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RESUMO

O antigeno prostatico especifico (PSA) € uma protease glicoproteica,
produzida na glandula prostatica, sendo posteriormente secretada no Iumen
prostético. No fluido seminal encontra-se a maior parte do PSA produzido, sendo
apenas uma pequena fracdo liberada para a circulagdo sanguinea. Desde sua
descoberta em 1979, o PSA se tornou o biomarcador padréo ouro para diagnostico e
monitoramento de doencas prostaticas e devido a sua alta especificidade pelo tecido
prostético se tornou um marcador valioso na area forense para identificacdo de
fluidos seminais em evidéncias criminais. Na medicina diagnostica a presenca do
PSA é confirmada através de meétodos analiticos quantitativos como ELISA ou
radioimuensaio e por testes qualitativos como o imunocromatografico. Apesar de
representarem técnicas de alta sensibilidade e especificidade, os métodos
quantitativos apresentam custos elevados e ndo séo realizados em tempo real ou
em tempo rapido de resposta. De forma que ndo se adequam a rotina e a
necessidade dos laboratérios de biologia forense e da pericia criminal em local de
crime, isso porque se faz necessario, principalmente no local de crime, um teste
rapido e portatil. Nessa dissertagdo, foi realizada uma revisdo bibliografica das
diferentes técnicas diagndsticas disponiveis e em desenvolvimento para deteccao de
PSA. Os resultados mostraram diferentes técnicas na constru¢cdo de imunoensaios
utilizando testes de tira lateral, novas tecnologias em ELISA, imunossensores e
aptassensores, desenvolvendo testes rapidos, sensiveis e especificos para deteccao
de PSA. O desenvolvimento desses dispositivos e posterior comercializagao

forneceria um exame de baixo custo e com possibilidade abrangéncial mundial.

Palavras-chave: PSA,; biossensor; crime sexual; biologia forense; genética forense.



ABSTRACT

The Prostate specific antigen (PSA) is a glycoprotein protease, produced in
the prostate gland, which is subsequently secreted into the prostate lumen. Most of
the PSA produced is found in the seminal fluid, with only a small fraction released
into the bloodstream. Since its discovery in 1979, PSA has become the gold standard
biomarker for diagnosis and monitoring of prostatic diseases and due to its high
specificity for prostate tissue it has become a valuable marker in the forensic area for
identifying seminal fluids in criminal evidence. In diagnostic medicine, the presence
of PSA is confirmed by quantitative analytical methods such as ELISA or
radioimmunoassay and by qualitative tests such as the immunochromatographic.
Despite representing techniques of high sensitivity and specificity, quantitative
methods have high costs and are not carried out in real time or in quick response
time. So these tests don't fit the routine and the need for forensic biology labs and
forensics expertise at a crime scene, this because it is necessary, mainly at the crime
scene, a quick and portable test. In this dissertation, a bibliographic review of the
different diagnostic techniques available and under development for detection of PSA
was carried out. The results showed different techniques in the construction of
immunoassays using lateral flow assays, new technologies in ELISA,
immunosensors and aptansensors, developing rapid, sensitive and specific tests for
PSA detection. The development of these devices and subsequent

commercialization would provide a low-cost test with a worldwide scope.

Keywords: PSA; biosensor; sexual assault; forensic biology; forensic genetics.
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1 INTRODUCAO

A violéncia sexual apresenta-se como uma violagdo da intimidade, da
integridade fisica e dos direitos humanos, sendo também considerada um problema
de saude publica. Uma pesquisa realizada pela Organizacdo Mundial de Saude
(OMS) apontou para a prevaléncia de violéncia cometida por parceiro intimo contra a
mulher variando de 6% no Japdo a 58,6% na Etidpia. No Brasil, 0 cenario mostra
que existe um predominio desse tipo penal contra criancas e adolescentes,
majoritariamente do sexo feminino (MORENO et al.,, 2006; BLACK et al., 2014,
DELZIOVO et al., 2017).

A violéncia interpessoal é um problema generalizado de saude publica
mundial, associada com inUmeras consequéncias sanitarias, sociais e econémicas
(MURPHY et al., 2019). O crime sexual € uma violagdo dos direitos humanos
basicos e um grande problema de saude publica (OMS, 2014), € um fenémeno
generalizado, afetando diferentes segmentos da populacdo (PEZZOLI et al., 2019), e
causando diversos impactos na vida das vitimas (DWORKIN et al., 2017). Dados
estatisticos mostram que aproximadamente 36% das mulheres e 17% dos homens
experimentam algum tipo de violéncia sexual ao longo da vida, incluindo
comportamentos criminosos néo consensuais, consumados ou tentados, como
penetracdo oral, vaginal ou anal, toques ndo desejados e atos sexuais obtidos por
coercao ou incapacitacdo (SMITH; SKINNER, 2017).

A violéncia sexual esta relacionada a diferentes resultados psicologicos
negativos, como choque, medo e ansiedade, afetando diretamente a atividade diaria
das vitimas. Entre 17% e 65% das vitimas mulheres desenvolvem estresse poés
traumatico e entre 73% a 82% desenvolvem transtornos de ansiedade, além disso
estas vitimas apresentam 13 vezes mais chances de provocar atentados suicidas do
gue pessoas gque nunca sofreram este tipo de trauma (BROOKER; DURMAZ, 2015;
YUEN et al., 2019).

Avaliando o perfil das vitimas, dados estatisticos do Forum Brasileiro de
Seguranca Publica (FBSP) mostram que majoritariamente trata-se de mulheres
(81,8% do total de casos). Consoante com outras pesquisas da area, o principal

grupo de vitimizacdo sdo meninas muito jovens: 26,8% tinham no maximo 9 anos; e
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quando considerado o estupro de vulneravel, 53,6% das vitimas tinham no méximo
13 anos (Figura 1 e 2). Ampliando a andlise até 17 anos foi observado que 71,8% de
todos os registros de estupro se enquadravam nesta faixa etaria (FBSP, 2019). Em
2018 o Brasil registrou ao menos 32 mil casos de abuso sexual contra criancas e
adolescentes, o maior indice de notificagcBes ja registrado pelo Ministério da Saude
(MPPR, 2020). Esta caracterizacdo das vitimas de estupro trouxe um aspecto
duplamente grave, o primeiro diz respeito a vulnerabilidade das criancas e
adolescentes (71,8% dos casos), sendo que mais de 10% destas apresentavam
alguma deficiéncia de ordem mental ou fisica; o outro dado inquietante refere-se a
36,2% das vitimas possuirem um histérico de estupros anteriores, e dentre as
pessoas que apresentavam alguma deficiéncia, esse indice aumentou para 42,4%
(FBSP, 2019). Em relacdo ao vinculo com o abusador, 75,9% das vitimas possuem
algum tipo de vinculo com o agressor, entre parentes, companheiros, amigos e
outros, resultado que se aproxima ao de pesquisas de vitimizacao ja produzidas.
Esse dado mostra a proximidade entre o agressor e a vitima, o que revela a

gravidade do problema de violéncia doméstica no pais (SINAN, 2014; FBSP, 2019).

Os indices revelados FBSP demonstram um aumento de aproximadamente
46% nos numeros de ocorréncias policiais registradas referentes a estupro entre
2009 e 2016 (Tabela 1), o que representa apenas 7,5% do real quantitativo dos
crimes perpetrados, uma vez que este valor real € subnotificado (FBSP, 2019). Isso
porque o0s abusadores, em sua maioria, possuem livre acesso ao ambiente
doméstico das vitimas, além disso, a vitima sente medo, vergonha ou incapacidade

para denunciar sozinha.
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Figura 1. Numero de casos de estupro registrados no Brasil de acordo com a faixa etaria e sexo
(2018).

Vitimas do sexo feminino, por idade Vitimas do sexo masculino, por idade
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Figura 2. Distribuicdo dos crimes de estupro de acordo com a faixa etaria e sexo das

vitimas.
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Fonte: Adaptado de Microdados do FBSP 2019.

Tabela 1. Numeros absolutos de estupros registrados no Brasil.

Estupro 2009 2016
) Taxa/100 ’
Nameros Nameros Taxa/100 mil
Populagéo mil Populagéo ;
absolutos : absolutos habitantes
habitantes
Brasil 33.912 193.543.969 18 49.497 206.081.432 24

Fonte: Elaborado pela autora a partir de dados do FBSP 2019 .
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A prova material do crime sexual € a deteccdo do material masculino, o
sémen, nas cavidades oral, anal ou vaginal ou demais partes do corpo da vitima,
bem como em pecas de roupas ou objetos relacionados a pratica delituosa, como
preservativos, indumentos e pecas intimas (SUTTIPASIT; WONGWITTAYAPANICH,
2018). A presenca do sémen é confirmada através de testes imunocromatograficos
para deteccdo qualitativa do Antigeno Prostatico Especifico (PSA, do inglés prostate
specific antigen) e pela pesquisa de espermatozoides em laminas através da
Microscopia Otica (MO) (SUTTIPASIT; WONGWITTAYAPANICH, 2018).

O antigeno prostatico especifico (PSA, do inglés prostatic specific antigen) &
uma glicoproteina (de 30 a 33 kDa) de cadeia Unica com atividade de protease do
tipo quimotripsina, pertencente a familia das calicreinas. Produzido pela glandula
prostdtica e secretada no liquido seminal, o PSA desempenha a funcdo de
degradacdo de proteinas de alto peso molecular (seminogelina | e 1), que conduz a
liquefacdo do sémen, atuando de forma a impedir sua coagulacdo, mantendo a
fluidez e possibilitando que os espermatozoides se movimentem e fecundem o
ovulo, por exemplo (HEIDENREICH et al., 2014; GHORBANI et al., 2019). No fluido
seminal encontra-se a maior parte do PSA produzido, sendo apenas uma pequena
fracdo liberada para circulagdo sanguinea (ROOBOL; CARLSSON, 2013; ALBERTS
et al., 2015)

O gene que codifica esta proteina, o calicreina humana 3, fica localizado no
braco longo do cromossomo 19 (19q). Sendo traduzido inicialmente na forma de pré-
pro-polipeptideo, com uma sequéncia lider de 17 aminodacidos, que é clivada e
removida na via secretdria, produzindo entdo um precursor enzimatico inativo o
proPSA (Figura 3). Quando este pro-peptideo é secretado no limen prostatico, sofre
clivagem por outras duas calicreinas, que se torna rapidamente ativado para PSA
(CLEMENTS et al., 2001; SILVA, 2015; HATAKEYAMA et al., 2017).
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Figura 3: Representacao da sintese de PSA pelas células prostaticas.
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— PSA maduro e ativo

Fonte: Adaptado de HATAKEYAMA et al., 2017

Além de sua aplicacdo forense, o PSA também é rotineiramente utilizado no
diagnéstico e monitoramento de doencas, como o0 cancer de prostata, e outras
doencas prostaticas como hiperplasia e prostatites (BITNER, 2012; MARTINEZ et
al., 2015; SUTTIPASIT; WONGWITTAYAPANICH, 2018). Desde sua descoberta em
1979 por Wang e colaboradores o PSA se tornou o biomarcador padrdao ouro para
triagem, diagndstico e monitoramento terapéutico do cancer de prostata e um
parametro clinico de rotina para o manejo da hiperplasia benigna e disturbios
inflamatorios da préstata (RAUSCH et al., 2016).

Devido a sua alta especificidade pelo tecido prostatico, o0 PSA se tornou um
marcador valioso, ja testado e validado pela comunidade forense, para a
identificacdo de fluido seminal em evidéncias criminais deixadas por individuos do
sexo masculino (SUTTIPASIT; WONGWITTAYAPANICH, 2018).
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Na medicina diagnostica a presenca do PSA é confirmada através de
métodos analiticos quantitativos como o Enzyme-linked Immunosorbent Assay
(ELISA), o radioimunoensaio e o imunoensaio de quimioluminescéncia, e métodos
qualitativos como o teste imunocromatrografico (GHORBANI et al., 2019). Apesar de
representarem técnicas de alta sensibilidade e especificidade, os métodos
guantitativos apresentam custos elevados e nao sdo realizados em tempo real ou

em tempo rapido de resposta.

Tratando do método qualitativo, este que é utilizado nos testes de triagem de
biologia forense, sua aplicagdo se da& a partir da utlizacdo de testes
imunocromatografico rapidos, conhecidos como teste de tira lateral (ULUDAG et al.,
2016). Em contrapartida, a baixa sensibilidade do teste imunocromatografico (4
ng/mL) amplamente utilizado nos laboratérios de biologia forense, bem como a
impossibilidade de pesquisa de espermatozoides através da microscopia Optica em
vestigios encontrados em locais de crime (como vestes e objetos) e quando se
tratando de individuos azoospérmicos ou vasectomizados (MARTINEZ et al., 2015),
nos quais ha auséncia de espermatozoides no liquido seminal, faz com que seja
necessario, entdo, o desenvolvimento de uma metodologia que tenha maior
sensibilidade que os testes imunocromatograficos comercializados (HOCHMEISTER
et al, 1999; SAWAYA; ROLIM, 2004; PAULINO et al., 2017).

Os sistemade teste point-of-care (POCT) baseados em biossensores para um
teste rapido e confiavel no consultério do médico ja foram introduzidos para varias
condicbes médicas. Para a avaliacdo de diabetes ou inflamacdo aguda, que
guantificam a glicose (PEREIRA-DA-SILVA; OLIVEIRA, 2017) a proteina C reativa
(SYAL 2014; BROUWER, VAN PELT, 2015) e a hemoglobina glicada (SANCHEZ-
MORA et al.,, 2011; KNAEBEL et al.,, 2013) tém mostrado resultados de teste
confiaveis. De forma que o desenvolvimento de uma tecnologia POC para detecc¢éo
de PSA possibilitaria a realizacdo de exames e obtencéo de resultado em tempo real

ou com tempo curto de resposta.

Um biossensor € um dispositivo que detecta reacdes biologicas ou quimicas,
gerando sinais correspondentes a concentracdo do analito na reacdo (BHALLA,
2016). Sao pequenos dispositivos que utilizam componentes biol6gicos como

elementos de reconhecimento, ligados a um sistema de detecgéo, transducdo e


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhalla%20N%5BAuthor%5D&cauthor=true&cauthor_uid=27365030
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amplificagéo do sinal gerado na reacdo com o analito alvo (Figura 4). Para a IUPAC

(Unido Internacional de Quimica Pura e Aplicada, do inglés International Union of

Pure and Applied Chemistry), biossensores sdo dispositivos analiticos integrados

capazes de fornecer informacdo especifica, quantitativa ou semi-quantitativa,

utiizando um elemento de reconhecimento biolégico imobilizado a superficie

sensora do transdutor. Este, por sua vez, identifica e converte o sinal da reacao de

bioafinidade/bioquimica em um sinal analiticamente Gtil e mensuravel através de um
sistema de deteccdo especifico (FERREIRA et al., 2009; KIMMEL et al., 2012;
MONOSIK, 2012; ANUSHA et al., 2019).

Figura 4. (a) Representagéo esquematica de um biossensor, demonstrando sua composi¢&o
e os tipos de biorreceptores utilizados para deteccdo do analito alvo; (b) sinal eletroquimico gerado

na superficie sensora e (¢) mudanca de corrente elétrica apos a reacéo de bioafnidade entre o

Biorreceptor - Ny .

biorreceptor e a molécula alvo.

—
O
~
—~
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Corrente
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‘ d Sinal eletroquimico
Transdutor

Fonte: Adaptado de KHAN et al., 2020.

7

Um biossensor é composto por trés unidades basicas (NEETHIRAJAN;

RAGAVAN; CHAND, 2018):

Biorreceptor: que compreende o elemento de biorreconhecimento a
molécula alvo. Podendo ser composto por DNA (&cido
desoxirribonucleico, do inglés deoxyribonucleic), anticorpo, enzima,
proteina, aptamero, etc.

Transdutor: € um elemento que converte uma energia em outra.
Converte o sinal fisico-quimico ou biolégico, que ocorre no
reconhecimento molecular entre o biorreceptor e o analito, em um sinal

mensuravel proporcional a interacdo analito-biorreceptor.
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e Detector: amplifica e analisa os sinais oriundos do transdutor. Os
sinais sdo exibidos na forma Optica (colorimétrica, fluorescéncia,
guimioluminescéncia e ressonancia plasmonica de superficie) ou

elétrica (voltametria, impedancia e capacitancia), por exemplo.

Os primoérdios do que viria a ser um biossensor remota do periodo de 1906-
1922 com o desenvolvimento de um eletrodo para medi¢cdes de pH em solucdes,
realizado por Hughes (HUGHES, 1922). Em 1962, Clark e Lyons demostraram o
primeiro biossensor para deteccdo de glicose através da catalise pela glicose
oxidase (GOx), no qual a GOx foi aprisionada em um eletrodo de platina usando
uma membrana seletiva ao ion de Oxigenio. A reducdo na concentracédo do oxigénio
dissolvido foi detectada pelo eletrodo e mostrou ser proporcional a concentracao de
glicose na amostra (MONOSIK 2012; F. DE OLIVEIRA; PEREIRA, 2016; LAI et al.,
2016; OLIVEIRA, 2017). A tecnologia deste trabalho foi transferida e desenvolvida
pela Yellow Springs Intrument Company, que em 1975 lancou no mercado o primeiro
biossensor comercial de glicose (YELLOW SPRINGS INSTRUMENT COMPANY,
2012).

Notou-se entdo que sistemas eletroquimicos poderiam ser criados para uma
variedade de outros analitos clinicamente importantes através da ligacdo de enzimas
em sistemas eletrodicos apropriados. Guilbault e Montalvo, em 1969, descreveram o
primeiro biossensor potenciométrico a detectar uréia (GUIBAULT; MONTALVO,
1969). Em seu trabalho, Rechhnitz em 1977, ao desenvolver um eletrodo capaz de
detectar seletivamente arginina, utilizou o termo “sensor bioseletivo”, que tdo logo
passou a ser chamado biossensor, sendo até hoje utilizado para descrever sistemas
que utilizam um elemento biolégico como receptor e um transdutor fisico-quimico

para detectar a reacdo de bioafinidade ou catalitica (RECHNITZ, 1977).

Atualmente, pesquisas em biossensores vém sendo realizadas para aplica-los
no diagnoéstico biomeédico, bem como a uma ampla gama de outras areas, como no
monitoramento ambiental, controle de alimentos, avaliagdo de medicamentos e
aplicacéo forense. As exigéncias analiticas atuais tém exigido o desenvolvimento de
dispositivos biossensores mais acurados, com capacidade de realizar anéalises de
modo mais rapido, pratico e econdémico, além de medidas a beira do leito (POC do
ingles — “point-of-care”) (MONOSIK et al., 2012; CHOI, 2020).
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Nos ultimos anos, a industria de diagndstico tem desenvolvido biossensores
POC voltados para diferentes areas; na area da saude, principalmente no controle
da glicemia, esses dispositivos tém recebido especial atencéo (SABU, et al, 2019).
Hoje o mercado de biossensores POC cresce cerca de 16% ao ano. Estudos
econdmicos projetam um mercado global com aplicacdo em diversas areas, desde a
medicina diagndstica até as ciéncias forenses. Sua utilizagdo traz inUmeras
vantagens, como alta sensibilidade, uma vez que os biorreceptores possuem alta
afinidade pela molécula alvo; alta seletividade; além de apresentarem menor custo
quando comparados a outros métodos e técnicas de analise automatizadas, tais
COmMoO enzimaimunoensaio, ensaio por eletroquimioluminescencia, reacdo da cadeia
de polimerase e eletroforese (PORFIRIO; GIAROLA; PEREIRA, 2016) Estes
dispositivos apresentam tempo reduzido de resposta, o que possibilita sua aplicacéo
no monitoramento e deteccdo em tempo real da presenca ou atividade de algum
analito, que permite a reducdo dos custos de cada ensaio, sensibilidade e
especificidade. Essas caracteristicas fazem com que essa tecnologia seja bastante
atrativa para aplicacdo (ANTIOCHIA, 2020).

Nos biossensores, diversos sdo os métodos que podem ser empregados para
a transducao do sinal biolégico que ocorre na superficie transdutora, dependendo do
tipo de energia envolvida na reacdo entre o biorreceptor e o analito. Dentre eles:
opticos, térmicos, piezelétricos e eletroquimicos (GENG et al., 2017).

Os biossensores que se utilizam da transducdo Opitca se baseiam na
deteccdo de mudancas de absorcdo de radiacdo eletromagnética na regido do
visivel/infravermelho entre os reagentes e os produtos da reacdo ou na medi¢cdo da
emissdo de luz por um processo luminescente. Utilizam-se de sensores que
detectam absorbancia, reflectancia, fluorescéncia, quimioluminescéncia, ondas
evanescentes ou bioluminescéncia (SHIN et al., 2019). Biossensores Opticos mais
sofisticados empregam fibra Optica, podendo ser usados para converter quantidades
fisicas, como pressédo, temperatura e taxa de fluxo em quantidades mensuraveis
com um sistema de dispositivo complexo baseado em guia de onda de transmisséo
Optica; as fibras Opticas convencionais sdo usadas para muitas aplicacdes diferentes
que vao desde imagens de biomateriais ao monitoramento de téxicos ambientais
(LEE et al., 2020).
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Por sua vez, os biossensores de transducao térmica ou calorimétrica medem
a variacdo de temperatura, detectam substratos baseado no calor envolvido nas
reacdes bioguimicas entre o analito e o biorreceptor, normalmente uma enzima
(OLIVEIRA, 2017; BARI, REIS, NESTOROVA, 2018).

Os transdutores piezoelétricos utilizam-se de materiais com propriedades
piezoelétricas que permitem identificar alteracdes de massa. O efeito piezelétrico &
um fendbmeno fisico que se refere a capacidade de um material produzir tensao
quando submetido ao estresse mecanico. O sensor é excitado pela voltagem
alternada dada na superficie por dois eletrodos. A tenséo alternada causa oscilacdes
mecanicas do cristal e a frequéncia das oscilagbes é medida quando o cristal é
colocado no circuito de oscilacdo. O analito ou qualquer outra massa ligada a
superficie do cristal resulta em alteracdo da frequéncia de oscilagdo. O decaimento
na frequéncia é proporcional a massa ligada ao cristal (GENG et al., 2017,
POHANKA 2018).

Os biossensores de transducdo eletroquimica caracterizam-se pela
capacidade de converter o sinal da interacdo bioquimica em um sinal elétrico
utilizando eletrodos com o elemento de reconhecimento biolégico imobilizado, onde
elétrons sdo gerados ou dissipados na superficie do transdutor, produzindo um sinal
eletrbnico proporcional a concentracdo do analito (TURNER, 2013; VASILESCU,
2016). Como as medidas destas propriedades sao facilmente accessiveis
experimentalmente, as técnicas eletroanaliticas sdo adequadamente utilizadas na
guantificacdo de espécies de interesse nas mais diversas areas. Os biossensores de
transducédo eletroguimica vém sendo os mais frequentemente utilizados devido a
diversidade de materiais e de técnicas que podem ser aplicadas e que colaboram
para alta seletividade e sensibilidade desses sensores, além de oferecem algumas
vantagens, como baixo custo, simples design e pequena dimensdao (AHMET;
AHLATCIOGLU; IPEK, 2012, OLIVEIRA, 2017, SILVA 2015; ANUSHA et al., 2019).

Tratando-se dos biossensores eletroquimicos, a depender das técnicas
utilizadas, podem ser classificados como potenciométricos, condutimétricos,
impedimétricos e amperométricos. Os potenciométricos medem a diferenca de
potencial ou acumulo de carga no eletrodo de trabalho em comparagdo com o
eletrodo de referéncia em condicbes de corrente elétrica constante. Os

condutimétricos que analisam a condutancia ou resisténcia do eletrdlito, variando de
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acordo com a producdo de ions/elétrons das reacdes eletroquimicas, a
concentracdo de carga (condutividade) € obtida através de medi¢des da resisténcia
da solucdo entre dois eletrodos (XU; WANG; LI, 2017; SILVA, 2015; OLIVEIRA,
2017). Os sensores impedimétricos, por sua vez, atuam medindo a impedancia do
sistema na imobilizacdo de biocamadas na superficie do eletrodo. Por fim, os
biossensores amperomeétricos que se baseiam na mensuracdo da corrente elétrica
resultante do processo de oxidacdo ou reducdo de uma espécie eletroativa presente
na célula eletroquimica; de forma que um transdutor amperométrico € usado para
estudar a transferéncia de carga entre as interfaces das fases, em meio a 0s
eletrodos separados por um eletrdlito numa célula eletroquimica (HAMMOND et al.,
2016).

Dentre os tipos de biossensores quanto aos biorreceptores, sdo destacados
0S imunossensores que sao alvos deste trabalho e sédo baseados em reacgfes de
imunoensaio, na ligacdo entre anticorpo e antigeno (Figura 5), no qual um destes é
imobilizado sobre a superficie sensora como elemento de biorreconhecimento,
ligando-se especificamente ao antigeno ou anticorpo correspondente, neste caso ao
“analito” alvo (YOUMING SHEN; GUANGYU SHEN; ZHANG, 2018).

Figura 5. llustragdo de um imunossensor com ensaio em sanduiche, o qual possui um
anticorpo de captura e um anticorpo de detec¢do marcado, fazendo-se necessario a utilizacdo de um

substrato para quantificacdo do sinal gerado.
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Fonte: Adapatado de LARA; PEREZ-POTTI, 2018.
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Os anticorpos sdo uma familia de glicoptroteinas conhecidas como
imunoglobulinas (lg), que sao produzidos como parte da resposta imune humoral
adaptativa a um antigeno. Cada molécula de imunoglobulina é constituida por duas
cadeias pesadas e duas cadeias leves ligadas por pontes dissulfeto (Figura 6).
Existem cinco tipos de cadeias pesadas denominadas q, vy, 9, € e 4, que definem as
classes de imunoglobulina IgA, IgG, IgD, IgE e IgM. As cadeias leves sao de dois
tipos, kappa (k) e lambda (A). A especificidade de ligacdo ao antigeno é definida pela
porcao variavel (Fab) da molécula, constituida pela unido das regides variaveis das
cadeias leve e pesada da imunoglobulina (JUNIOR et al, 2010; DAY et al., 2015; LIU
et al., 2019).

A classe IgG é a mais abundante no soro sendo por isso a mais utilizada nas
técnicas analiticas devido a resposta tardia e a disponibilidade que pode variar até
80% entre as imunoglobulinas (VAN DE BOVENKAMP et al., 2016). Na figura 6,
uma representagcao esquematica da IgG, uma molécula em forma de “Y”, formada
por duas cadeias leves (com peso de cerca de 25 kDa) e duas cadeias pesadas
(pesando aproximadamente 50 kDa). A cadeia leve é formada por um dominio
constante e um dominio variavel, jA a cadeia pesada € formada por um dominio
constante e trés dominios varidveis. De forma que essas moléculas podem ser
divididas em duas regides, a regido de nao ligacado ao antigeno, denominada Fc, e a
regido de ligacdo ao antigeno, denominada Fab. Enquanto a fracdo Fab é rica em
grupamentos amina e € responsavel pela interacdo antigeno anticorpo, a porcao Fc
€ rica em grupamentos carboxilicos, sendo utilizada para possibilitar que a
imobilizacdo dos anticorpos na superficie sensora seja realizada de maneira
orientada, permitindo que os sitios de ligacdo aos antigenos fiqguem livres (JUNIOR
et al, 2010; DAY et al., 2015; LIU et al., 2019).
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Figura 6. a) llustracdo esquemaética de um anticorpo, onde DV = dominio variavel, DC =
dominio constante, Fab = fragmento de ligacdo ao antigeno e Fc = fracdo de néo ligacdo ao antigeno;
(b) estrutura tridimensional do anticorpo.
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Fonte: Adaptada de ZHANG; JU; WANG, 2008;

Apesar de grandes avancos terem sido alcangados no desenvolvimento de
imunossensores, utilizando-se de diferentes tipos de transducgdo, eles ainda
apresentam-se como uma tecnologia incipiente que necessita de incessantes
pesquisas para se estabelecer competitivamente no mercado de métodos analiticos
POC. Devido a grande importancia da deteccdo do PSA nas anadlises forenses de
modo rapido e pratico, esta dissertacdo discute os métodos de deteccdo de PSA
usualmente empregados, bem como 0s principais avan¢cos no campo de diagnostico
por biossensores; construindo uma revisdo com as diferentes técnicas
desenvolvidas e em desenvolvimento, partindo dos tipos de testes mais simples,
como o teste de tira lateral, aos biossensores com tecnologias mais avancadas,
robustas e sensiveis, possibilitando, entdo, a discussdo quanto ao limite de detecc¢éo

e sensibilidade da técnica da empregada.
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2 OBJETIVOS

2.1. Objetivos Gerais

Realizar um estudo de revisdo que possibilite fornecer uma visdo geral das
técnicas diagndsticas atualmente empregadas para deteccdo de PSA e das técnicas
em desenvolvimento, empregando o meétodo de revisdo sistematica através da
utiizacdo das bases de dados eletronica PubMed/Medilne e Science Direct
(Elsevier).

2.2 Objetivos especificos

Avaliar os métodos quanto ao seu limite de deteccdo, curva linear de
resposta, tecnologia empregada e tipo de ensaio realizado. Por fim, avaliar a

contribuicdo dos biossensores para medicina diagndstica e areas afins.
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3 METODOLOGIA

Para o desenvolvimento deste trabalho, foi empregado o método de revisdo
sistematica. A revisao sistematica da literatura é um estudo secundario, que tem por
objetivo reunir estudos semelhantes (projetos primarios) avaliando-os criticamente
em sua metodologia e reunindo-os numa analise estatistica quando isto € possivel.

Projetamos o protocolo de pesquisa de acordo com o manual Cochrane. Essa
dissertacdo consistira em uma busca nas seguintes bases de dados bibliografica
eletrdnica: PubMed/Medilne e Science Direct (Elsevier). A estratégia de busca
incluira os termos MeSH (sigla inglesa para Medical Subject Headings), que séo o0s
descritores ou palavras-chave que a base de dados utiliza para indexar o artigo
(descritos na tabela 2), e também dos entre termos, que seriam 0S termos
relacionados aos MeSH terms. N&o ha restricdo de ano de publicacéo e idioma, para
gue sejam analisadas as técnicas empregadas desde o inicio da utilizacdo do PSA
como marcador. Inicialmente foi realizada uma pesquisa no Registro Prospectivo
Internacional de Revisbes Sistematicas (PROSPERO), ndo sendo encontrado
nenhum protocolo de revisdo sistematica relacionado ao tema de técnicas e

métodos diagndsticos disponiveis para deteccao de PSA.

Tabela 2: Descricdo dos termos MeSH e entre termos utilizados para construcdo da revisao.

Termo MeSH Entre termo

Antigeno prostatico especifico

Sistemas Point-of-Care

Técnicas em biossensores Eletrodos

Biossensor
Cromatografia Imunocromatografia
Diagnéstico

Fonte: Elaborada pela autora

Como critério de inclusédo, fordo abordados estudos referentes a técnicas ja
aplicadas e bem definidas na prética laboratorial e novos estudos desenvolvidos
para 0 mesmo fim. Tendo como objetivo analisar o0 que 0s novos ensaios trazem de

vantagem para a medicina e areas afins, bem como a inovagao trazida quando
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comparadas com as tecnologias j4 estabelecidas. Serdo excluidos os artigos de

revisao e os que se referirem a outros marcadores que ndo sejam o PSA.
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ABSTRACT

Prostate-Specific antigen (PSA) is a glycoprotein produced in the prostate gland and
subsequently secreted in the seminal fluid, which performs the function of
liquefaction of semen owing to its protease activity of the chymotrypsin. Due to its
high specificity for prostate tissue, PSA has become a gold standard biomarker for
diagnosis and monitoring of some prostatic diseases
and for semen in criminal samples involving rape in the forensic laboratories.
Laboratorial tests, such as enzyme linked immunosorbent assay (ELISA),
Electrochemiluminescence assay (ECLIA), immunofluorescence assay (IFA) have
been used and are gold standard methods, however they are not practical as point-
of-care tests (POCT) and require a highly sophisticated equipments and personel
skilled, implying in a high cost. In the case of POCT, in forensic biology laboratories
for PSA screening, lateral flow tests are used, which are immunochromatographic
tests. This type of test is widely used, however it is a qualitative test and presents
sensitivity when compared to the gold standard technique, which is the ELISA In view
of the need for a rapid, low-cost and high-sensitivity test, biosensors appear. These
are analytical devices that produce a quantitative response as a function of
concentrations of analyte. In recent years, application of nanomaterials to the
biosensors has contributed for development of more sensitive and stable sensor
platforms allowing the detection of target analytes, including the PSA. Herein,
methods of electrochemical and optical detection of PSA were reviewed, as well
application of different nanomaterials in sensor platforms.

Keywords: PSA; biosensor; rape victims; sexual crime; nanomaterials.
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1. Introduction

In 1979, WANG and colleagues purified a 33 kDa glycoprotein, naming as
prostatic-specific antigen [1]. Prostate-specific antigen (PSA) is an androgen-
regulated serine protease found in semen. It is produced in prostate and secreted
into the prostate lumen, with a small fraction secreted in bloodstream [2]. Due to its
high specificity for prostate tissue, the PSA have been widely used in investigation of
sexual crime cases. The material evidence of the crime being the presence of semen
in the victim's body (whether in the vaginal, anal, oral cavity or other parts of the
body) or in objects related to the criminal practice, such as, for example, condoms
and underwear [3]. Confirmation of semen corroborates the victim's allegations and
provides biological material to identify a genetic profile of the agressor, this because
the detection of PSA serves as an initial screening test to determine the presence or
absence of male material in the respective sample [4].

DNA testing is still expensive, so in forensic laboratories the screening test is
done initially and only afterwards is molecular analysis performed to identify the
semen. Screening tests commonly involve microscopic visualization of sperm or
assays to detect the presence of seminal markers such as acid phosphatase (AP) or
PSA [5]. When sperm is detected in the traces, it materializes sexual contact and
confirmation of ejaculation, being irrefutable proof of the presence of semen [6]. The
sperm visualization still presents false negative results, which doesn’t mean the
absence of non-sperm material from the aggressor in the sample. The absence of
sperm may be due to the time lag between crime and the collection of material, as
well as the fact that criminals are oligospermic or azoospermic [7], therefore, in this
situation, the detection of PSA is of great importance. The PSA is extracted by
maceration of the samples including tissue and others, and measured in liquid form
[8, 9]. Immunochromatographic assays, such as lateral flow, are used by forensic
laboratories to perform simple and rapid analyzes of body fluids and detect the
presence of PSA. A lateral flow that uses monoclonal antibodies specific for human
PSA to detect the presence of semen.

Considering the importance of PSA in criminal cases, several analytical
methods for PSA have been developed and are comercialy available, supplying
guantitative, semi-quantitative and qualitative responses. Regarding the portability,

point-of-care tests (POCT) based on immunochromatography assay is a qualitative
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methos shows that are possible to have results in qualitative result for presence of
PSA in biological samples in real time [10]. In forensic biology, a positive or negative
result of PSA is already satisfactory, since it indicates the presence of material of
male origin in the sample [11]. POCT supplying semi-quantitative responses for PSA
have been developed [12]. Gold standard quantitative methods are the Enzyme-
linked immunosorbent assay (ELISA) and the Chemiluminescence immunoassay [13,
14, 15]. These analytical devices present results with high sensitivity, but are time-
consuming and depend on the use of sophisticated equipments. Due to their
sensitivity, ease of operation, short or real-time response time and compatibility with
miniaturization, biosensors have attracted considerable attention for PSA detection
on the last decade [16]. So this review discusses and summarizes recent advances
in PSA detection techniques, including lateral flow tests, ELISA, immunosensors and
aptasensors. These tests will be evaluated according to the technology and the
analytical method used, evaluating the detection limits and the linear response curve.

2. Conventional assays

In small laboratories and forensic biology laboratories, the detection of PSA is
performed through an immunochromatographic test, a qualitative test. This is based
on a combination of antibodies to metallic nanopatrticles, or other visible material [17].
Using the principle of immunochromatography and the practicality of the lateral flow,
a quantitative test was developed [18], PSAwatch, associated with a reader,
BioScan. The PSAwatch consists of a lateral flow, where the anti-PSA antibody is
immobilized and a second antibody immobilized on the test line (Figure 1). BioScan
was used to read the intensity of the test line. This intensity is compared with the
calibration information specific to the batch of cassettes in use and algorithms in the
BioScan reader convert the line intensity into a PSA concentration.

ELISA is a solid phase test carried out conventionally and which detects target
biomolecules (antigens, antibodies, hormones, proteins, etc.), for this detection
antibodies labeled with an enzyme are used, making it necessary to use a substrate
to reveal the reaction of bioaffinity between the target and the antibody [19].
However, there still remain some disadvantages about classical ELISA assays,
including the complicated and time-consuming implementation procedure, the use of

enzyme-labeled, fluorescent or chemiluminescent antibodies, and the bulky
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measurement instrument. Therefore, numerous attempts have being made to
improve the conventional immunoassay. As an alternative technique, Deng and
colleagues proposed a test for PSA detection based on ELISA, which uses copper
oxide nanoparticles (CUONPS) as signal markers [20]. The method is based on Cu?*-
catalyzed oxidation of ascorbic acid (AA) by O, to depress the formation of colored
gold nanoparticles (AuNPs). In the presence of the target, antibodies labeled with
CuONPs were captured by sandwich-type immunoreaction. To replace the classic
enzyme labels, nanomaterials as signal reporters have attracted tremendous
attention in the development of immunoassays. Since each nanolabel contains a
large number of detectable atoms, being very promising for the construction of highly
sensitive immunoassays. CuO nanoparticles have been used recently for

immunosensor signal probes because of its low cost and good stability advantages.
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Figurel. Lateral flow assay illustration, showing the possibilities of using antibody labeling
with different nanoparticles, such as AuNPs and QD. Demonstrating the possibility of developing a

colorimetric [18] or fluorescent [22] detection system.
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3. New approaches in PSA detection

Considering the tests already available for the detection of PSA and its
diagnostic importance, new tests have been developed aiming at increasing
sensitivity and specificity, lowering costs, enabling coverage even in the most remote
areas of the world, to make the diagnosis accessible to the entire population [11].

In addition to the new lateral flow and ELISA tests described earlier, other
techniques have been developed. An example of this is the development of a
portable device, the MCFphone [21], consisting of a sandwich immunoassay, using
colorimetric or fluorescent detection to quantify the analyte. The MCFphone consists
of an integrated smartphone with a magnifying glass, a simple light source (LED light
for colorimetry and a UV black light for fluorescence), and a miniaturized
immunoassay platform, the Microcapillary Film (MCF). The excellent transparency
and flat geometry of the fluoropolymer MCF allowed the quantification of PSA with

precision using enzymatic amplification and a chromogenic substrate. The detection
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limit was improved in whole blood samples with the use of a fluorescence substrate.
This is because the fluoropolymer MCF has special optical properties, such as a high
degree of transparency, which favors immunoassays. Since optical detection is
based on simple and economical technologies, such as a smartphone, requires
specific optical properties of the test platform to be able to use small changes in the
intensity of the transmitted light to quantify the analyte.

Also using a smartphone as a detection system, a lateral flow immunoassay
(LFIA) based on gquantum dots (QDs) was developed for detection of free PSA (f-
PSA) and PSA conjugated to alpha-antichymotrypsin (c-PSA), this is because psa
can be present in plasma in a free form or associated with proteins [22] (Figure 1).
Recently, magnetic QD (MQDs), a composite nanomaterial with distinct magnetic and
fluorescent properties, have been employed as alternative probes in LFIA to improve
sensitivity for complex biological matrix analytes [23, 24, 25]. MQDs produce a
substantially improved fluorescence signal, besides, antibody-conjugated MQDs can
recognize immunologically, through magnetically separate and enrich analytes in
complex samples under an external magnetic field. To make the lateral flow
imunoassay, nitrocellulose was used as a support and monoclonal antibody as a
solid phase to capture the PSA. For detection of PSA-f and PSA-c, the antigens were
incubated with the MQDs and subsequently magnetic separation was performed. To
obtain the immunoassay result, the lateral flow were excited under an ultraviolet light
source and the fluorescence images were captured and analyzed using the two-color
fluorescent lateral flow reader created internally with the smartphone.

In addition to the tests described previously, biosensors have received
prominence in the most diverse diagnostic areas. Biosensors are analytical devices
incorporating a biological sensing element (Figure 2). They take advantage of
biology's exquisite sensitivity and specificity in conjunction with physico-chemical
transducers to provide complex bioanalytical measurements in simple, easy-to-use
formats [26].

These devices have reduced response time, which allows their application in
monitoring and real-time detection of the presence or activity of some analyte, and
the possibility of reuse, which allows the reduction of the costs of each test,
sensitivity and specificity. These characteristics make this technology very attractive

for diagnostic applications [25]. The biosensor used for immunoassays is known as
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an immunosensor (Figure 3). This device is based on immunological reaction that

occurs when there is antigen-antibody recognition [27].

Figure 2. Representation of the elements that form a biosensor. Composed of a transducer, a

recognition layer and a system capable of recognizing and transforming the bioafinity reaction into a
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For immunosensors development, several systems can be used for the
transduction of the biological signal that occurs on the surface of the transducer,
such as optical, acoustic, calorimetric, piezoelectric and electrochemical, for example
[28]. So that the electrochemical transducers are the most attractive and prevalent in
bioanalysis, due to the diversity of transducer techniques and materials that
collaborate for high selectivity and sensitivity of these sensors; ease of construction
and measurement; portability and possibility of miniaturization [29, 30].
Electrochemical biosensors are characterized by the ability to convert the biological
interaction signal into an electrical signal using electrodes with the immobilized
biological recognition element [31].

In immunosensors the PSA detection can be based on the sandwich assay,
direct or indirect capture assay (Figure 4). In sandwich assay the target analyte is
sandwiched between two recognition elements, the capture antibody and the
detection antibody, it is necessary to use enzymatic substrates or some nanomaterial

to transduce the bioaffinity reaction on the sensor surface. Contrariwise, in the direct
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capture assay, a single biorecognition element is used, with an interaction between
the PSA and the receiver being the only event necessary to modify the

electrochemical signal on the transducer surface, a label-free imunoassay [2, 32].

Figure 3. Among the biosensors, the immunosensor is composed of the immunological
recognition unit and the target analyte (antigen); and the aptasensor composed of a DNA fragment

as a bioreceptor for a specific molecule.

Immunosensor

Aptasensor

3y )
¢ ¢ ¢

- ‘
7
X

| _/.
s ®
N ®

Biorecognition

)

Subtitles

‘ Antigen \\

| DNA aptamer
\( Antibody /

. Electrode surface

Using well-established and reproducible commercial electrodes, an integrated
and automated “lab-on-a-chip” detection plataform was developed for disease
biomarkers detection [33]. An integrated and fully automated electrochemical
amperometric biosensor was designed, based on the MiSens biosensor device
prototype (MiSensTM). The MiSens device would be controlled wirelessly using a

tablet with the MiContTM software [34]. Sandwich immunoassay was used for
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analytical detection, using capture antibody and detection antibody labeled with
AuNPs and HRP, lastly, the enzyme-substrate was made available on the surface to

obtain the response signal of the bioaffinity reaction.

Figure 4. immunoassays illustration, showing the main differences between antigen detection
techniques. In the direct capture assay that occurs with the antigen-antibody interaction, unlike the
sandwich assay, which requires the use of two types of antibodies, one of which is marked, and later

addition of substrate to reveal the reaction.
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Regarding electrochemical immunosensors, an impedance-based sensor
using interdigital transducer (IDT) with molybdenum disulfide (MoS;) as an
electrically active detection layer was developed to detect PSA [34]. The sensors
were fabricated using all printing approaches. The MoS, thin film was deposited
using Electrohydrodynamic Atomization (EHDA) on top of an interdigitated
transducer (IDT) electrode fabricated by reverse offset printing. The biosensor was
developed using the field-ffect transistor (FET) technology, associated with a
Smartphone detection system, in which a calibration curve was built using samples
with known concentrations and recording the corresponding impedance. The sensor
showed promising performance in terms of stability, specificity, repeatability,

sensitivity and detection limit.



42

In the case of versatile biosensors, a sensor platform was developed for two
transducer technologies: optics and electrochemistry. This biosensor has been
described for PSA detection using magnetic nanoparticles (MNPs) [35]. The
methodology used was based on a modified gold electrode with functionalized MNPs
linked to a specific peptide substrate for PSA. The functioning of the biosensor when
recognizing its target analyte was based on proteolysis on the sensor surface,
causing the MNP-peptide complex to detach from the platform. An external magnetic
field would then attract the cleaved MPN-peptide fractions away from the platform,
changing their properties, which could be interpreted by electrochemical impedimetric
spectroscopy and surface plasmon resonance (SPR) or by the visible color change
(colorimetric biosensor).

More recently, molecular identification technology using membrane
engineering (MIME) and bioelectric recognition assay (BERA) has been employed to
develop an innovative system for the detection of PSA [36]. BERA in combination
with MIME technology is a method based on changing the potential of the cell
membrane (with specific antibody) when it interacts with the target antigen. This
combined approach offers ultra-fast (Table 1) detection capability (3-5 min) and very
high sensitivity. For the manufacture of the biosensor, the Vero cell line was cultured
and, according to the protocol, the cells were modified through the electro insertion of
the anti-PSA antibody in its membrane. Regarding the detection system, an eight-
channel potentiostat and DropSens commercial electrodes were used, consisting of a
strip with eight pairs of electrodes. At the same time that this platform was being built,
a second biosensor to serve as a comparison was also developed. So that after due
experimentation, it was observed that the cell-based biosensor signal tends to
decrease as the PSA concentration increases, while the immunosensor signal
follows a reverse pattern. When the two methods were compared, the new cell-based
biosensor performed better than the immunosensor in terms of statistically significant
sensitivity and resolution in positive samples containing PSA <4 ng mL™.

Another technology in the development of biosensors has been employed, this
time a sensor based on molecularly imprinted polymer (MIP) [37]. For this, the blue
toluidine polymer (TBP) was used as an artificial receptor for monitoring PSA. To
form the MIP, the gold electrode initially went through an electropolymerization
process with toluidine blue in the presence of PSA. Then it went through an

electropolymerization process (cyclic voltammetry for 60 cycles) with toluidine blue
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(in PBS) in the presence of PSA to form the MIP. The electrochemical
characterization of the platform was carried out using the techniques of cyclic
voltammetry and differential pulse voltammetry. The MIP bioreceptor's ability to
recognize proteins has been studied by some electrochemical techniques. The
binding affinity of the MIP system was considered to be considerably higher than that

of the nonimprinted polymer (NIP) system.

3.2 Aptasensor

Also concerning the biosensors, it is important to highlight the aptasensors.
Aptamers are small oligonucleotides that bind to specific target molecules. The
development of an aptasensor based on microfluidic paper [38] for electrochemical
detection of PSA, compensates for the low sensitivity problems associated with
sensors based on field-effect transistors, offering a large surface area for detection.
Besides, it still solves the commercialization problem, since the manufacturing
techniques used are all printed, cheap, simple, highly accurate, and compatible with
mass production. The paper device was manufactured with wax printing to generate
hydrophobic and hydrophilic layers for the construction of the microfluidic channel,
followed by the printing of the three electrodes including work, counter, and a
reference electrode. Gold nanoparticles (AuNPs), reduced graphene oxide (rOG),
and thionine (THI) were synthesized and characterized, being used to modify the
surface of the working electrodes for the immobilization of the DNA aptamer probe.
Thionine as an electrochemical mediator to transduce biological recognition between
DNA aptamer and PSA and the excellent conductivity of AUNPs, and rOG also play a

significant role in electron transfer, leading to sensitive detection for PSA.

4. Electrochemical Readout Methods for PSA Detection

Electrochemical biosensors are characterized by the ability to convert signal
from biological interaction to an electrical signal, using electrodes with the biological
recognition element immobilized on its surface, in which electrons are generated or
dissipated on the surface of the transducer, producing an electronic signal

proportional to the concentration of the analyte [39, 40].
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The most common electrochemical techniques employed in PSA sensing for
point-of-care platforms include chronoamperometry (CA) [41, 42], cyclic voltammetry
(CV) [43, 44], differential pulse voltammetry (DPV) [45], square-wave voltammetry
(SWV) [46] and electrochemical impedance spectroscopy (EIS) [44]

Voltammetry is an electrochemical technique where the qualitative and
guantitative information of a chemical species is obtained from the recording of
current-potential curves, made during the electrolysis of this species in an
electrochemical cell. The potential is applied between the working electrode and the
reference electrode in the form of a sweep, that is, varying it at a constant speed as a
function of time. The potential and the resulting current are registered
simultaneously. The current vs potential curve obtained is called a voltamogram. It
can be cyclic voltammetry, square wave or differential pulse, for example [45].

Varying the work potential in CV, the contribution of the capacitive current
becomes significant, not distinguishable from the faradaic reaction current, at high
speeds, which makes the analysis unfeasible. Thus, the introduction of voltammetric
techniques of square wave and differential pulse in the electroanalytical area aims to
minimize the influence of capacitive currents in voltammetric systems based on
faradaic current measurement [46, 47].

The sensitivity of the technical DPV is comparable to that coming from the
SWV. The biggest advantage of SWYV is the speed of data acquisition. Frequencies
from 1 to 100 square wave cycles per second allow the use of extremely fast
potential scanning speeds. While in DPV the scanning speed varies from 1 to 10 mV
s™, in SWV this speed varies from 100 to 1000 mV s, this decreases the analysis
time from about 3 to 5 minutes to a few seconds (3 to 10s) without loss of peak
resolution [48].

Electrochemical impedance spectroscopy is a technique known to be quite
sensitive to changes that occur at the electrode/solution interface. Impedance, in
general, is the measure of a resistance. It is observed that the phenomena that occur
at the interface are interpreted by means of electrical elements, such as: resistors
and capacitors. The EIS is based on the application of a small sinusoidal potential
disturbance at a given frequency and recording the corresponding current variation
[49, 50]

Chronoamperometry is an analytical method in which the magnitude of the

electrical signal (current) is measured as a function of time. Consists of monitoring
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the current flowing through the working electrode as a function of time at a fixed
potential at which the redox reaction of the substrate under study will occur [51].
Among the electrochemical techniques, CV and EIS are the most suitable for
the characterization of biosensing platforms, as they allow to follow the stages of
modification of the electrode surface according to the electrical parameters (current

density, capacitance, resistance, for example) [52].
5. Evaluating of analytical methods

The detection methods presented are based on immunochromatography,
ELISA, and biosensors. Table 1 shows the different methods according to their linear
response and detection limit, and the tests are classified as direct capture assay or
sandwich assay. In the sandwich method, two antibodies are used, a detection
primary and secondary labeling, and an enzymatic substrate is also required to
reveal the enzymatic action, except when working using QDs, because the samples
were excited under an ultraviolet light source and the fluorescence images were
captured and analyzed using the two-color fluorescent lateral flow reader created
internally with the smartphone. Although selective, this method implies high operating
costs, including increased sample processing steps. Direct tests have the advantage
of reducing the processing steps and consequently reducing operating costs [53].

Among sandwich immunoassays, the test with the lowest detection limit,
corresponding to 1 pg mL™, was based on electrochemical impedance spectroscopy.
This can be explained by the fundamental role of MNPs in signal intensification,
because when hot spots occur, they are regions where the electromagnetic field is
more intense by coupling the excitation modes of the plasmons of MNPs, leading to
high intensity detections of molecules located at the site [54]. The success and
satisfactory performance of this sensor can also be attributed to the electrochemical
technique used, this because this method allows the system to be disturbed with the
use of small potential values, making it possible to investigate phenomena close to
the equilibrium state. In addition, this technique makes it possible to identify
electrochemical effects through the various parameters obtained with impedance
diagrams, separation of the effects of solution resistance and polarization resistance.
Great sensitivity was also observed in the new ELISA, with a detection limit of 0.01

ng mL™, that in addition to achieving satisfactory LOD when using nanomaterials
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instead of labeled enzyme, it also corrects one of the main limitations of the
technique, which is the long duration of the procedure. The immunochromatographic
method associated with the PSAWatch, among the sandwich immunoassay, was the
one with the lowest sensitivity, with a detection limit of 0.05 pg L™. The PSA values
obtained by PSAWatch were compared with laboratory values, using tests with linear
range of 0.003-0.03 pg L. The PSAwatch does not reach at this range, which in
clinical practice is only used after radical prostatectomy. PSAwatch, therefore, should
not be used to monitor patients after radical prostatectomy. The sensitivity of the
PSAwatch test should, however, be sufficient for forensic application, as well as for
most PSA clinical indications.

In contrast, the lateral flow immunoassay, which presented similar technology,
showed a good detection limit of 0.008 ng mL™ for f-PSA and 0.061 ng mL™ for c-
PSA. This can be justified by the use of MQDs, since this nanomaterial can be used
to increase the sensitivity for analytes in a complex biological matrix [23, 24, 25]. In
addition, MQDs conjugated with specific antibodies can recognize immunologically,
magnetically separate and enrich the analytes in complex samples under an external
magnetic field [22]. Studies and applications of QDs reveal them to be effective as
new luminescent probes for diagnostic purposes. Successful targeting of the particle
to target a particular type of biomolecule includes the ability to target specific tissues
and cells. They also have several advantages over organic markers, because in
addition to being highly luminescent, they don’t undergo photodegradation, have a
wide range of wavelengths for excitation, symmetrical fluorescence peaks and
emission (fluorescence) at wavelengths adjustable by the particle size [56, 57].

Regarding sandwich immunoassays, the methodology developed using the
MCFphone was able to detect and quantify PSA within the dynamic range of 0.9 to
60 ng mL™ of PSA in 13 min, using colorimetric detection and within 0.08 ng mL L™ to
60 ng mL™ PSA, using fluorescence detection of whole blood samples. While the
conventional ELISA based on microtiter plate, high sensitivity is achieved using long
incubation times and long test times, kinetic studies on the MCF platform have shown
that it is possible to achieve high sensitivity with short incubation times. Similar
studies with a microfluidic device incorporating smartphone colorimetric detection
reported a detection limit of 3.2 ng mL™ in 30 min of testing [58], therefore, a

sensitivity 3.5 times lower for twice the testing time in compared to MCFphone.
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Already among electrochemical biosensors with direct assays, the
methodology that used DNA aptamer and differential pulse voltammetry as a
detection method for PSA detection, presented the best LOD with a value of 10 pg
mL™. The paper device was manufactured with wax printing, and the
nanocomposites were synthesized and characterized, being used to modify the
surface of the working electrodes for the immobilization of the DNA aptamer probe.
Thionine as an electrochemical mediator to transduce biological recognition between
DNA aptamer and PSA, and the excellent conductivity of AUNPs and rOG also play a
significant role in electron transfer, leading to sensitive detection for PSA, capable of
detecting PSA as low and 10 pg mL™, with a linear range of 0.05 to 200 ng mL™. The
choice of electrochemical technique is able to interfere in the final result of
guantification, techniques like CV are rarely used to quantify the analyte, because by
varying the potential in the working electrode, the capacitive current contribution
becomes significant, undistinguishable from the reaction fararic current, which makes
the analysis unfeasible. So that DPV circumvents this deficiency, because it
minimizes the capacitive current contribution in the obtained signal, and presents
greater sensitivity. Due to the detection advantages presented in comparison to
direct current techniques, VPD is one of the most used techniques [59, 60, 61].

Regarding devices developed using smartphones or other electronic devices
as detection mechanisms, they are integrated with a high performance digital camera
and computational processing power that allows the miniaturization of the optical
reading device for point of care diagnostic applications. Devices such as the
MCFphone and the biochip previously presented and which presented 0.08 ng mL™
and 0.2 ng mL™?, respectively. The use of electronic devices coupled with biosensors
can represent an advance to internationalize the device, since everywhere in the
world there is access to smarthphones, for example. A technology that is easy to
handle and widely circulated, in which a detection method that could be used directly
at a crime scene to identify semen would be inserted. What would facilitate the
screening in the forensic genetics laboratories, already indicating the presence of
male material in the sample, not requiring a new exam in the forensic biology

laboratory and reducing steps to release the DNA test with the aggressor's profile.
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Table 1. Summary of the recent work on PSA detection categorized based on the detection mechanism: (a) sandwich assay and (b) direct detection assay;

LOD and linear range.

Assay componentes Method of detection Linear range LOD Reference

Aby, Ab, Fluoropoymere, Colorimetric/ fluorescence 0.9 t0 0.60 ng mL™/ 0.08 0.08 ng mL" 21
streptavidin-HRP, OPD, FDP t0 0.60 ng mL ™

Ab;, Ab, AuNPs, anti-PSA Immunochromatography 0,5t025 pg L’ 0.5ug L 18

Aby, Ab, Abs, MQDs, UV light Lateral flow imunoassay 0.01 to 100 ng mL"

0.008 ng mL™ (f-PSA) /
0.061 ng mL™ (c-PSA)

b) Direct capture assay

Ab, VERO cells Cronoamperometry 1to 10 ng mL 1.72ng mL’ 36

Ab, MoS, Impedance 1ngmL™ a800ng mL 0.1 ng mL’ 34
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6. Conclusions and Future Directions

The gold standard test for PSA detection is the ELISA, but in routine criminal
investigations it isn’t an applicable test. The laboratories don’t have the required
technologies, in addition to proving to be an expensive test with a long period of
execution, so that it would not meet the demand of forensic biology laboratories.
Furthermore, the ELISA would also not be applicable to the crime scene, as a
portable test with rapid results is necessary. Unfortunately, lateral flow tests don’t
show great sensitivity and show some false negative results.

In recent years, there have been enormous research efforts to improve the
sensitivity, specificity, and limit of detection of PSA. From the operating principles
previously categorized, conventional sandwich assays, whether ELISA or the like,
although widely studied and used, depending on several steps and a large number of
reagents. An alternative to this is the direct approach, where a single capture event
leads to signal generation using, for example, the concepts of electrochemistry.
Since electrochemistry offers the advantage of a quick test, relatively low cost, and,
often, portability. In the tests described, detection limits were reached as low as 10
pg mL' using differential pulse voltammetry and 1.72 ng mL™* with
chronoamperometry, which would meet the diagnostic needs. In recent years, there
have been enormous research efforts to improve the sensitivity, specificity, and limit
of detection of PSA. From the operating principles previously categorized,
conventional sandwich assays, whether ELISA or the like, although widely studied
and used, depending on several steps and a large number of reagents. An
alternative to this is the direct approach, where a single capture event leads to signal
generation using, for example, the concepts of electrochemistry. Since
electrochemistry offers the advantage of a quick test, relatively low cost, and, often,
portability.

Nanotechnology imposed many analytical characteristics on biosensors,
improving their performance. This is of great advantage because it works with
complex samples, with various types of organic and inorganic compounds, as it
doesn’t work with controlled samples, such as, for example, serum samples used in
the laboratory diagnosis for which the test was developed. Adding to the
development of the biosensor and its advantages to the detection system using
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portable electronic devices, such as smartphones, there would already be a greater
step towards the development of a POCT with the possibility of new perspectives,
since these devices can be operated in remote areas, helping several communities in
worldwide. It can be used by forensics experts at a crime scene, and also at the
scene to confirm the presence of male material, contributing to the rapid progress of
the investigation and possible indictment of suspects. This would also make it easier
to perform the DNA test, as it is a comparative test, it would be possible to compare
the questioned sample collected at a crime scene that obtained a male profile with
the profile of the possible aggressor. Being able to exonerate or convict the accused

suspect.
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5 CONSIDERACOES FINAIS

Na presente dissertacéo foi elaborado um artigo de revisdo que buscou trazer
as técnicas disponiveis atualmente para deteccdo de PSA, sendo possivel relatar
diferentes metodologias e seus resultados na detec¢do do antigeno. De forma que
foi possivel avaliar a sensibilidade de técnicas ja utilizadas na rotina laboratorial,
bem como das técnicas em desenvolvimento. Evidenciando as grandes vantagens
obtidas ao se desenvolver um biossensor, seja no quesito custo ou especificidade e
sensibilidade. Sendo possivel também demonstrar a utilizagdo muito frequente de
dispositivos eletrdnicos como sistema de deteccdo em biossensores, uma alternativa
muito Util e atual, uma vez que sao dispositivos de ampla circulacdo e amplo alcance
no mercado.

Somando a isso, um dispositivo diagndstico “point of care” para deteccao de
biomarcadores permite que sejam realizadas analises “in loco” no local de crime
Portanto, reduzindo a demanda de exames de triagem no laboratério de biologia
forense e possibilitando a andalise genética direta. O desenvolvimento de
um biossensor para deteccdo de PSA oferecer4d uma grande possibilidade de criar
um teste rapido, de baixo custo e altamente sensivel com possibilidade de resposta
em tempo real, que atenderia a demanda da pericia criminal em local de crime de

natureza sexual.
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