they did not have any clinical or laboratory signs that would indicate
late-onset neonatal sepsis. Urine was collected from in preterm neonates directly to a

polypropylene device to minimize contamination with other pathogens or biofluids.

Chemical profile of unstimulated urine by ATR-FTIR Spectroscopy

ATR-FTIR spectrophotometer Vertex 70 (Bruker Optics, Reinstetten, Germany) was
used to record infrared spectra in the range of 4000 cm™ to 400 cm™ region coupled to a
micro-attenuated total reflectance (ATR) device. This ATR device is a high-refractive

diamond component in an internal-reflection element [11; 10]. The urinary pellicle was
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measured directly into the diamond disc. The infrared light is reflected at the interface toward
the urine sample in the diamond disc, resulting in specific signature profile waves. The urine
(2uL) from matched-controls preterm neonates without sepsis and late-onset neonatal sepsis
in preterm neonates were dried using airflow on ATR-crystal for 3 min before recording
urinary spectra in duplicate. The air spectrum was considered as a background in all
ATR-FTIR sample analyses. Urinary pellicle spectra and background were captured with 4

cm™ of resolution and 32 scans [9, 12].

Spectra data evaluation procedures

The spectra were normalized by the vector method and adjusted to rubber band
baseline correction. The obtained band areas were performed using Opus 6.5 software (Bruker
Optics, Reinstetten, Germany). The original data were plotted in the Origin Pro 9.0
(OriginLab, Northampton, MA, USA) software to create the second derivative analysis. The
second derivative was obtained by applying the Savitzky-Golay algorithm with polynomial
order 5 and 20 points of the window. The normalization of second derivatives was made by
mean, and the peak heights indicated the intensity of each urinary component [13].

Band areas were calculated from normalized and baseline corrected spectra using
OPUS software. Sensitivity and specificity values were calculated based on the external test
set as follows:

The specificity or true negative rate is defined as the percentage of rats who are

correctly identified as being control:

Specificity=TN /TN + FP

The quantity 1-specificity is the false positive rate and is the percentage of rats that are

incorrectly identified as late-onset neonatal sepsis.
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The sensitivity or true positive rate is defined as the percentage of rats who are correctly
identified as having late-onset neonatal sepsis:

Sensitivity=TP /TP + FN
where TP stands for true positives; TN for true negatives; FP for false positives; and FN for

false negatives [14].

Statistical analysis

The data of the band area were analyzed using the Studewithout sepsis t-test. For all
spectral band candidates, we constructed the ROC curve and computed the AUC value,
sensitivity, and specificity by numerical integration of the ROC curve. The
Kolmogorov-Smirnov test was applied to test the normality of the variables. All these
analyses were performed using the software GraphPad Prism (GraphPad Prism version 7.00
for Windows, GraphPad Software, San Diego, CA, USA). Only values of p < 0.05 were

considered significant and the results were expressed as mean = S.D [14].

RESULTS
Characterization of late-onset neonatal sepsis

A total of 190 in preterm neonates with gestational age of less than 34 weeks and birth
weight of less than 1500 grams were eligible. Of these, 39 in preterm neonates were removed
from the study due to confirmation of sepsis before 72 hours or detection of sepsis after the
eighth day of life. 106 were excluded from other clinical demographic characteristics. The
total sample included 45 samples, 6 late-onset neonatal sepsis in preterm neonates, and 39
matched-control without sepsis in preterm neonates. The demographic and clinical

characteristics of all in preterm neonates are depicted in Table 1. The gestational age, birth
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weight, gender proportion, and Score for Neonatal Acute, by Physiology and SNAP Perinatal
Extension (SNAPPE II) were similar in both studied groups.

Table 1. Demography characteristics of preterm neonates without sepsis subjects and
late-onset neonatal sepsis in preterm neonates.

Late-onset Control
tal sepsi
Variables "e"m(‘Na_geps's (N=39) P value
Gestational age 27,17 (£2,31) 29,36 (+2,09) 0,0232
(Weeks) 962,5 (+267.1) 1144(£266,7) 0,1274
Birth weight (grams)
0

Gender (%) 50% 36.84%
Mal

ae 50% 63,16% 0,6619
Femal

emate 26,5 (10-70) 20 (0-81) 0,1764
SNAPPE II

Average spectra of urine

A representative infrared average spectrum of urine from late-onset neonatal sepsis in
preterm neonates and in preterm neonates without sepsis is represented in Figure 1. These
urinary indicates the presence of lipids, proteins, and carbohydrates in all samples collected

from late-onset neonatal sepsis and matched-controls in preterm neonates.
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Figure 1. Average ATR-FTIR spectra (4000-400 cm-1) in the urine of late-onset neonatal

sepsis in preterm neonates and matched-controls in preterm neonates without sepsis.

Spectral bands analyzed by IR spectroscopy

Spectral band areas that indicate the intensity of specific molecules were analyzed in
urine. The bands with similar expressions (p > 0.05) were not described here. Figure 2
indicates the intensity of four vibrational modes with respective ROC curve analysis. The
vibrational mode at 1337 cm™ was higher (p < 0.05) in late-onset neonatal sepsis in preterm
neonates compared to in preterm neonates without sepsis. In this univariate analysis, using a
cutoff value of 0.005 the corresponding sensitivity and specificity were 66.67% and 89.74%,

respectively, with an area under the curve (AUC) of 0.7628 (p: 0.04) (Figure 2A). The
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vibrational mode at 1152 cm™ was also higher (p < 0.05) in late-onset neonatal sepsis in
preterm neonates compared to matched-control in preterm neonates without sepsis. In this
univariate analysis, using a cutoff value of 0.03216 the corresponding sensitivity and
specificity were 83.33% and 71.79%, respectively with an area under the curve (AUC) of
0.8483 (p: 0.0065) (Figure 2B). The vibrational mode at 1107 cm™ was also higher (p < 0.05)
in late-onset neonatal sepsis in preterm neonates compared to in preterm neonates without
sepsis. In this univariate analysis, using a cutoff value of 0.0002 the corresponding sensitivity
and specificity were 66.67% and 100%, respectively with an area under curve (AUC) of
0.8333 (p: 0.0092) (Figure 2C). The vibrational mode at 586 cm™ was also higher (p < 0.05)
in late-onset neonatal sepsis in preterm neonates compared to controls. In this univariate
analysis, using a cutoff value of 0.04133 the corresponding sensitivity and specificity were
66.67% and 78.95%, respectively with an area under the curve (AUC) of 0.7763 (p: 0.0312)
(Figure 2D). The suggested assignments of the main wavenumbers evaluated are described in

Table 2.
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Figure 2. The intensity of vibrational modes at 1516, 1337, 1152, and 1107 cm™ with

respective ROC curve analysis.



28

Table 2. Proposed assignments to vibrational modes used to discriminate late-onset neonatal

sepsis using urine [15].

Vibrational mode Proposed vibrational mode Molecular source
1516 Amide Proteins

1337 CH ring from polysaccharides Carbohydrates
1152 Glycogen-derived C-O stretching Carbohydrates
1107 CO ring from polysaccharides Carbohydrates
DISCUSSION

This proof-of-concept study indicates that the vibrational modes at 1516 cm™, 1337
cm™, 1152 cm™, and 1107 cm™ are candidates to be used in the discrimination of late-onset
neonatal sepsis using a biphotonic infrared platform coupled to univariate analysis. The
potential application of the ATR-FTIR platform in urinary samples is attractive due to its
potential to provide a novel strategy for a rapid delivery result using a reagent-free technology
with a higher sustainability index for late-onset neonatal sepsis detection. Three of four
suggested vibrational modes are suggested to be related to carbohydrate components,
indicating potential alterations in glucose metabolism and the presence of glycans in urine.

Blood culture is considered a gold standard technique for late-onset neonatal sepsis
diagnostics, however, the results frequently are delivered after 72 hours. Besides, the
sensitivity is increased in automated blood cultures, which is not frequent in low- and
middle-income countries [16]. Following bacterial levels, this technique can also present
false-negative results [17]. Although the incidence of late-onset neonatal sepsis in neonates
with very low birth weight is around 10 times higher than early-onset neonatal sepsis [18],

biomarkers for late-onset neonatal sepsis are still quite scarce, with more studies focused in
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early-onset neonatal sepsis [19]. Besides, most late-onset neonatal sepsis biomarkers were
focused on serum samples, and it is still necessary to increase the levels of sensitivity and
specificity of these biomarkers [20]. It was shown that C-reactive protein (CRP), high
sensitivity CRP(hs-CRP), presepsin, procalcitonin (PCT), and interleukin-6 (IL-6) can be used
as alternative analysis using platforms coupled with toxic reagents in the late onset neonatal
sepsis detection [21]. This study suggested in serum samples a cutoff value >6 mg/dl for
CRP, a cutoff value of >140 ng/ml for hsCRP, a cutoff value of >200 ng/ml for presepsin, a
cutoff value of >389 pg/ml for PCT [21], and a cutoff value > 22 pg/ml for IL-6. However,
these cutoff values probably need to be adjusted in different diagnostic laboratories and
change the expected accuracy.

The discriminatory vibrational modes in urinary samples of sepsis in neonates with
late-onset neonatal sepsis compared to matched controls without sepsis were related to the
amide region (1516 cm™), (CH ring from polysaccharides (1337 cm™), glycogen-derived C-O
stretching (1152 ¢cm™), and CO ring from polysaccharides (1107 cm™). In this context, a
previous study indicates that hyperglycemia in preterm neonates can be an alternative
biomarker for invasive fungal infection [22]. Besides, a parallel elevation was detected in
cellular glucose uptake with increasing bacterial levels in preterm neonates [23]. Continuous
glucose monitoring can be useful for optimal blood glucose control, and reducing the risk of
neonatal complications in preterm neonates [24]. These vibrational modes at 1516 cm™, 1337
cm’!, 1152 cm’!, and 1107 cm™ in the univariate analysis could present limitations about
reproducibility when applied on a larger scale in clinical neonatal practice for late-onset
neonatal sepsis. On the other hand, this proof-of-concept study opens perspectives for the
development of an innovative platform based on a sustainable biophotonic platform, without

the use of reagents and that can make a faster release of results, allowing in the future a
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reduction of over-treatment in the neonatal ICU due to the delay in the release of results by
the available technologies and also earlier detection that allows adequate therapy.

In conclusion, this proof-of-concept study is pioneering to suggest ATR-FTIR
spectroscopy to detect late-onset neonatal sepsis in preterm neonates compared with
matched-controls preterm neonates with a gestational age of fewer than 34 weeks and very
low weight on birth. Our study also highlighted the potential application of vibrational modes
at 1516 cm”, 1337 c¢cm”, 1152 ecm™, and 1107 cm™ related to CH ring from amides,
polysaccharides, glycogen-derived C-O stretching, and CO ring from polysaccharides,
respectively, for late-onset neonatal sepsis detection indicating a potential role of
carbohydrates metabolites for this purpose. In summary, these novel data suggest that
non-invasive urinary analysis by ATR-FTIR spectroscopy is a promising tool for late-onset

neonatal sepsis detection.
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