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4. Resumo

O objetivo deste trabalho € o desenvolvimento e validacdo de um método
analitico preciso, rapido, simples e de baixo custo para o monitoramento de
residuos de sulfonamidas em alimentos, que fosse capaz de ser aplicado a um
grande numero de amostras de distintas matrizes e que fornecesse dados
quantitativos e confirmatoérios da possivel presenca desta classe de farmacos em
alimentos.

O trabalho foi realizado em quatro fases distintas. A fase | consistiu na
tabulacdo e estudo de todas as apresentacdes de sulfonamidas disponiveis no
mercado de produtos de uso veterinario no Brasil. Da andlise farmacoldgica e
farmacotécnica deste universo, delineou-se uma abordagem para prioritizagdo
para sulfas que podem, potencialmente, permanecerem como residuos em
alimentos destinados ao consumo humano.

Na fase Il, desenvolveu-se um protocolo de extracdo, purificagdo e
concentracao de sulfonamidas a partir de matrizes de origem animal — carne,
pescado e leite. Distintas abordagens analiticas foram testadas e comparadas
quanto a rapidez, recuperacao de analito, repetibilidade e custo.

A fase Ill tratou do desenvolvimento de um método de andlise por
eletroforese capilar com deteccao por fluorescéncia induzida a laser para analise
qualitativa e quantitativa de sulfonamidas.

Na fase IV, desenvolveu-se um método confirmatério para a presenga de
sulfas em alimentos utilizando a espectrometria de massas acoplada a

cromatografia liquida. O método confirmatério foi validado de acordo com a
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Diretiva da Comunidade Européia EC/657/2002, que estabelece os critérios
minimos de desempenho para métodos de andlise de residuos de drogas
veterinarias em alimentos.

Amostras de alimentos de origem animal contendo niveis de sulfonamidas
acima de 10 ng g puderam ser analisadas, quantificadas e confirmadas através

da aplicacao do método desenvolvido.
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4. Abstract

The aim of this work is the development of a precise, fast, simple and low
cost analytical method for sulfonamide residues in food, which were able to be
applied to a large number of samples of different matrices and to provide
quantitative data and confirm the possible presence of this class of drugs in food.

In the initial approach of the work, all veterinary medicines containing
sulfonamides available in the Brazilian market were evaluated to propose a new
approach for risk assessment to prioritisation of sulfonamides that have the
potential to remain as residues in food and in the environment.

After, protocols for extraction, purification and concentration of sulfonamides
from matrices of animal origin were developed. Different analytical approaches
were tested and compared on the speed, recovery of analyte, repeatability and
cost.

In the next stage, a method based on analysis by capillary electrophoresis
with detection by laser induced fluorescence was developed to allow qualitative
screening of sulfonamide residues.

Finally, a confirmatory method was developed using liquid chromatography
coupled to mass spectrometry. The method was validated according to the
European Community Decision EC/657/2002 which established the minimum
performance criteria for methods of analysis of veterinary drugs residues in food.

Food sample containing levels of sulfonamides up to 10 ng g could be

analyzed, quantified and confirmed using the method developed.
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5. INTRODUCAO GERAL

Sulfonamidas sdo uma classe de agentes antimicrobianos que apresentam
um consideravel uso na medicina humana e veterinaria. As sulfonamidas, ou
simplesmente sulfas, foram os primeiros agentes a serem utilizados para o
tratamento de infecgbes bacterianas (Lofflin, 2005).

Durante a década de 1940 as sulfas foram consideradas farmacos de
escolha para o tratamento de infeccées bacterianas em humanos. Hoje, seu uso &
limitado ao tratamento de doencas muito especificas na medicina humana, como
infecgbes do trato urindrio. Nao obstante, as sulfas ainda sdo bastante utilizadas
na medicina veterinaria. Quando que usadas de forma equivocada, a presenca
destas sulfas na forma de residuos em produtos de origem animal apresentam um
potencial toxicolégico relevante, capaz de desencadear reagdes alérgicas
(Blanchflower and Rice, 1988).

Além disto, muitas pessoas apresentam hipersensibilidade a residuos de
farmacos e niveis sub-terapéuticos de substdncias com agdo bactericida e/ou
bacteriostatica podem propiciar e acelerar processos de pressao seletiva,
desencadeando o surgimento de resisténcia bacteriana (Kemper, 2008;
Passantino, 2007).

Além disto, estudos de pesquisadores do NCTR - National Center for
Toxicological Research — indicam que a sulfametazina pode apresentar atividade
carcinogénica sobre a glandula tiredide (Fullerton et al., 1987; Littlefield et al.,

1989; Littlefield et al., 1990).
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5.1 Historico

As sulfas foram sintetizadas pela primeira vez em 1908 por Gelmo et al.
(Drews, 2000) como produto da busca por novos azocorantes. Seguindo a linha
deste trabalho, Hoerlein et al. (Rubin, 2007) descobriram que corantes contendo o
grupamento sulfanil apresentavam afinidade por proteinas da seda e da la. Tal
achado levou a descoberta por Eisenberg, em 1913, de que a crisolidina, um dos
azocorantes estudados, possuia pronunciada agado bactericida (lyer, 2008).
Entretanto, somente em 1932 as propriedades terapéuticas das sulfas foram
determinadas: Dogmagk et al. (DOMAGK, 1965) ao triar varios corantes,
encontraram uma consideravel atividade antibacteriana in vitro no Prontisil, ((p-
[2,4-diaminofenil) azo]sulfanilamida). Logo em seguida, descobriu-se que tal
atividade se devia a liberacéo, in vivo, da sulfanilamida, sendo esta portanto a
fracdo ativa da molécula do Prontisil (lyer, 2008). O trabalho de Dogmagk levou a
uma intensa atividade de pesquisa com a sulfanilamida e diversas sulfas foram
sintetizadas a partir dela nos anos 1930. Um grande numero destes novos
compostos demonstrou possuir atividade antibacteriana contra uma variedade de
streptococci e pneumonococci. Varias sulfapirimidinas introduzidas a partir de
1941 (Miert, 1994) aliavam uma potente atividade antibacteriana com toxicidade
inferior as sulfas sintetizadas previamente. A partir deste ponto, muitas novas
sulfas foram sintetizadas. Atualmente, cerca de 5000 diferentes compostos desta
classe sdo conhecidos (Connor, 1998; Struller, 1968), mas somente pouco mais
de 30 tem efetivo emprego, seja na medicina humana como nas ciéncias

veterinarias. A partir do nucleo quimico formado pelos grupamentos anilina e acido
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sulfonico, varias outras classes de farmacos foram sintetizadas, desde

antimalaricos até agentes hipoglicemiantes (Figura 1).
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Figura 1. Estrutura quimica de principios ativos derivados da sulfanilamida

5.2 Mecanismo de Acao

O mecanismo basico de acao das sulfas é bem conhecido. O componente
chave envolvido é o acido para-aminobenzdico (PABA), o qual € um componente
essencial na sintese do acido dihidrofélico (AFH2). O acido dihidrofélico (AFH2) é
requerido para o crescimento normal das células bacterianas, bem como das

células de mamiferos. Os animais superiores sao incapazes de realizar a
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biossintese do AFH2 e devem obter o mesmo na forma de folato através de fontes
exdgenas componentes da dieta alimentar. O folato obtido pela ingesta atravessa
a membrana celular por um mecanismo de transporte ativo e € convertido em
FAH2 no meio intracelular (Connor, 1998). As bactérias, no entanto, nao tem
meios de obter este FAH2 pré-formado e necessitam sintetizar este componente
através de uma reacdao que envolve PABA, 2-amino-4-hidroxi-6-hidroxilmetil
dihidropteridina difosfato e acido glutdmico. As sulfonamidas sdo analogos do
PABA e, portanto, exercem seu efeito através do papel de antimetabdlito. As
sulfas interferem no crescimento bacteriano por afetar a produgédo de AFH2 de
duas maneiras: inibicao enzimatica e por formagao de pseudo-metabdlito, sendo a
inibicdo enzimatica o principal modo de agdo. A Figura 2 mostra as rotas de
producdo de AFH2. As sulfas interferem na rota metabdlica no momento da
conjugagéo via acao enzimatica do PABA ou acido para-aminobenzoilglutamico
(PABG) com 2-amino-4-hidroxil-6-hidroximetil dihidropteridina difosfato (AHHDD)
ambas necessarias a producdo de FAH2. A acdo antimetabdlica também se
origina da condensagdo das sulfonamidas com o AHHDD. O produto desta
condensacao nao consegue participar da biossintese necessaria para a producao
de FAH2, o que resulta em atividade bacteriostatica. Um aspecto adicional
importante do mecanismo de acdo da classe das sulfas € que elas ndo sao
agentes bactericidas. Pela interferéncia na producdo normal de FAH2, a
reproducao bacteriana é encerrada e tem fim a multiplicagdo do microorganismo
dentro do hospedeiro, mecanismo denominado como bacteriostatico a partir do

conhecimento do mecanismo de acao das sulfas (Bernstein and Lorincz, 1981).
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Levando em conta que as células de mamiferos permitem a passagem do
FAH2 pré-formado através da membrana celular, enquanto que as bactérias ndo o
fazem, as sulfas ndo apresentam toxicidade neste sentido para o hospedeiro da
infeccao (Smith and Jones, 2008).

A acao das sulfas é antagonizada pelo PABA e analogos, como € o caso
dos anestésicos locais analogos deste (procaina, tetracaina). A acéao
bacteriostatica é prejudicada na presenca de pus e de produtos de degradacao
tecidual, visto que contém quinidina e purinas que podem ser utilizadas pelas
bactérias, dispensando dessa maneira a necessidade de acido folico (Costa-
Batllori, 1996).

Recentemente, foi demonstrado que o pseudo-metabdlito originado da
condensacao da sulfa com o dihidropteridina pirofosfato ou simplesmente sulfa-
DHP possui acao bacteriostatica, embora nao tenha sido possivel determinar, até

0 momento, qual seria o alvo da a¢ao da sulfa-DHP in vivo (Patel et al., 2004).

5.3 Mecanismo de resisténcia bacteriana as sulfonamidas

As bactérias podem adquirir resisténcia as sulfonamidas principalmente por
trés mecanismos: 1) alteracdo da permeabilidade da parede celular regulada por
expressao génica, com o efeito final de permitir a entrada de FAH2 pré-formado
para o meio intra-celular; 2) aumento da produgdo enzimatica; e 3) aumento da

producao de metabdlito essencial (Acar and Moulin, 2006).
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De modo geral, pode-se considerar, para bactérias sensiveis as sulfas
sistémicas de rapida acdo, uma Concentragao Inibitéria Minima (CIM) de 8 a 32 ug
mL", sendo que bactérias com CIM igual ou acima de 64 a 128 ug mL" sdo
consideradas resistentes (Korolkovas and Franga, 2002).

Geralmente a resisténcia a uma determinada sulfa implica em resisténcia
cruzada a todos os compostos do grupo. As medidas recomendadas para evitar o
surgimento desta resisténcia consistem basicamente em abolir o0 uso
indiscriminado das sulfas, iniciar a terapia precocemente na evolugao de infeccoes
agudas e estabelecer e manter concentracdes eficazes de droga nos tecidos do
animal em tratamento (Booth and McDonald, 1992).

Recentemente, vem sendo sugerido que a manutencdo da homeostase
entre a microbiota comensal e o hospedeiro tem um importante papel na resposta
imune deste ultimo (Kitano and Oda, 2006). Embora as ferramentas disponiveis
para a verificagdo destes apontamentos, como o0s recentes desenvolvimentos em
metagenoma (ou ecologia de sistemas), estejam ainda muito prematuras,
especula-se que o impacto da presenca de residuos de substancia com acao
bactericida e bacteriostatica poderia causar acao impactante sobre a microbiota
humana normal e este desequilibrio ndo desejado e inconsciente poderia ser
motivo causal de alergias leves até desordens imunolédgicas de diversas classes

(Venter et al., 2004).
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5.4 Propriedades fisico-quimicas das sulfonamidas

Sulfas, como resultado das propriedades indutivas do grupamento SO, sao
compostos que exibem comportamento anfotérico, por possuirem grupamentos
quimicos com caratér acido e basico, o que permite que em determinadas faixas
de pH estas moléculas se comportem como zwitterions (Figura 3), ou seja,
capazes de manter carga formal positiva e negativa. E bem estabelecido que este
comportamento desempenha um importante papel na atividade antibacteriana das
sulfas. Trabalhos de Korolkovas, bem como de Struller, determinam que a relacao
entre a constante de dissociacado acida e a atividade bacteriostatica descreve um
arco parabdlico apresenta um maximo entre pKa 6 e 7,5 (Korolkovas and
Tamashiro, 1973, 1974a, b). Estes autores concluem que a forma ibnica do
farmaco é mais ativa do que forma neutra, mas que sulfas demasiadamente
acidas sofrem diminuicdo da atividade pelo fato do grupo SO, ser menos

eletronegativo do que nas sulfas moderadamente acidas (Struller, 1968).

0 H .

o pkal o pkal "
HiN GTNR === N yNR = HuN‘@fﬁﬂ\l[{
™ 0 ) )

i 0

Forma cationica Forma neutra Forma anionica

Figura 3. Comportamento anfotérico das sulfonamidas
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Um grave problema no uso das sulfonamidas &€ a mudanca de sua
solubilidade com a variagdo do pH, que acarreta freqientemente em deposicéo de
cristais de sulfas no tecido renal e presenca de cristaliria em pacientes sob
tratamento com estes compostos; problema este que esta fundamentado em
principios fisico-quimicos simples. A solubilidade de uma sulfonamida em uma
solugdo tamponada ou em urina pode ser predita por duas constantes, a
solubilidade da forma nao-dissociada e a constante de dissociacdo acida do
composto. Para fins fisiolégicos, muitas sulfas podem ser administradas na forma
de acidos monobasicos, cuja forma nao-dissociada é fracamente sollvel, mas
cujos sais basicos sao altamente soluveis (KREBS and SPEAKMAN, 1945).

O grupamento p-NH. € essencial para a atividade; quando substituido, deve
regenerar in vivo o NH, para ser ativo. E o caso de pré-farmacos como o
ftalilsulfatiazol e a sulfassalazina que liberam, in vivo, o sulfatiazol e a sulfapiridina,
respectivamente. Em geral, as sulfas sdo pds cristalinos brancos, geralmente
pouco soluveis em H>O, mas seus sais sédicos sdo facilmente hidrossoluveis

(Korolkovas and Franca, 2002).

5.5 Propriedades farmacoldgicas das sulfonamidas

As sulfonamidas tépicas sdo indicadas para vaginites causadas por Candida
albicans, Gardnerella vaginalis, Trichomonas vaginalis, mas com eficicia incerta.

O farmaco de eleicao seria o metronidazol, por via oral. As principais formas
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farmacéuticas de uso vaginal sdo cremes e ovulos (Riviere et al., 2003). Outras
sulfas sdo muito utilizadas topicamente para profilaxia de tratamento de infecgdes,
como no caso de queimaduras, como é o caso da sulfadiazina de prata, mafenida
(4- aminometilbenzenossulfonamida), sulfacetamida e sulfanilamida (Bernstein
and Lorincz, 1981).

As mais comumente utilizadas para vaginites sdao o sulfatiazol e uma
associacao triplice (sulfadiazina, sulfamerazina e sulfatiazol), sendo esta ultima

para o caso de vaginites causadas por Haemophilus vaginalis (Reali et al., 2005).

5.5.1 Sulfonamidas usadas como anti-sépticos

A sulfanilamida, primeira e mais simples das sulfas, € ainda utilizada
apenas para tratamento de vulvovaginites causadas por Candida albicans (Reali et
al., 2005).

A sulfacrisoidina (carboxissulfamidocrisoidina) € a forma latente da SFA,
onde o acido 3,5—diaminobenzdico esta ligado a SFA por ligacdo azdica; é usada
para assepsia de queimaduras e ferimentos; no Brasil € presente em associagcdes

para amigdalite (Korolkovas and Franca, 2002).
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5.5.2 Sulfonamidas utilizadas em infeccoes urinarias

Sdo elas a sulfacetamida, sulfadiazina, sulfametizol, sulfametoxazol e
sulfametoxipiridazina. SDZ, SMA e SMP estao relacionadas no grupo das sulfas
com agdo sistémica (Korolkovas and Franga, 2002).

A sulfacetamida (N-sulfanilacetamida), usada como sal sédico, é
rapidamente absorvida do trato gastrinestinal, possui uma meia-vida de 7 a 12,8
horas. Sua excrec¢ao € rapida, por via urinaria, sendo a maior parte inalterada
(Struller, 1968).

O uso € por via oral em infecgcdes urinarias; via topica em infecgdes
ginecoldgicas, oftalmoldgicas e dermatolégicas. Sua acado € considerada curta e
geralmente sé € encontrada em associagoes.

O sulfametizol possui acao ultracurta, sendo rapidamente absorvido no trato
gastrintestinal; possui ligacdo as proteinas em torno de 90%; € ligeiramente
acetilado, sendo rapidamente excretado. A meia-vida plasmatica é de 1,5-1,6
horas, pouco tdxico e atinge alta concentracdo no trato urinarios, de forma rapida

porém fugaz (Hirakawa et al., 1995). Sé disponivel no Brasil em associagdes.
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5.5.3 Sulfonamidas de uso oftalmico

Usadas topicamente para infecgbes oculares superficiais e/ou causadas por
Chlamydia. No Brasil, a unica disponivel é a sulfacetamida (Korolkovas and

Franga, 2002).

5.5.4 Sulfonamidas em associacao
Os medicamentos contendo associagdées entre duas ou mais sulfas tem
eficacia incerta, e geralmente ndo sao racionais sob o ponto de vista

farmacologico e farmacotécnico (Korolkovas and Franga, 2002).

5.5.5 Sulfonamidas em associacdao com outras classes de farmacos

As associagbes mais racionais contém uma Unica sulfa associada a
trimetoprima ou pirimetamina. A principal sulfa utilizada em associacdo é o
sulfametoxazol. Esta sulfa apresenta ligacdo as proteinas plasmaticas de
moderada a alta; sofre biotransformacao parcial (15-25%); volume de distribuicao
é cerca de 0,36 L Kg™' (Brumfitt and Hamilton-Miller, 1982).

A associagao do sulfametoxazol com trimetoprima possui bom sinergismo de
acdo; amplia o espectro pela soma das agdes. E mais dificil que ocorra surgimento

de resisténcia com o uso desta associacao (Duijkeren et al., 1994).
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A resisténcia a esta associagdo surge por aumento nos niveis de
dihidrofolato redutase; produgdo de enzima alterada e diminuicdo da
permeabilidade bacteriana ao trimetoprima.

O mecanismo de agao da associacao € pelo bloqueio seqtiencial das duas
enzimas da biossintese do &cido folico dos microorganismos.

As concentracdes plasmaticas maximas (20 ug mL" SMA e 1 ug mL" TMP)
sao obtidas entre 1 e 4 horas apds a administracao. A meia-vida para o SMA é de
11 horas e de 10 hs para trimetoprima. O volume de ligacdo as proteinas
plasmaticas é de cerca de 70% para SMA e 44% para o trimetoprima, com um
volume de distribuicdo de 0,21 L Kg™' para SMS e 1,8 L Kg' para trimetoprima. O
trimetoprima € mais lipofilico e apresenta maior concentragdo nos tecidos afins
(Van Der Ven et al., 1997).

A excrecao renal se da por filtracdo e secrecao; para o SMA, cerca de 20 a
30% da dose excretada esta na forma de farmaco ativo e as fracoes restantes sao
excretadas como metabdlitos acetilados e conjugados glicurdnicos); no caso do
trimetoprima, cerca de 50 a 60% da dose inicial € eliminada pela urina em 24
horas, sendo 80% em forma inalterada (Cribb et al., 1996).

As principais indicacdes para o uso desta associacdo sao inflamacdes do
trato urindrio e enterocolites por Shigella, sendo o farmaco de eleicdo para

Pneumocystes carinii e profilaxia de diarréia dos viajantes (Miert, 1994).
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5.5.6 Sulfonamidas para infeccoes gastrintestinais

Sao farmacos latentes, obtidos como pro-farmacos praticamente insollveis
em meio aquoso, logo sdo muito pouco absorvidos no trato gastrintestinal, atingem
alta concentracao na luz do célon, onde a hidrélise bacteriana libera a sulfa matriz
como droga livre (Rubinstein, 1995).

No Brasil, estdo disponiveis em associacdes, principalmente antidiarréicas;
algumas sao para infecgdes urinarias. Nao ha justificativa racional para sua
existéncia, dada a existéncia de farmacos mais adequados e aos riscos envolvidos
em supressao diarréica por via medicamentosa. As principais sulfas utilizadas
para este fim sdo a formossulfamerazina, formossulfatiazol, ftalilsulfatiazol e
sulfaguanidina (Mizuno et al., 1986).

De acordo com as orientagées da Organizacdo Mundial de Saude (OMS), em
seu Formulario de Medicamentos Basicos, a utilizacdo das sulfonamidas € hoje
bastante limitada pela crescente incidéncia de resisténcia bacteriana (WHO,
2002). Para muitas de suas indicacdes, ocorreu uma substituicdo por antibidticos
mais ativos e mais seguros. Somente algumas sulfonamidas sao recomendadas
como farmacos de eleicdo pela OMS. E o caso da sulfadiazina que é utilizada na
prevengdo da febre reumatica recorrente e na forma de sais de prata para
assepsia de queimaduras. O sulfametoxazol em combinagdo com trimetoprim
também continua sendo recomendado como farmaco de eleicdo para muitas

infecgdes urinarias (WHO, 2002).
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5.5.7 Usos de sulfas como outras classes farmacolégicas

Séo usadas algumas sulfas sistémicas em associagcdes antimalaricas. Sao
elas a sulfadiazina, sulfadoxina, e sulfametoxipiridazina. A associacdo mais eficaz
e utilizada é pirimetamina:sulfadoxina (1:20). Apresentam sinergismo, sendo que a
sulfa atua sobre a dhidrofolato redutase e a pirimetamina sobre a dihidropteroato
sintase, ambas envolvidas na sintese do &cido félico dos parasitas. Algumas
cepas de P. falciparum desenvolvem resisténcia a associacdo. A mesma também
€ eficaz na profilaxia de pneumonia por Pneumocystis carinii (Chattopadhyay et
al., 2007).

O uso desta associacdo deve levar em conta a relagao risco-beneficio, pois
pode provocar leucopenia e trombocitopenia; o tratamento deve acompanhar

hemograma regular (Ibezim and Odo, 2008).

5.5.8 Espectro de acao das sulfonamidas

O espectro antimicrobiano é amplo: possui atividade contra bactérias Gram
negativas e Gram positivas, além de certos fungos e protozoarios (Korolkovas and

Franca, 2002).
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5.5.9 Aspectos farmacocinéticos das sulfonamidas

Por via oral, sdo rapidamente absorvidas no trato gastrintestinal; de modo
geral, 70% a 100% da dose oral sofre absor¢cdo. Distribuem-se por todos os
tecidos; atravessam a barreira placentaria e sao excretadas no leite. Niveis séricos
de 5 mg% a 15 mg% de droga ‘livre” (ndo ligada a proteinas) sao
terapeuticamente eficazes para a maioria das infec¢des (Korolkovas and Francga,
2002).

A biotransformacgéao é hepatica, por mecanismos de acetilagdo, formando Ng-
acetil derivados que sdo metabdlitos inativos, mas que apresentam retencdo da
toxicidade. A conjugacao pode ocorrer com acido glicurbnico, mas esta ndo € a
via preferencial. A excrecéo é renal, por filtracdo glomerular (Miert, 1994).

Em medicina humana, é relatada uma ampla diversidade de efeitos adversos
para as sulfas, efeitos estes que podem ir de graves a fatais, sendo comumente
citados pruridos, reacoes de fotossensibilidade, hepatite quimica, sindrome de
Stevens-dohnson, necrose epidérmica toxica, necrose hepatica fulminante,
agranulocitose, anemia aplasica e outras discrasias sanguineas (Booth and
McDonald, 1992).

Entre as interagbes medicamentosas melhor estabelecidas, estdo o
sinergismo com eritromicina e com o trimetoprima. As sulfas podem, igualmente,
potencializar os efeitos da fenilbutazona e interferir na acdo das penicilinas, ja no
alvo bacteriano. Como ja citado anteriormente, anestésicos locais — analogos do

PABA — antagonizam seus efeitos (Costa-Batllori, 1996).
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Em relacdo a seu perfil farmacocinético as sulfas s&o usualmente
classificadas como a) sulfas sistémicas de acao curta, com absorcado e excrecao
rapida; meia-vida entre 4-7 horas. As principais sdo a sulfamerazina, sulfatiazol e
sulfametizol. b) sulfas sistémicas de agdo intermediaria, meia-vida entre 10-12
horas. Exemplos s@o a sulfadiazina e o sulfametoxazol. C) sulfas sistémicas de
acao longa — maior porcentagem de absorcao e excregdo lenta, com meia-vida
sérica de 35-40 horas; uma excecao é a sulfadoxina, de acao ultra-longa (7-9 dias)
(Peters et al., 2007). Por ndo oferecerem vantagens clinicas sobre as de acgao
curta e intermediaria, e por apresentarem risco toxicolégico muito mais elevado,
estas sulfas ndo sdo mais comercializadas em alguns paises, como por exemplo a

sulfametoxipiridazina.

5.6 Uso das sulfonamidas na producao animal

A duragao de um efeito quimioterapéutico é geralmente determinada pela
especificidade do agente a certos mecanismos enzimaticos e atividade metabdlica
préprias de caca espécie. Muitas substancias com acdo farmacoldgica sao
sujeitas a modificacées bioquimicas antes de serem excretadas pelo organismo.
Somente uma pequena quantidade da dose total aplicada permanece
indiferenciada. O metabolismo dos compostos farmacolégicos, bem como de
xenobibticos em geral, é determinante para seus perfis farmacodindmico e

farmacocinético. Décadas de investigagdo nas areas de bioquimica, farmacologia
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e toxicologia revelam que, a despeito do imenso nimero de compostos com agao

farmacoldgica, um numero relativamente pequeno de mecanismos enzimaticos

parece estar envolvido (Reimerdes and Thumim, 1970).

REIMERDES e THUMIM revisaram as principais vias metabdlicas que

agem sobre as sulfonamidas. Uma sintese destes dados estd exposta na Tabela

1. As sulfas, como grupo, estdo suscetiveis a muitas modificacdes metabdlicas.

Quatro principais mecanismos enzimaticos podem ser listados (Figura 4):

1.

2.

ACETILACAO SULFATO ESTER

Acetilacao
Hidroxilagao
Glicuronagao

Formacao de sulfato éster

| GLICURONAGAO |
O
HoN |9!NH R
\ /| N
@)
SLCUROMAGD

HIDROXILAGAO ACETILAGAO

HIDROXILAGAO

SULFATO ESTER

Figura 4. Principais mecanismos enzimaticos de metabolizagdo das sulfas
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A acetilagdo do grupamento amina ligado ao anel aromatico das sulfas foi
uma das primeiras reagées do metabolismo destes compostos que foi estudado e
elucidado. Esta forma de metabolizagdo é comum para todas as sulfas, mas €
extremamente dependente da espécie alvo bem como do substrato. Nao obstante,
€ sem dulvida o sistema majoritario de metabolizacdo destes farmacos. O estudo
da acetilacdo das SFAs levou a eventual identificacdo da acetil coenzima A.
Investigacoes em diferentes érgdos mostram que a acetilacdo das sulfas se da
majoritariamente no figado mas também ocorre em quantidade significativa nos
rins.

Esta via de metabolizacdo tem um relevante papel por ser a via de
formacdo dos derivados N*-acetilados das sulfas, os quais apresentam efeitos
indesejados no sistema renal, como albuminuria, oliguria e anuria (Reimerdes and

Seydel, 1969).
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Tabela 1. Produtos metabdlicos gerados na excrecao de algumas sulfonamidas

Excrecao Derivados metabolicos excretados
na forma Sulfato , .
Sulfa ) Acetilados Glicuronados ) Espécie
livre (%) %) éster
(%) ’ ’ (%)
62 38 -- -- Homem
SFA 10-50 40-80 -- 7-9 Coelho
60 40 -- -- Homem
12 88 -- -- Coelho
SGD 50 -- 50 - Camundongo
30 20 - 60 -- -- Coelho
20 39 41 -- Homem
SPY -- -- 100 -- Cao
-- 100 28 -- Coelho
50-70 20-35 10 -- Homem
SDZ -- 75 -- -- Coelho
30 55 15 -- Homem
39 -57 37 12-24 -- Homem
SMR 6 90 4 -- Coelho
5 17 78 -- Homem
SDMX 23 55 22 -- Coelho
64 29 12 0.5 Homem
STZ 43 12 42 2.5 Coelho
Sulfisoxazol 60 20 20 h Homem

Adaptado de (Reimerdes and Thumim, 1970). SFA = sulfanilamida; SGD =
sulfaguanidina; SPY = sulfapiridina; SDZ = sulfadiazina; SMR = sulfamerazina;
SDMX = sulfadimetoxina; STZ = sulfatiazol.
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5.6.1 Avicultura

As sulfonamidas de maior utilizagdo na avicultura sdo sulfadimetoxina,
sulfametazina, sulfaquinoxalina, sulfamerazina, sulfatiazol e sulfadiazina
(Wassenaar, 2005). Estes compostos tem sido amplamente usados como agentes
terapéuticos neste tipo de cultura, principalmente para o controle da coccidiose,
pulorose, tifo aviario, cllera aviaria e coriza infecciosa das galinhas. A associacao
diaminopirimidinas-sulfonamidas (trimetoprima e congéneres) tem sido aplicada
para controle de infec¢des por E. coli, Haemophilus paragallinarum, célera aviaria
(Pasteurella multocida) e salmoneloses (Hafez, 2003; Kuenzel et al., 2004).

A via preferencial de administracdo de sulfas e associacoes com
diaminopirimidinas em aves € por via oral, através da agua de bebida e da racéo e
somente em casos de coriza e coOlera aviaria sdo ocasionalmente prescritos
aplicacao parenteral nos individuos muitos afetados, paralelamente ao seu uso
oral (Booth and McDonald, 1992; Spenser, 2004). A Tabela 2 mostra a
classificagéo sistematica das sulfas utilizadas em aves de acordo com seu tipo de

acao.
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Tabela 2. Classificacdo das sulfonamidas baseada na concentragdo plasmatica

obtida ap6s administracdo oral de uma dose terapéutica em n&o-ruminantes

(Booth and McDonald, 1992)

i Concentracao
Tipo . Sulfa
plasmatica
Sulfacetamida
p Sulfametazol
_ > 50 ug mL" em menos . .
Acéo curta Trissulfapirimidina

de 12 horas

Sulfatiazol

Sulfametoxazol

. >50 ug mL" em 12 2 24
Acdao intermediaria
horas

Sulfadimetoxina
Sulfisoxazol
Sulfametoxazol
Sulfapiridina
Sulfaclorpiridazina
Sulfametazina

Sulfadiazina

) >50 ug mL™ apés 24
Acéo prolongada
horas

Sulfametilfenazol
Sulfabromometazina
Sulfadimetoxina
Sulfametazina

Sulfametoxipiridazina

o Sem absorcao
Entérica o
significativa

Succinilsulfatiazol
Formosulfatiazol
Sulfaguanidina
Ftalilsulfatiazol

Sulfasalazina
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Embora ndo existam dados oficiais disponiveis, € possivel inferir que a
sulfaquinoxalina seja a sulfa mais utilizada em avicultura industrial, por sua
aplicacado no controle da coccidiose, patologia de maior incidéncia nesta cultura.
SQX também tem sido prescrita como auxiliar na reducdo de perdas por
mortalidade decorrentes de infecgdes por Pasteurella multocida, Salmonella
gallinarum e paratifo na dose de 30 mg kg™ ou a 0,1% na racéo por dois a trés
dias e metade desta dose nos dois dias seguintes (Booth and McDonald, 1992).

As sulfonamidas possuem um limite muito estreito entre o seu efeito
terapéutico e o téxico e mesmo niveis terapéuticos podem causar efeitos
deletérios sobre o sistema imune, hematopoiético e reprodutivo das aves. Em
determinadas circunstancias podem causar diminui¢cdo da taxa de crescimento de
frangos de corte e perus; por esta razao devem ser utilizadas com muito critério. A
associacdo das sulfonamidas com as diaminopiridinas (trimetoprim e ormetoprim)
reduz riscos de toxicidade porque se pode diminuir a dose da sulfa. As
diaminopiridinas sdo pouco téxicas, mas podem causar, somente quando
utilizadas em doses muito elevadas, deficiéncia de &cido folico e hipercalcemia
(Furusawa and Hanabusa, 2002; Furusawa and Tsuzukida, 1998).

As sulfonamidas sao relativamente insollUveis na agua e frente a pH acido
tendem a se cristalizar e sedimentar, como também s&o dificeis de serem
misturadas na racdo. Quando utilizadas na ragédo, deve-se estar atento ao calculo
preciso da dose em funcdo do consumo de agua ou de ragcdo. Por exemplo, em
doencas como a coriza e cblera aviaria, € preferivel administrar a sulfonamida
indicada, por via parenteral, nas aves prostradas a nas demais aves em contato,

doses preventivas ou de suporte por via oral (Appelgren et al., 2000).
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Em poedeiras comerciais, 0,05% de sulfadimetoxina na agua de bebida ou

0,10% de sulfaquinoxalina pode causar queda de producao, perda da qualidade

da casca do ovo, producdo de ovos vermelhos despigmentados e aumento de

mortalidade. Em frangos de corte € comum observar-se queda do ganho de peso

e intoxicagdo em decorréncia de consumo elevado de racao ou de agua. Em dias

quentes ou em ambientes com temperaturas acima de 27°C podem-se observar

quadros téxicos devido ao aumento do consumo de agua, principalmente quando

se preconiza o uso direto de sulfa na dgua de bebida. Quando se administram as

sulfas na ragdo deve-se levar em consideragdo a energia (baixa energia, maior

consumo) para se evitar efeitos toxicos (Booth and McDonald, 1992).

Sao efeitos adversos ou colaterais que podem ocorrer:

Potencializacao dos efeitos moérbidos de anemia infecciosa, da doenga de
Gumboro e da hepatite por corpusculo de inclusao e vice-versa, decorrente de
efeitos colaterais sobre o sistema imune e sangue circulante (Emmerich and
Ungemach, 2004).

Aumento na incidéncia e na gravidade da deficiéncia de vitamina K em aves
com menos de 3 semanas de idade ou em aves que passam por episddio de
perda de sangue (por exemplo, debicagem, coccidiose por E. tennella e E.
necatrix). A sulfaquinoxalina é um inibidor potente da redutase epoxido da
vitamina K e, por esta via, pode causar trombocitopenia. Em um periodo tao
curto quanto 24 horas apds sua administracdo, pode-se observar um aumento
do tempo de coagulacdo e aumento de predisposicdo para ocorréncia ou

persisténcia de hemorragias musculares e viscerais (Fayer and Ungar, 1986).
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Em aves desidratadas ou com acidose metabdlica, as sulfonamidas podem
induzir um quadro de cristaluria. Aves com nefropatias causadas por
substancias téxicas (aflatoxina, ocratoxina) ou mesmo decorrente de Gumboro
ou bronquite infecciosa tém maior risco para ocorréncia de nefrite-nefrose
(Julian, 2005).

As sulfonamidas ndo podem ser utilizadas em frangos de corte que recebem
ion6foros porque podem causar reducao do ganho de peso e miodegeneragao.
A sulfaclorpirazina e a sulfaquinoxalina sao incompativeis com monensina,
narasina e salinomicina, enquanto a sulfadimetoxina € incompativel com a
lasalocida, monensina e narasina e nao sdo conhecidos seus efeitos em
relagdo a salinomicina e maduramicina. A sulfametazina e a sulfaquinoxalina
pode ser usada como a lasolocida e sabe-se que a sulfametazina nao pode ser
associada com a monensina (Fayer and Ungar, 1986; Joyner, 1981).

As sulfonamidas ndo podem ser utilizadas em galinhas com mais de 16
semanas de idade. Mesmo quando associadas com as diaminopririmidinas, as
sulfonamidas podem causar reducao do apetite, queda do consumo de agua,
da producao de ovos, do peso do ovo e da eclosdo quando houver consumo
de doses acima do recomendado. Concentracbes de 0,05% de
sulfaquinoxalina podem causar mortalidade elevada de poedeiras e ocorréncia
de hepatomegalia, hemorragias no coragado, rim, oviduto, intestino,
proventriculo, ceco, medula 6ssea palida e dermatite gangrenosa. Deve-se
redobrar os cuidados quando associadas com olaquindox ou o carbadox

(Booth and McDonald, 1992; Furusawa and Tsuzukida, 1998).
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e Como conseqiiéncia das alteragcdes sanglineas e da medula éssea causadas
pelas sulfonamidas, observam-se imunossupressdo e aumento de casos de
granulomas focais sépticos nos 6rgaos das aves intoxicadas.

As sulfonamidas ndo devem ser utilizadas como aditivos alimentares e no
Brasil, estd vetado o uso de sulfonamida sistémica em aves (MAPA, 1992).
Quanto ao uso terapéutico em frangos de corte, deve-se respeitar em tempo de
retirada da sulfa, 5 dias antes do abate e em poedeiras o descarte de ovos nos 10
primeiros dias apds o término do tratamento devido a presenca de residuos (Booth

and McDonald, 1992).

5.6.2 Suinocultura

A utilizagao de sulfonamidas em suinos € uma pratica comum nesta cultura
e tem sido responsavel pelo maior numero de amostras violadas em nivel
internacional, ou seja, amostras contendo quantidades de residuos de SMZ em
concentracao superior aos limites maximos estabelecidos (Cordle, 1989; Lee and
Ryu, 1999) .

A sulfametazina, também conhecida como sulfadimidina, € comumente
utilizada em veterindria em combinacdo com tetraciclina e penicilina para
promocao de crescimento de porcos. Além deste uso, € indicada para tratamento
de pneumonia bacteriana, colibacilose suina, enterite bacteriana suina e redugéo
na incidéncia de abcessos cervicais.

Os principais residuos encontrados nos tecidos de suinos aos quais foi
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administrada sulfametazina sdo, em ordem quantitativa decrescente - droga mae,
Ny-acetil-sulfametazina, Ns-glicoconjugado sulfametazina, desaminosulfametazina
(Appelgren et al., 1998).

O sulfatiazol sédico e utilizado também em associagcdo com tetraciclina e
penicilina para aumento de peso e melhoramento das taxas de conversao

alimentar em porcos (Appelgren et al., 1998) .

5.6.3 Bovinocultura

O leite é considerado um dos alimentos mais completos da natureza.
Apresenta uma composicao rica em proteinas, vitaminas, gordura, carboidratos e
sais minerais (principalmente célcio) sendo fonte essencial a saude do homem.

Produzido durante a lactagéo, a partir de elementos que passam do sangue
para as células especializadas da glandula mamaria, pode em situagdes
especificas, conter residuos de medicamentos ou drogas de uso veterinario.

Temas relacionados aos niveis de seguranca e tolerancia a serem
estabelecidos, métodos oficiais de monitoramento, niveis de sensibilidade dos
testes rapidos de deteccao disponiveis no mercado, destino do leite contaminado,
tipo de incentivo ou penalidade a ser instituida para se atingir metas de qualidade,
credibilidade das informacbes relacionadas ao periodo de descarte do leite
contidas nas bulas de medicamentos, vém sendo muito discutidas.

A presencga de residuos de antimicrobianos no leite pode levar a ocorréncia

de selecao de microrganismos patogénicos resistentes e desencadear reagdes de
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hipersensibilidade (COSTA, 1999). E também um problema econdmico e social, a
partir do momento que interfere nos processos industriais de producdo e
conservagao de derivados do leite e leva a penalizagao do produtor (COELHO,

2000).

A mastite, processo inflamatério da glandula mamaria, é a principal causa
para o tratamento de vacas em lactagdo com antibi6ticos e sulfonamidas (COSTA,

1999).

O processo inflamatoério envolve uma série de alteracdes fisioldgicas que
podem exercer influéncia sobre a farmacocinética e farmacodindmica de
medicamentos de uso intramamario utilizados na terapéutica da mastite e,
daqueles administrados por via sistémica, para tratamento desta ou de outras
afecgdes (Booth and McDonald, 1992) Em glandulas mamarias com processo
inflamatdrio, ocorre aumento da permeabilidade glandular, o que favorece uma
maior difusdo dos antimicrobianos (COSTA, 1999).

Assim, o processo inflamatério, associado ou nado as praticas de
antibioticoterapia inadequadas, aumenta o risco da presenca de residuos de
antibidticos no leite podendo, inclusive, determinar periodos de eliminagdo além
daqueles estabelecidos nas bulas dos medicamentos (Acar and Moulin, 2006;

COSTA, 1999).
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5.7 Acoes regulatorias

Varias agdes foram levadas a cabo em anos recentes, incluindo o Codex
Alimentarius, com o objetivo de estabelecer Limites Maximos de Residuos (LMR)
para certas sulfonamidas.

Os residuos de sulfonamidas tem sido um problema nos EUA durante os
altimos 25 anos. Durante os ultimos 20, as sulfas tem produzido mais violagdes
de LMR do que qualquer outra classe de farmaco, com a maior incidéncia
ocorrendo em suinos (Cordle, 1989; Lee and Ryu, 1999; Wassenaar, 2005). O US
Food and Drug Administration (FDA) comegou a investigar sulfonamidas no
comeco dos anos 1970, quando as empresas solicitantes de registro para sulfas
foram questionadas sobre dados que permitissem ao FDA uma melhor avaliacao
da toxicidade destes compostos, em especial sobre sua potencial
tireoidotoxicidade.

Em 1990 o FDA iniciou procedimentos para a retirada da sulfametazina (a
sulfonamida mais amplamente utilizada). Foi demonstrado que a mesma causa
tumores malignos em animais de experimentagéo (NTCR, 1988).

Avaliagbes do comité misto FAO/OMS de especialistas em aditivos e
contaminantes (Joint FAO/WHO Expert Committee on Food Additives -JECFA)
tem publicado periddica e sistematicamente recomendacdes sobre o tema dos
residuos de farmacos de uso veterinario em alimentos (Appelgren et al., 2000;

Appelgren et al., 1998; Arnold et al., 2004).
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Na 42° reunido do JECFA, em fevereiro de 1994, os estudos investigando o
mecanismo de acgdo da sulfametazina na glandula tiredide e informagbes
adicionais relacionadas com genotoxicidade, embriotoxicidade e teratogenicidade
foram revisados (Anadon et al., 2006). Embora tenha sido reconhecido de que os
primatas (incluindo os humanos) sdo menos suscetiveis do que roedores e suinos
aos efeitos anti-tire6ideos das sulfonamidas, a ingestao de alimentos contendo
residuos de sulfonamidas pode desencadear severas reagdes de
hipersensibilidade. O Comité reconheceu que a notificagdo documentada de tais
casos pode ser extremamente dificil, se nao impossivel, de ser obtida. Em
consonancia com a avaliagao feita previamente (Appelgren et al., 1998), o comité
recomendou que o LMR deveria ser estabelecido em valor baixo e praticavel, de
acordo com as boas praticas de uso de farmacos veterinarios. Os valores
recomendados para gado bovino, ovino, suinos e aves foi de 0,1 mg kg”' como
sulfametazina em musculo, figado, rim e gordura. O LMR recomendado para SMZ
em leite foi de 0,025 mg L. Os dados disponiveis para residuos em ovos indicam
que o uso de SMZ em aves poedeiras pode resultar em uma altissima
concentracado de SMZ nos ovos. Por esta razdo, o comité considera que SMZ néo
deve ser utilizada em aves poedeiras e ndo recomendou nenhum LMR para ovos.

No Brasil, a legislacdo impde uma quantidade maxima de 0.1mg.kg™ de
residuos de sulfonamidas em tecidos comestiveis animais (Alaburda et al., 2007).
O monitoramento destes residuos se da através do Plano Nacional de Controle de
Residuos (PNCR), executado pelo Ministério da Agricultura, Pecuéaria e
Abastecimento, em sua rede de laboratorios oficiais. As amostras sdo oriundas

dos estabelecimentos que possuem Servico de Inspecao Federal (SIF) e o0 método
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oficial de analise laboratorial para sulfonamidas se da por triagem em
cromatografia de camada delgada (CCD) e posterior quantificagdo por
densitometria (DST). As analises sdo executadas em figado e musculo de aves,
suinos, bovinos e eqlinos. No periodo 1990-1994, a prevaléncia, definida pelos
limites de confianga, foram de 8-17% de sulfametazina em figado suino e de 1-5%

para presenca de sulfaquinoxalina em figado de aves (LEITE and JOKL, 1996).
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5.8 OBJETIVOS

O objetivo geral deste trabalho foi desenvolver e validar métodos de analise
de residuos de sulfonamidas em produtos de origem animal utilizando eletroforese

capilar e cromatografia liquida acoplada a espectrometria de massas.

Objetivos especificos

e Delinear o perfil dos medicamentos contendo sulfonamidas existentes no

mercado veterinario brasileiro.

e Propor abordagens para prioritizagdo de sulfonamidas com potencial de

deixar residuos em alimentos e no ambiente.

e Desenvolver método de analise de sulfonamidas em alimentos, utilizando

eletroforese capilar com deteccgéao por fluorescéncia induzida a laser.

e Desenvolver e validar método de analise de sulfonamidas em alimentos,
utilizando cromatografia liquida acoplada a espectrometria de massas,
atendendo aos requisitos minimos de validagdo estabelecidos na legislagao

pertinente.
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Capitulo | — Abordagem racional para estabelecimento de prioridades no
monitoramento de residuos de sulfonamidas em alimentos e no ambiente.
Este manuscrito sera submetido a publicagao no peridédico Pesquisa Agropecuaria
Brasileira e apresenta uma proposta de método para priorizar farmacos para

pesquisa de residuos tanto no ambiente como em alimentos.
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Abordagem racional para estabelecimento de prioridades no monitoramento de

residuos de sulfonamidas em alimentos e no ambiente

Rodrigo Hoff""? e Tarso B. L. Kist"

Wprograma de Pés-Graduagdo em Biologia Celular e Molecular, Centro de Biotecnologia
do Estado do Rio Grande do Sul, Universidade Federal do Rio Grande do Sul, Av. Bento
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Resumo — o objetivo deste trabalho é apresentar uma proposta para elencar prioridades na
pesquisa de residuos de fairmacos de uso veterindrio utilizados em larga escala na produgdo
animal tanto em alimentos destinados ao consumo humano como no ambiente. Para
exemplificar 0 modelo proposto, adota-se neste trabalho o exemplo especifico das
sulfonamidas, analisando-se as apresentacdes farmacéuticas disponiveis no mercado

veterinario nacional.

Termos para indexag¢do: sulfas, andlise de residuos, medicamentos veterinarios.

Rational approach to setting priorities in the monitoring of sulfonamides residues in

food and the environment

Abstract - The purpose of this work is to present a proposal for lists priorities in the

research of veterinary drugs used in large-scale livestock production, which can produce

Pagina 46



residue levels both in food and the environment. To illustrate the proposed model, the
specific example of sulfonamides was applied, analyzing all pharmaceutical presentations

available on the brazilian veterinarian market.

Index terms: sulphonamides, residues analysis, veterinary drugs.

Introducao

Medicamentos veterindrios sdo utilizados no mundo todo para promover a saide animal,
propiciar ganhos econdmicos e aumento da produtividade da industria de alimentos de
origem animal (Acar and Moulin, 2006; BRASIL, 2000). Se as boas praticas veterindrias
ndo forem rigorosamente observadas, e os periodos de caréncia pré-abate ou coleta nao
forem cumpridos, ocorrerd permanéncia de residuos destes medicamentos nos tecidos
destinados a produc¢ao de alimentos (Anadon et al., 2006; Strucinski et al., 2007). A questao
dos residuos de medicamentos veterinarios (RMVs) levou ao desenvolvimento de
legislagdes e regulamentagdes proprias tanto no ambito nacional como entre blocos
econdmicos e Orgdos internacionais como o Codex Alimentarius, com o propdsito de
propor e, posteriormente, harmonizar valores de limites maximos de residuo (LMR) para as
diversas combina¢des farmaco / matriz. O estudo dos potenciais efeitos da ingestdo de
alimentos contendo quantidades acima do LMR foi e segue sendo uma area de pesquisa de
grande relevancia, ja que diz respeito diretamente a saide publica bem como as relacdes
comerciais internacionais. A andlise de residuos de farmacos veterindrios é uma fragdo vital

dos programas de monitoramento estabelecidos pelas agéncias reguladoras em praticamente
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todos os paises envolvidos com exportagdo e importacdo de alimentos. A demanda pelo
controle regulatério de contaminantes quimicos em alimentos expandiu-se dramaticamente
nas ultimas décadas, fazendo da drea de andlise destes residuos um importante fator a ser
considerado no comércio internacional de commodities (Anadon et al., 2002; Blackwell et

al., 2005).

Durante muito tempo esta foi a principal preocupacao dos legisladores e pesquisadores da
area. Entretanto, recentemente o foco de estudo a respeito dos RMVs tem se voltado para o
impacto destes compostos sobre o ambiente (Bloom, 2004; Boxall, 2004; Boxall et al.,
2004a; Boxall et al., 2004b; Boxall et al., 2006; Boxall et al., 2003). Apés a administracgao,
estes farmacos sdo liberados no ambiente através de processos de excrecdo dos animais,
sendo que estas substincias podem migrar para distintos recursos hidricos. Vérios estudos
tém relatado a ocorréncia de RMVs em dguas superficiais, lengdis fredticos e efluentes de
estacdes de tratamento (Acar and Moulin, 2006; Kolpin et al., 2002; Yang and Carlson,
2003; Zilles et al., 2005). Muitos pesquisadores tém investigado possiveis atividades
bioldgicas indesejadas no meio ambiente causadas pelos RMVs. J4 foram relatadas acdes
sobre espécies nao-alvo que incluem disrup¢ao enddcrina, inibi¢do reprodutiva e até mesmo
respostas em nivel de ecossistema (Blackwell et al., 2005; Campagnolo et al., 2002; Floate
et al., 2001; McCracken and Foster, 1993; Renaud et al., 2004; Scott Teeter and Meyerhoff,

2003; Wall and Strong, 1987).

A rota que transporta RMVs para o lengol fredtico é bem distinta da rota que envolve
medicamentos de uso humano. Os farmacos de uso humano chegam ao ambiente pelo

sistema de esgotos. Outra particularidade € que a utilizacdo de farmacos pelo homem €, em
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geral, individualizada e altamente heterogénea dentro de uma populagdo. Desse modo,
embora o volume de uso dos firmacos venha aumentando década apds década, ha uma
série de fatores de acabam por diluir, em termos relativos, a concentracdo destes residuos
no meio ambiente (Boxall et al., 2002; Boxall et al., 2006; Esiobu et al., 2002; Gavalchin

and Katz, 1994).

Por outro lado, a utilizacdo de RMVs na producdo animal tem caracteristicas bem distintas.
Primeiramente, o objetivo primdrio é econdmico e ndo terapéutico. Geralmente se busca
obter ganho na taxa de conversdo alimentar dos animais. Para tanto, diversas formulac¢des
sdo elaboradas de acordo com o tipo e fase de crescimento do animal (Booth and
McDonald, 1992). Para tratamentos com este propdsito, as doses sdao quase que
invariavelmente ministradas em doses sub-terapéuticas, veiculadas na racdo ou na dgua
oferecida aos animais. Outra diferenga muito significativa na administragao de farmacos na
producdo animal, é que sdo ministrados simultaneamente para populagdes inteiras, em
grupos que podem variar de dezenas (bovinos, eqiiinos) até milhares de animais (aves).
Esta opcdo € bastante dbvia, pelo fato dos animais muitas vezes permanecerem confinados
do nascimento até o abate, especialmente no caso de suinos e aves, e que a transmissao de
microorganismos entre animais em ambientes de confinamento € muito facilitada. A
medicagdo individualizada € bem mais comum em bovinos e outros animais de grande
porte. Na aqiiicultura industrial, a administracdo de farmacos € realizada pela aplicacao
direta dos medicamentos nos tanques ou agudes. Aplicacdes topicas de antiparasitarios em
rebanhos bovinos também sdo uma forma de liberacdo direta de firmacos ao ambiente, pelo
efeito de lavagem que ocorre nos animais tratados (Blackwell et al., 2005; Capleton et al.,

2006; Furusawa, 1998; Furusawa and Mukai, 1995; Kools et al., 2008).
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Ap6s a administracdo, os excrementos destes animais sdo muitas vezes recolhidos e
utilizados como adubo na agricultura. Deste modo, os RMVs chegam de modo concentrado
ao ambiente, onde poderdo sofrer uma série de processos fisico-quimicos, dependendo da
natureza do solo e das propriedades do farmaco, que fard com que estes residuos atinjam
diferentes niveis de concentracdes em distintos nichos do ecossistema. Atualmente, os
RMVs tem sido denominados como poluentes emergentes (Blackwell et al., 2004; Boxall,
2004; Boxall et al., 2004b; Capleton et al., 2006; Haller et al., 2002; Hamscher et al., 2005;

Kay et al., 2005; Kolz et al., 2005; Kools et al., 2008; Kreuzig et al., 2005).

Para avaliar os efeitos potenciais dos RMVs para o ambiente e para a saide humana,
procedimentos de avaliacdo de riscos ambientais foram estabelecidos e implementados em
muitas dreas. A Cooperagao Internacional na Harmonizacdo dos Requisitos Técnicos para
Registro de Medicamentos Veterindrios (International Cooperation on Harmonization of
Technical Requirements for Registration of Veterinary Medicinal Products / VICH SC)
autorizou protocolo de decisdo para a avaliacdo de risco dos medicamentos veterinarios
(VICH GL6, Phase I) e estabeleceu a harmonizagdo de abordagens (VICH GL38, Phase II)
para realizagdo de avaliacdo de risco ambiental em nivel internacional entre a Unido
Européia, Japao, Estados Unidos, Canadd e Australia / Nova Zelandia. Além disso, a VICH
SC recentemente publicou guias de orientagdo de apoio a VICH GL6 e VICH GL38. A
avaliacdo do impacto ambiental dos medicamentos veterindrios também té€m sido levada a
cabo em muitos paises (Acar and Moulin, 2006; Cooper et al., 2002; Lysons et al., 2007,

Sommer, 1992; Spenser, 2004; Strong, 1992, 1993; Wassenaar, 2005).
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No Brasil, o mercado de medicamentos veterinarios € um dos maiores do mundo e
encontra-se em franca expansdo. A regulamentacdo deste mercado, desde os aspectos de
registro e licenga para producdo até a andlise fiscal, € exercida pelo Ministério da
Agricultura, Pecudria e Abastecimento (MAPA), através do Departamento de Fiscalizagdo
de Insumos e Produtos Agropecudrios (DFIP) e de sua Coordenagdo de Fiscalizacdo de
Produtos Veterindrios (CPV). Os RMVs apresentam uma complexa rede de regulamentacao
que envolve vdrios 6rgdos dos Ministérios da Agricultura e da Satdde. Dois planos
nacionais de controle de RMVs sdao executados. Um no dmbito do MAPA, o Plano
Nacional de Controle de Residuos e Contaminantes, que se destina a andlise de matérias-
primas de origem animal e as amostras analisadas sdo oriundas dos estabelecimentos que
possuem Servigo de Inspecao Federal (SIF). Um outro plano, o PAMVET, ¢ levado a cabo
pela ANVISA (Agéncia Nacional de Vigilancia Sanitéria), agéncia do Ministério da Saide

e possui foco em produtos acabados e coletados no comércio.

O uso de farmacos veterindrios no Brasil é de dificil mensuramento, dado que ndo se
encontram informacgdes sobre quantidades comercializadas. Somente dados de volume de
vendas sdo disponibilizados pelo sindicato das industrias para a saide animal (Sindan), que
retine a grande maioria das empresas do segmento farmacéutico-veterinario do Brasil. Dado
o tamanho dos rebanhos nacionais, que se encontram entre os maiores do planeta, e o
volume de vendas por grupos de farmacos, pode-se inferir que o consumo de farmacos
veterindrios e sua utilizacdo como promotor de crescimento é bastante alta. Informacdes da
inddstria sobre custos de produc¢do apontam os precos médios praticados no pais para a
producdo de bovinos para os vinte antibiéticos mais utilizados pelos produtores nos estados

do Parand e Sao Paulo. Os precos médios foram correlacionados com a quantidade em
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gramas de antibidtico contida na apresentacdo cotada e foi obtido um preco médio de R$
1,053 para cada grama de antibiotico (principio ativo). O universo de antibidticos constante
na lista inclui diversos grupos como penicilinas, sulfonamidas, tetraciclinas, anfenicdis,
macrolideos, aminoglicosideos e fluorquinolonas. Deste modo, extrapolando este custo
médio para as demais formas de produc@o animal que nao a bovinocultura e utilizando os
dados de venda da industria (tabelas 1, 2 e 3), podemos obter uma extrapola¢do para um
volume de cerca de 480 mil toneladas de antibidticos de uso veterindrio utilizados no ano
de 2007 no Brasil. Este valor, embora seja uma aproximacao bastante grosseira, nos dd uma
visdo da tendéncia de uso de farmacos veterindrios no pais. Para realizarmos uma
comparacao, em 2004, na Coréia do Sul, foram utilizadas aproximadamente 1400 toneladas
de antibidticos de uso veterinario. No mesmo ano, foram utilizados cerca de 700 toneladas
de antibi6ticos na produgdo animal na Inglaterra. Se considerarmos o valor estimado de 480
mil toneladas / ano no Brasil, ele € mais do que 340 vezes superior ao volume utilizado na

Coréia do Sul e mais do que 600 vezes superior ao volume utilizado na Inglaterra em 2004.

Considerando as enormes lacunas existentes no que se refere a dados de utilizagdo e
freqiiéncia de farmacos veterindrios, bem como os provaveis grandes volumes de farmacos
liberados ao ambiente, é necessdria a obtengdo de dados confidveis e precisos sobre a area.
Levando também em conta o escasso conhecimento atual sobre as conseqiiéncias da
atuacdo de farmacos veterindrios sobre os ecossistemas e a importancia do monitoramento
de RMVs em alimentos, faz-se necessario propor modos de classificagdo e prioritizagcao
destes compostos baseados em seu uso, distribuicdo e perfil toxicoldgico, ji que ndo
existem hoje no Brasil regulamentacdes que orientem a este respeito. Alguns modelos t€ém

sido propostos em diversos paises, como modo de criar subsidios cientificos para a
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modelagem experimental de estudos de RMVs. Nesse dmbito, destaca-se o trabalho de

Boxall e colaboradores (Blackwell et al., 2005; Boxall et al., 2006).

Recentemente, tem sido proposto que o grande depdsito natural de genes de resisténcia a
antibidticos seja o solo. Na andlise metagendmica de solos, sdo encontrados genes capazes
de expressar mecanismos de resisténcia bacteriana a uma gama muito ampla de
microorganismos. A pressdo evolutiva destes ambientes predispds microorganismos a
desenvolverem intmeros sistemas de defesa contra substincias antibidticas produzidas por
organismos coexistentes bem como contra seu arsenal proprio de compostos com agdo
antibidtica. Na producdo massiva de animais, ha liberagdo de intimeros farmacos
excretados pela urina ou fezes destes animais no solo e nas dguas. No atual estdgio da
pesquisa na andlise de residuos de antibidticos no ambiente, ainda ndo foi estimado com
clareza que papel estes residuos podem desempenhar no estimulo a expressdo de genes

ligados a resisténcia bacteriana presentes no metagenoma de solo e que até entdo

permaneciam silenciados (Venter et al., 2004; Wright, 2007).

No presente estudo, nds utilizamos o exemplo das sulfonamidas, uma classe de compostos
antibacterianos amplamente usada na medicina veterindria, para constru¢do de um modelo
propositivo para elencar prioridades na drea de RMVs, seja sob o ponto de vista da

presenca de residuos em alimentos como também no ambiente.

As sulfonamidas constituem a primeira classe de agentes anti-infecciosos descobertos na
terapéutica. Esta classe de farmacos teve um uso intenso na era pré-penicilina e ainda

durante muitas décadas apds a introdugdo das penicilinas e demais classes de antibidticos.
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Embora ainda hoje sejam farmacos de eleicao para algumas situagdes clinicas muito bem
determinadas, os mecanismos de surgimento de resisténcia fizeram com que as
sulfonamidas - ou simplesmente sulfas - caissem em desuso na medicina humana. Nao
obstante, seu uso ainda é muito freqiiente na medicina veterindria, na drea de produgdo
animal, como profildtico de infec¢des na producdo em larga escala de aves e suinos,
principalmente. Uma das principais vias de utilizagdo € através de racdes medicamentosas,
que incluem, alem das sulfas, diversos outros compostos em associagdo, mais comumente
as penicilinas, tetraciclinas e agentes coccidiostdticos, principalmente do grupo dos
ion6foros. As sulfonamidas sdo comercializadas na forma isolada ou formuladas em
associagdes com outras sulfonamidas e/ou antibidticos e outros agentes antibacterianos. As

sulfas possuem um amplo espectro de atividade bacteriostdtica, afetando bactérias gram

negativas, gram positivas e alguns organismos protozodrios.

A utilizacdo destes farmacos na producdo animal torna-se um grave problema de saide
publica quando nao sdo observadas boas praticas de producdo e os animais e os produtos
originados destes, como ovos e leite, sdo destinados ao consumo humano sem a devida
observacdo do tempo de retirada destes farmacos da dieta dos animais, antes de seu abate
ou coleta de produtos derivados. A presenca de residuos de sulfas e de outros principios
ativos em alimentos pode gerar uma série de conseqiiéncias de diferentes graus de risco,
desde reacdes alérgicas em pessoas hipersensiveis até o surgimento de resisténcia
microbiana passivel de ser transferida para a microbiota humana normal. A dose
subterapéutica, que é bastante comum quando se almeja o simples aumento da taxa de

conversdo alimentar, pode ainda afetar a homeostase entre microbiota e hospedeiro,
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balanco que vem sendo sugerido como um dos fatores que regula e modula a resposta

imune (D'Costa et al., 2006; Wright, 2007).

Diversos mecanismos regulatérios tem sido implantados por muitos paises na tentativa de
estabelecer monitoramento sobre a presenca de residuos de farmacos, pesticidas e
contaminantes ambientais em produtos de origem animal e vegetal. Em outra frente, redes
laboratoriais  internacionais para monitoramento de resisténcia bacteriana em
microorganismos veiculados por alimentos vem ganhando terreno. O problema impde
também necessidade de marcos regulatérios adequados na drea de produgdo de racdes para
animais e, especialmente, na autorizac¢do e registro de farmacos para uso veterindrio. No
Brasil, embora estas quatro dreas — andlise de residuos, vigildncia de mecanismos de
resisténcia bacteriana, producdo de ragdes e registro de medicamentos veterindrios -
estejam contempladas nos processos de vigilancia e fiscalizacdo estatal, a falta de
compartilhamento de dados bem como a auséncia de uma visdo comum, implica em
duplicidade de trabalhos e de ineficiéncia na produc¢do de dados cientificos que possam

embasar tecnicamente a formulacdo de uma legislacao mais adequada.

Com o propdsito de regular esta modalidade de utilizacao de sulfas, o Brasil, assim como a
maioria dos paises produtores e importadores de alimentos, adota valores de limite maximo
de residuos para esta e outras classes de farmacos de uso comum na medicina veterindria.
Atualmente, sendo o Brasil signatdrio do Codex Alimentarius, € adotado o valor mdximo de
residuos de sulfas estabelecido por este organismo, que é de 100 pg kg'. Este valor é

estabelecido de forma semelhante em outros paises.
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O Plano Nacional de Controle de Residuos ¢ Contaminantes (PNCRC)

O MAPA € a autoridade responsavel ndo s6 pelas andlises laboratoriais do PNCRC, plano
que monitora e avalia a presenca de sulfas e indimeros outros compostos em alimentos de
origem animal e vegetal, mas também € responsdvel pelo registro de medicamentos de uso
veterindrio. A legislacdo foi recentemente atualizada e hoje € proposta uma série de
condi¢des para registro e renovacdo de registro de substincias antimicrobianas. Estas acdes
visam principalmente selecionar o arsenal terapéutico disponivel para o uso veterindrio de
maneira que ndo se provoque prejuizo a produciao animal, mas levando em consideragdo a
necessidade de se preservar o uso concomitante de antibidticos nas medicinas humana e

veterinaria (LEITE and JOKL, 1996).

O MAPA nio disponibiliza, hoje, informagdes completas sobre quais tipos de fairmacos e
quantas apresentacdes farmacéuticas estdo disponiveis, o que dificulta avaliacdo do
panorama do mercado veterindrio brasileiro. Também sdo raros os trabalhos que trazem

dados de incidéncia e freqii€ncia de uso.

Mercado Veterinario Brasileiro

O mercado de produtos veterindrios no Brasil é suprido por dois tipos caracteristicos de
empresas. Grandes multinacionais quimico farmacéuticas, com atuag@o global, convivendo
com pequenas empresas nacionais. As poucas excecdes intermedidrias estdo sendo
englobadas por estratégias de aquisi¢des, reforcando o ambiente de consolidacdo por que

passa o setor.
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O processo de consolidagdo nos ultimos anos tem sido intenso. Em 1990, 22 empresas
respondiam por 70% do mercado mundial (na época de US$ 9,2 bilhdes). Em 1998 (US$
17,9 bilhdes), a mesma fatia foi atingida por 17 empresas. No ano passado, 9 empresas
responderam por 50% do mercado (em 1990, eram 12). No Brasil, a situagdo ndo ¢é
diferente. O mercado faturou em 1998, US$ 860 milhdes em um panorama onde 60% do
mercado é dominado por 10 empresas, sendo que as multinacionais detém cerca de 70% do

mercado. Para dados de crescimento deste mercado, consulte a tabela 3.

Os insumos veterindrios podem ser divididos em dois grandes grupos. Por um lado, os
chamados — equivocadamente - “genéricos”, produtos sem grandes barreiras tecnoldgicas a
entrada, sem protecdo intelectual, em geral presentes nos mercados com grande variedade
de marcas. Por outro, as especialidades, produtos com atributos diferenciais, produzidos por
poucas empresas e, em geral, voltados para mercados de nicho. Trata-se de um mercado
muito segmentado. Os produtos, agrupados por categoria farmacéutica (bioldgicos,
farmacos, e suplementos nutricionais), sdo destinados a diferentes segmentos animais
(bovinos de carne, leite, suinos, aves, eqiiinos, cdes & gatos e outras espécies). Dentro
desses segmentos, os produtos sdo destinados a diferentes tipos de clientes, divididos

segundo o grau de tecnificagdo da produgao.

Os objetivos especificos deste trabalho sdo elencar as sulfonamidas disponiveis no mercado

veterindrio brasileiro em 2007, e propor um sistema racional simples para prioritizacdo de

farmacos a serem monitorados em alimentos bem como para estudos de impacto ambiental.
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Material e Métodos

A pesquisa dos medicamentos de uso veterindrio contendo sulfas foi realizada através de
revisdo bibliografica, andlise de bulas e rétulos, pesquisa através da Internet e em bancos de

dados oficiais do MAPA e pesquisa em casas de comércio agropecudrio.

Resultados e Discussao

No ano de 2007, estavam disponiveis no Brasil 118 medicamentos de uso veterindrio
contendo sulfonamidas (figura 1). Os dados destes medicamentos foram tabelados e suas
caracteristicas analisadas em conjunto e separadamente. Foram analisados os seguintes
fatores: sulfonamida(s) presente(s) na formulacido; concentragdo dos principios ativos;
outros farmacos associados; forma farmacéutica; espécies animais com indica¢do de uso;

periodo de caréncia para uso em animais produtores de alimentos.

As sulfonamidas mais freqiientes foram sulfadiazina (27,12%), sulfametazina (13,56%),
sulfametoxazol (12,71%), ftalilsulfatiazol (11,02%), sulfaquinoxalina (11,02%),
sulfanilamida  (10,17%), sulfaguanidina  (7,63%), sulfaclorpiridazina  (4,24%),

sulfadimetoxina (4,24%) e outras (13,56%) (tabela 4)

As concentragdes do principio ativo na forma farmacéutica variaram desde 0.1%

(sulfadiazina de prata em spray) até 80% (sulfadiazina em po para uso oral).
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As associacOes medicamentosas representaram 89% do total (105 apresentacdes), sendo
que 13,5% das associagdes sdo de multiplas sulfas (14 apresentacdes). Dentre farmacos de
outras classes, a associacdo mais utilizada € com trimetoprim (57 apresentacdes; 54,3% das
associacdes). Em seguida, aparecem a clortetraciclina, diaveridina, estreptomicina e

neomicina (tabela 5).

As formas farmacé€uticas mais freqiientes foram pé para uso oral (37,3%), solucdo oral
(21,2%), injetaveis (17,8%) e suspensdo oral (9,3%). As indicagdes de uso das 118
apresentacdes abrangem praticamente todas as espécies animais produtoras de alimento
(com excecao de pescado) bem como de animais de estimacdo (pets). O periodo de
caréncia para retirada da medicacdo em animais produtores de alimentos foi analisado com
base em estudo de bulas. Os periodos variam enormemente, mesmo para formas
farmacéuticas semelhantes. Muitas bulas ndo apresentam nenhuma informacgao referente a
periodo de caréncia, mesmo em casos onde o medicamento seja indicado para espécies

produtoras de alimentos.

Poucos paises tem hoje sistemas eficientes e confidveis de levantamento de dados sobre uso
de antibioticos na produgdo animal (Kools et al., 2008). Dada a auséncia de dados sobre uso
de sulfonamidas na producdo animal brasileira, podemos considerar em termos razoaveis
que das supostas 480 mil toneladas de antibidticos (aqui incluidas as sulfas, embora nao
sejam farmacologicamente classificdveis como tal), 10% deste total seriam de sulfas. Ou

seja, aproximadamente 48 mil toneladas de sulfonamidas teriam sido utilizadas em 2007.
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Critérios de pontuacdo numérica simples sdo utilizados atribuindo valores a determinados
pardmetros que devem ser observados para elencar em escala de prioridades os farmacos
que devem ser a) monitorados dentro de um Plano Nacional de Controle de Residuos em
Alimentos e b) avaliados quanto ao seu impacto na microbiota de solo e mananciais de
dgua. Para as sulfas, podemos observar que o potencial de permanéncia de residuos em
alimentos é diretamente proporcional ao periodo de permanéncia do fairmaco no organismo
(1/2 vida) e inversamente proporcional a extensdo do processo de metabolizagdo do
farmaco. Deste modo, para o sulfatiazol, que geralmente é utilizado na forma de pro-
farmaco (ftalilsulfatiazol) para que exerca atividade somente na luz intestinal e seja
excretado de forma inalterada e com absor¢do desprezivel, o potencial de permanéncia de
residuos em alimentos € bastante baixo. Ndo obstante, para avaliagdes do impacto
ambiental de residuos de sulfas, estas relacdes devem ser todas elas invertidas; assim, o
sulfatiazol, sendo largamente excretado em curto intervalo de tempo, possui preocupante

papel na migracao de farmacos ao ambiente.

Baseado na proposta de pontuagdo que consta na tabela 6, as sulfas foram elencadas de
acordo com sua pontuacdo para estudos de permanéncia de residuos em alimentos. Estes
resultados estdo computados na tabela 7. Embora alguns dados farmacolégicos sejam bem
consistentes, ainda restam muitas lacunas de informacdes que permitam uma aplicacio
menos empirica da proposta. Dados de comercializacdo, por exemplo, ndo puderam ser
utilizados por serem praticamente inexistentes. Informagdes toxicoldgicas também existem
somente para alguns compostos. A ferramenta proposta necessita de diversos dados para
que possa fornecer predi¢cdes mais robustas e confidveis. Conclui-se que a comunidade

cientifica brasileira e o publico em geral necessitam com urgéncia ter acesso transparente a
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informagGes sobre o real cendrio da utilizagdo de farmacos de uso veterindrio no Brasil, de

modo a poder avaliar corretamente o impacto ambiental causado.

1.

Conclusoes

Nao estdo disponiveis dados sobre o consumo de fairmacos de uso veterindrio no
Brasil que permitam estabelecer critérios técnicos objetivos para subsidiar a

regulamentacdo e a pesquisa cientifica.

Pode-se inferir que o consumo de farmacos de uso veterinrio na produc¢do animal
brasileira ¢ um dos maiores do mundo e que a questdo dos RMVs inspira maiores

atengdes seja por parte do setor publico como da comunidade cientifica nacional.
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Figura 1. Nimero de apresentagdes por sulfonamida. Dados se referem ao ano de 2007.
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Tabela 1. Faturamento do mercado veterinario brasileiro

Ano
2007
2006
2005
2004

US$
1.252.364.330,00
1.038.963.921,00

889.800.970,00
690.273.542,00



Tabela 2. Faturamento do mercado veterindrio brasileiro em 2007 por classe de farmaco

Classe Terapéutica

R$

ANTIMICROBIANOS
ANTIPARASITARIOS
BIOLOGICOS
OUTROS

509.411.943,00
834.129.118,00
739.244.168,00
356.695.250,00

Pagina 69



Tabela 3. Faturamento do mercado veterindrio brasileiro em 2007 por espécie animal

Espécie RS
RUMINANTES 1.445.755.335,00
AVES 322.528.689,00
SUINOS 292.343.812,00
PETS 285.249.677,00
EQUINOS 70.534.803,00
OUTROS 23.068.163,00
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Tabela 4. Perfil das apresentacdes de sulfas no Brasil em 2007.

FORMAS FARMACEUTICAS

SULFONAMIDA APRESENTAGOES INJ SOL Sus PO POM CMP INF ERR PRE out total %
SULFADIAZINA 32 7 2 6 9 1 1 1 3 2 32 23,53
SULFAMETAZINA 16 3 3 1 2 1 1 5 16 11,76
SULFAMETOXAZOL 15 3 4 1 5 2 15 11,03
FTALILSULFATIAZOL 13 2 1 9 1 13 9,56
SULFAQUINOXALINA 13 8 4 1 13 9,56
SULFANILAMIDA 12 9 1 1 1 12 8,82
SULFAGUANIDINA 9 1 1 6 1 9 6,62
SULFACLORPIRIDAZINA 5 2 3 5 3,68
SULFADIMETOXINA 5 2 1 1 1 5 3,68
SULFACETAMIDA 4 2 1 1 4 2,94
SULFAMERAZINA 3 3 3 2,21
SULFATIAZOL 3 1 1 1 3 2,21
SULFADOXINA 2 1 1 2 1,47
SULFAFURAZOL 1 1 1 0,74
SULFAISOXAZOL 1 1 1 0,74
SULFAMETILPIRIMIDINA 1 1 1 0,74
SULFAMETOXIPIRIDAZINA 1 1 1 0,74
total 136 21 25 11 44 10 7 2 2 9 5 136
porcentagem 100,00 15,4 18,4 8,1 32,4 7,4 5,1 1,5 1,5 6,6 3,7

INJ — INJETAVEL (SOLUCAO OU SUSPENSAO)

SOL - SOLUCAO DE USO ORAL

SUS — SUSPENSAO DE USO ORAL

PO — PO PARA USO ORAL, VEICULADO PELA AGUA

POM - POMADA

CMP - COMPRIMIDO

INF — INFUSAO INTRAMAMARIA

ERR — ERRINO

PRE — PREMIX, PARA PREPARACAO DE RACAO MEDICAMENTOSA
OUT - OUTROS (COLIRIO, VELAS, ETC)
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Tabela 5. Perfil das associacdes medicamentosas contendo sulfas

N°de % das
Associacao % do total
apresentacdoes  associagdes
Duas sulfas 11 10,48 9,32
Trés sulfas 1 0,95 0,85
Quatro sulfas 2 1,90 1,69
Trimetoprim 57 54,29 48,31

Outras 34 32,38 28,81




Tabela 6. Proposta de critérios de pontuagdo para prioritizacao de sulfonamidas

Critério Pontuagdes Alimentos Ambiente Peso
Numero de apresenta¢des disponiveis: um grande nimero de apresentacdes >30 5 5
pode ser levado em conta como um indicador subjetivo de “popularidade” do 20-30 4 4
farmaco embora se necessitem de dados de uso e volume de vendas por 10-20 3 3 1
substancia para racionalizar devidamente o processo 05-10 2 2
<05 1 1
Espécies indicadas: de acordo com a(s) espécie(s) em que o farmaco é Aquacultura 5 5
utilizado, tem-se um perfil de manejo e administracdo que € de extrema Tratamento coletivo 4 4 3
relevancia para o potencial de residuos ou impacto ambiental Tratamento individual 3 3
PETs 3 3
Dados farmacoldgicos: substincias de baixa absorcdo, destinadas a efeito na Baixa metab. 3 3
luz intestinal, como o sulfatiazol, por exemplo, tem baixo potencial de Média metab. 2 2 2
residuos em alimentos, mas alto indice para avaliacdo de impacto ambiental Alta metab. 1 1
Acdo curta 1 4
Acao intermedidria 2 3 2
Acio longa 3 2
Ac¢ao ultra-longa 4 1
Forma farmacéutica: dependendo da forma farmacéutica, hd maior ou menor Injetaveis 5 2
probabilidade de permanéncia do fairmaco em tecidos Racoes 4 3 1
Solugdo oral 4 3
Errinos, pomadas 1 2
Genotoxicidade e teratogenicidade Alto ou desconhecido 5 5
Médio 4 4 3
Baixo 3 3
Insignificante 1 1
Potencial alergénico Alto ou desconhecido 5 5
Meédio 4 4 2
Baixo 3 3
Insignificante 1 1
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Tabela 7. Pontuacdo das sulfonamidas de acordo com os critérios propostos

Critério SDZ STZ SMZ SMA SQX SFA SGD SCP SDMX SCA SMR SDX PESO
Apresentacoes 5 3 3 3 3 3 2 2 2 1 1 1 1
Indicacdes 4 4 4 4 4 4 4 4 4 4 4 4 3
Farmacologia (metab.) 3 3 3 3 3 3 3 3 1 3 2 3 2
Farmacologia (1/2 vida) 2 1 3 1 2 1 1 2 3 2 2 4 2
Forma farmacéutica 4 4 4 4 4 1 4 4 4 4 4 5 1
Genotoxicidade Teratogenicidade 1 5 5 1 3 1 1 1 1 1 3 1 3
Alergenicidade 3 3 3 3 3 3 3 3 3 3 3 3 2

Total 40 48 52 36 44 33 35 37 35 36 40 41
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Capitulo Il — Analysis of sulfonamides by capillary electrophoresis.
Este manuscrito foi submetido a publicagdo no periédico Journal of Separation
Science e apresenta uma revisdo da analise de sulfonamidas por eletroforese

capilar, dando énfase aos métodos utilizados em amostras de alimentos.
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Review

Analysis of sulfonamides by capillary
electrophoresis

The methods of analysis of sulfonamides (SFAs) using CE are reviewed. Sulfonamides
were the first antimicrobial group of drugs used in medical treatment. These com-
pounds are still used today in medicine and widely are employed in veterinary med-
icine, also for their growth promoter effects. Improved methods of analysis of
sulfonamides are a constant challenge for researchers. CE is a new trend in the
fields of pharmaceutical and food analyses. Several methods for the determination
of SFAs by CE have been published in recent years, and the present review considers
applications in quality control of pharmaceutical dosage forms, food analysis, deter-
minations in serum, and other biological fluids as well as in electrophoresis experi-
ments which examine the behavior of this class of compounds for theoretical stud-
ies of the technique. This review covers studies ranging from the pioneering works
on sulfonamide analyses using classical electrophoresis to the more recent CE meth-
ods coupled to tandem mass spectrometers. The sections are divided following the
EC modes like CZE, MEKC, and hyphenated methods (CE-MS, CE-MS/MS). A brief com-
pilation of theoretical findings of sulfonamides electrophoretic behavior is also
included. Parameters such as recoveries, LOD and LOQ, among others, are exam-
ined, covering works published until August 2008. This review can contribute to fur-
ther research aimed to improve the analysis of SFAs by CE.
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lated from microorganisms, such as penicillin, discov-
ered by Fleming in 1928, which showed high bactericide

The discovery of antibacterial activity of sulfas was
achieved in 1935 with the publication of the study “A
Contribution to Chemotherapy of Bacterial Infections”
[1], in which the biological activity of p-sulfamidocrisoi-
dine (prontosil rubrum) was described by the pathologist
and bacteriologist Gerhardt Domagk. This substance had
been synthesized in 1932 by Fritz Mietsch and Joseph
Klarer, ascited by Mitsuhashi [2] and Miert [3], based on
the classic chemistry of textile dyes, specifically to be
tested as antibacterial agent. The credit for this discovery
gave Domagk the Nobel Prize of Medicine in 1939 [4].
After these years, other emerging antimicrobial sub-
stances were obtained, some synthetically and others iso-
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action [3].

Forneau and coworkers, analyzing metabolites in
blood and urine of patients treated with prontosil,
detected the presence of sulfanilamide (substance known
since 1908) [3]. Through this study, they found that the
active part of the molecule was the sulfanilamide group,
and that the various chemotherapeutic antibacterial
hitherto well known, only acted because of the presence
of the sulfonamidic pharmacophoric group, whose
mechanism of action was subsequently clarified and
related to the inhibition of the bacterial enzyme dihy-
dropteroate synthase.

From the end of the 1940s on, antibiotics tended to
replace sulfas in chemotherapy because of their lower
toxicity and broader spectrum of action [5].

After the observation that certain bacteria developed
resistance to antibiotics, new interest in sulfas grew, and
a search for new sulfonamidic derivatives began, encour-
aged by the ease of production and low inherent costs.

Today, some sulfas are used as associations, e.g., sulfa-
methoxazole and trimethoprim (TMP), for enhanced
antibiotic effects [6]. Moreover, new drugs have been
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derived from sulfa and are quite promising as anticancer
and antiviral drugs [7].

Recently, new applications have been demonstrated
for sulfas, as well as new discoveries about their action
mechanism [8].

Despite the relative loss of importance in human medi-
cine, sulfonamides are widely used in developing coun-
tries as basic medications, especially for urinary infec-
tions. The class of drugs is also used to defeat Plasmodium
falciparum, the causative agent of malaria, and an associa-
tion of sulfadoxine and pyrimethamine is widely used in
affected zones [9].

Commonly, sulfonamides are used in food-producing
animals to prevent diseases, to promote growth, to
increase weight gain, and to reduce the amount of feed
per animal, which ultimately increases food conversion
rates. They are administered in feed at sub-therapeutic
doses during growth. The incorrect administration of
antibiotics in veterinary medicine imposes the great
potential risk that the residues of these drugs may be
present in edible tissue [10].

The main risk to human health in using antibiotics on
animals is the fact that animal bacteria can develop
resistance to drugs, mainly by using sub-therapeutic
doses. This resistance can develop through several path-
ways such as mutation, acquisition of resistant genes or
a combination of both [11].

Another major concern about the massive use of
sulfonamides and other drugs in intensive animal pro-
duction is the residue amount that is transferred to the
environment through animal waste [12]. This subject has
recently received increasing attention due to the fact
that it may be involved in the selective upregulation of
the so-called resistome of soil microorganisms [13, 14].

In several countries, consumer exposure to residues
was estimated through studies of the normal diet of an
individual, by international agencies as World Health
Organization (WHO) or Food and Agriculture Organiza-
tion of the United Nations (FAO). These studies measured
the population's exposure to certain residues present in
food. These data allowed to calculate the consumers'
average exposure to a range of chemical compounds
present in diets and to interpret the average exposure in
terms of an acceptable daily intake (ADI) to these substan-
ces. ADI is an estimate of the quantity of the substance
that can be ingested daily throughout life without appre-
ciable risk to health [15]. According to international
boards as Codex Alimentarius, all active compounds -
new or existing - used in veterinary medicines for food-
producing animals require the establishment of a maxi-
mum residue limit (MRL). MRLs are based on the concept
of ADI, but are determined taking into account the deple-
tion of the drug in the target species, so its values can be
established for tissues and animal products [16]. Due to
pharmacokinetic differences between species, MRL is spe-
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cific to each species, while ADI is universal for a given
substance.

Residue analysis is an important element in food safety
and public health policies, as it establishes parameters
that inform whether a food is safe or not for human con-
sumption. For drugs used in animal production, the anal-
ysis of their residues is a vital component of programs
and monitoring plans implemented by regulatory agen-
cies in virtually the entire world. The tests are aimed at
determining whether residues are within acceptable lev-
els for consumption, which means levels below MRL.
Hence the importance of developing analytical proce-
dures to determine sulfonamides in biological matrices
in low levels, as MRLs.

Residues analysis methods have enjoyed enormous
progress since the 1980s. There were many scientific
advances in the field of analytical equipment, computer-
ization, and automation of all method's stages. Many of
these achievements have been directed to increase the
sensitivity and specificity of techniques. The demand for
regulatory control of chemical contaminants in food
expanded dramatically in the last decade, making resi-
due regulation an important factor to be considered in
international commodities trade.

All this has generated a great demand for analytical
methods to detect veterinary drug residues in food matri-
ces. Here, the chromatographic techniques have played
the most prominent role, especially in HPLC. This versa-
tile tool has been widely studied and is commonly used
in sulfonamides analysis in several types of matrices
[17-23]. HPLC is capable to detect low concentration lev-
els, which is the key in residues analysis. However, as a
technique HPLC is sometimes limited by the low effi-
ciency of separation, excessive spending with columns
and consumption of relatively high quantities of buffer
solutions and organic solvents.

CE is an adequate alternative to chromatographic tech-
niques, mainly when only small sample amounts are
available [24-26]. Some advantages of CE are the high
separation efficiency, the possibility to analyze several
samples simultaneously in multicapillary systems, the
low consumption of reagents and accessories (packaged
columns are not required), apart from the fact that CE
hardly makes the use of solvents with high environmen-
tal and toxicological impact.

CE - as HPLC - allows automation, injection of
smaller volumes of samples and multiple modes of detec-
tion. CE is used for tracking drugs in a variety of matrices
such as plasma and tissue, and has been studied in sev-
eral works for a variety of biological samples [26, 27|. For
these reasons, CE is an analytical tool that has won
importance and today broadens its scope of applications,
mainly in the food and drug analysis areas.

Several CE methods for sulfonamides analysis have
been published in the past 40 years. The continuous
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Figure 1. Chemical structures of the most common sulfonamides: (A) sulfaguanidine (SGD), (B) sulfanilamide (SFA), (C) sulf-
acetamide (SAA), (D) sulfisomidin (SIM), (E) sulfadiazine (SDZ), (F) sulfathiazole (STZ), (G) sulfapyridine (SPY), (H) sulfamera-
zine (SMR), (1) sulfamoxole (SMO), (J) sulfamethazine (SM2), (K) sulfamether (SME), (L) sulfamethizole (SMT), (M) sulfameth-
oxypyridazine (SMP), (N) sulfachloropyridazine (SCP), (O) sulfamethoxazole (SMA), (P) sulfamonomethoxine (SMM), (Q) sulfa-
dimethoxine (SDMX), (R) sulfisoxazole (SSA), (S) sulfabenzamide (SB), (T) N*-phthalylsulfathiazole (PST), (U) sulfadoxin
(SDO), (V) sulfagquinoxaline (SQX), (W) sulfanitran (SNT), and (X) sulfaphenazole (SNZ).

improvement of these methods was observed together The present work covered methods and studies that
with the development of CE, and the applications made the use of sulfonamides, published from 1968 to
migrated from classic electrophoresis to modern CE may 2008, classified for type of electrophoresis, and chro-
modes, like CZE, MEKC, CEC, and CE-MSn. nological order within types. Figure 1 gives the struc-

tures of the most common sulfonamides.
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2 Electrophoretic methods for the analysis
of sulfonamides

2.1 Classical electrophoresis methods

The first reported work on sulfonamides analysis by elec-
trophoresis was issued in 1968. In that study, Rashkovan
and Sementovskaia [28] described a quantitative and
qualitative method based on paper electrophoresis.

In 1974, Lepri et al. [29] published a study about the
chromatographic and electrophoretic behavior of sulfon-
amides using thin layer of ion exchangers. Fourteen sulfa
drugs and five N4-derivatives were analyzed by strong
and weak cation and anion exchanges with polystyrene,
paraffin, and cellulose matrices. Several solvents and
mixtures of aqueous and organic solvents were tested.
Electrophoretic behavior was evaluated on a BioRad AG
1-X4 (CH3COO-) and silica gel layers. For both chromato-
graphic and electrophoretic behavior, the mobility of
sulfonamides depends on their degree of dissociation of
the conjugated acid, which in turn is dependent on the
protonic activity of the solvents.

A decade after, an electrophoresis method was applied
for the first time for antibiotic identification in food sam-
ples. Lott et al. [30] developed a very interesting method
based on a combination microbiologic—-electrophoretic
assay. This method was applied for meat, milk, and ani-
mal feed samples. Using a high-voltage electrophoresis
method which followed a microbiological screening
assay, they could detect B-lactams antibiotics and sulfon-
amides in those food samples.

Briefly, meat and feed samples were extracted with an
ACN-water mixture, and milk samples were examined
directly after the same ACN-water extraction procedure.

After application of extracts onto plates of antibiotic
medium no. 1 or nutrient agar, both seeded with sensi-
tive microorganisms, positive samples produced inhibi-
tion zones. These samples were applied, for confirmatory
purposes, to 10 mm diameter wells on electrophoretic
plates (60 cm x 40 cm), with a gel depth of 1.6 mm. The
support medium was 1% agar and 1% agarose in Tris/suc-
cinic acid buffer pH 6 and 8. A voltage of 1500 V was
applied for 1.5 h at 15°C. Following electrophoresis, the
migrated compounds were visualized by over-layering
with antibiotic media no. 1, pH 6 or 8, seeded with Micro-
coccus luteus or Bacillus cereus spore suspension and the
plates were incubated for 18-24 h at 30°C.

In 1988, another study on electrophoretic behavior of
sulfonamides was reported [31]. In that work, the authors
determined the pls of sulfadiazine, sulfafurazole, and
sulfapyridine by microelectrophoresis as a function of
pH. The values obtained were compared with literature
values of acid and basic ionization constants which had
been determined by potentiometric titration or other
methods. A significant agreement between the methods
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was observed for the three compounds. All values were
between 3.5 and 4.6, and the authors concluded that sul-
fonamides function as weak acids rather than as ampho-
teric compounds at physiological pH.

2.3 CZE

The first CZE method for SFAs analysis was published in
1992, when Ng et al. [32] made use of an overlapping reso-
lution mapping (ORM) scheme to optimize the separa-
tion of eight SFAs in standard solutions. Initial tests
using CZE conditions were unsuccessful at the pH range
of 6-8. A possible explanation is that it is an intermedi-
ate zone between the two pK,s of SFAs, which showed
high variation among sulfa compounds and, in this pH
range, changes in pH as small as 0.05 U could affect the
resolution.

The authors chose B-CD as a modifier, which presents
neutral charge in pH 6 -8 and polar hydroxyl groups. For
optimization, they used an ORM scheme, and chose pH
and B-CD as variables. In this approach, they needed to
perform nine experiments, with only one replicate at the
central point conditions. If they had used a factorial
design for 2?variables, they would have needed only four
experiments and two or three replicates at the central
point to obtain the same optimization profile. Optimum
conditions obtained were 50 mM phosphate, 50 mM
borate and 10 mM B-CD at pH 7.0 as BGE composition.

In a subsequent work, Ng et al. [33] used the optimized
conditions for the separation of seven SFAs from pharma-
ceuticals tablets. Again, the effects of pH and B-CD were
discussed. An increase in f-CD concentration decreased
the migration time of analytes. The authors proposed
that the benzene ring structure in the aniline moiety of
SFAs and the heterocyclic ring in the radicals could be
incorporated into the cavity of f-CD.

In neutral pH, some of the SFAs would be partially or
totally deprotonated, depending on their pK, values. The
partially deprotonated analytes (sulfamethazine (SMZ)
and SMR, pK,= 7) elute earlier than analytes that were
totally ionized (pK, < 7). The authors concluded that the
migration order of SFAs is pK,dependent; SFAs with
PK. > pH of BGE, migrate faster than SFAs with pK, bellow
the pH of buffer.

In the study reported by Ackermans et al. [34] in 1992, a
method using CZE was developed for the determination
of sixteen SFAs in pork meat extracts. Treatment of sam-
ples was performed with an initial homogenization of
10 g of tissue with 100 mL of ACN in a stomacher, fol-
lowed by centrifugation and filtration of supernatant.
Filtrate was used for direct injection in the CE system.

In order to optimize the method, several conditions
were examined for the determinations of effective mobi-
lities of SFAS. They explored a high range of options of
BGEs, pH, applied voltage, and injection times, utilizing
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two different capillaries. The pH range tested was estab-
lished between 3.2 and 8.2, with several buffers: Tris-ace-
tate 20 mM, imidazole-acetate 10 mM, phosphate
20 mM-borate 20 mM, Tris-MES 10 mM, Tris-acetate
10 mM, and Tris-formate 10 mM.

The major differences between the effective mobilities
were optimum at pH 7. Only two pairs of SFAs cannot be
separated: SFA and SGD, which are both uncharged at
neutral pH and migrate together with the EOF peak
marker, and STZ and SMP, which have very close mobili-
ties values. Borate 20 mM-phosphate 20 mM was chosen
for quantitative analysis for the twelve SFAs which can
be separated by this method.

They also calculated the pK, values for fourteen SFAs
(except SFA and SGD), based on mobilities obtained from
the first experiment, which showed good agreement
with literature values.

The authors also examined the matrix effects of pork
meat by comparing the mobilities in separate solutions
to a mixture of standards and to a “tissue standard”, i.e.,
a matrix blank extract spiked with the pool of standards
after all extraction procedures. The mobilities did not
suffer significant alterations among the three analyses.
The LODs obtained (2-9 pg/kg) were above the legal
requirements, emphasizing that extraction method had
no concentration step or on-capillary concentration pro-
cedure.

In a paper by Ricci and Cross [35], a method for twenty-
two sulfonamides and three dihydrofolate reductase
(DHFR) inhibitors was described. Using a BGE with
pH 7.5, 18 drugs were resolved in 22 min. In more alka-
line conditions, DHFR are not resolved. Around pH 7,
where the degree of ionization of SFA is highly variable,
pK, and migration time are strongly correlated. The
authors found that resolution was improved by increas-
ing phosphate buffer concentration from 25 to 100 mM,
but analysis time was increased. The authors proposed
that the correlation between analyte mobility and the
ratio of net charge to molecular weight observed in their
experiments indicate that this ratio may be used as a
quick guide to the possibility of the separation of related
compounds. The authors also performed a comparison
between LC and CZE. This paper may be considered the
first of a long series of studies on the behavior of SFAs in
high concentration buffers, developed in the mid 1990s
by Cross and Cao. That series was issued together with a
series of studies developed with the same focus, elabo-
rated by Lin et al. In the following section of this review,
both series will be discussed in detail.

In 1994, Yao and Li [36] reported a three-peak variance
method for the determination of diffusion coefficients of
a group of SFAs by CZE. A comparison among graphical,
stopped migration and low lied methods was conduced,
and they proposed the latter method as a simple and fast
tool for the determination of diffusion coefficients.
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In 1996, Wright and Dorsey [37] utilized metal ions for
selective separations in CE. They added Ag (I) to the BGE
in CZE and MEKC with SDS as micelle formation element,
with the purpose of optimizing separation of analytes
that selectively complex with silver.

Baseline resolution was obtained for the CZE separa-
tion of nine SFAs with the addition of silver nitrate
80 mM to the BGE. In MEKC experiments, separations of
SFAs, which were unsuccessful in normal conditions,
was achieved with the addition of 25 mM Ag (I).

Utilizing hydrodynamic injections and UV detection
(254 nm) sulfadimethoxine (SDMX), SGD, SMR, SQX, SDZ,
STZ, SFA, sulfacetamide, and sulfabenzamide were sepa-
rated in optimized conditions, on a fused-silica capillary
(50 um id, 47 cm total length, and 40 cm effective length)
under constant voltage of 20 kV, with a BGE composed
by ammonium acetate pH 4 with 15% of ACN as a organic
modifier and 80 mM silver nitrate.

In MEKC conditions, SFA, SGD, SPY, SMR and sulfacet-
amide were resolved with silver nitrate 25 mM added to
the BGE HEPES pH 7 with 25 mM SDS without organic
modifiers, in the same capillary and voltage applied to
the CZE method.

No optimization approach was used and the method
was not tested for real samples application, and the
injected amounts of the standards were not specified by
the authors. The advantage presented in this work lies in
the introduction of another discriminatory tool to per-
form the separation of the most polar SFAs, like sulfagua-
nidine, sulfacetamide, and sulfanilamide, which show a
reasonable level of difficulty for the analysis by CE con-
ventional methods.

Veraart et al. [38, 39] developed an automated dialysis
SPE sample preparation procedure which was coupled
online to CE. They analyzed real samples (serum and
urine) to determine sulfonamides (SDZ, SMR, SMA, SMP
and sulfamethizole). Dialysis was shown to be a very effi-
cient method to conduct an automated cleanup and a
concentration procedure, especially to remove proteins
and particulate matter from a matrix. A subsequent
micro-SPE cartridge was used to concentrate analytes
and remove other interferences. After that, samples were
automatically injected in the CE system. LODs of 50 -100
and 50-300 ng/mlL were obtained in urine and serum,
respectively.

In 1999, Wang et al. [40] reported a CZE method with
amperometric detection for SFAs analysis using pharma-
ceutical tablets as matrices. They applied the procedure
to real samples of tablets containing SDZ, SMZ, and TMP.
Samples were injected electrokinetically by applying
28 kV for 10 s (see Table 1 for details). Detection was per-
formed with a carbon-disc electrode which was made
using pencil lead that was preferred after comparison
with a carbon-paste electrode. The electrochemical detec-
tion system was composed of a platinum auxiliary elec-
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Table 1. Representative summary of methods for sulfonamides analysis by CE
Sulfonamides Sample Electrophoretic Detection Sample pretreatment Detection/ Recovery Ref.
method conditions LOD achieved
Sulfanilamide Milk MEKC; hydrodynamic Xenon-induced Extraction with 1.59-7.68 85-114% [50]
Sulfathiazole injection (40 mbar for fluorescence hydrochloric acid, Nm/L
Sulfamethoxazole 12 s), fused-silica capil- dilution with metha-
Sulfaguanidine lary (75 pm x 53.2 cm), nol, derivatization of
Sulfadiazine buffer composition: the supernatant with
SDS 40 mM, phosphate fluorescamine
20 mM, pH 7.5, applied
voltage 21 kV
Sulfamethoxazole Pork meat CZE; pressure injec- UV detection Extraction with ACN  2.0-9.0 pg/mL 100% [34]
SMZ tion (1.8 nL), fused- (254 nm) and centrifugation
Sulfamerazine silica capillary
Sulfadoxine (50 mm x 116.45 cm),
Sulfatroxazole experimental tempera-
ture 25°C, buffer com-
position: phosphate
20 mM, borate 20 mM,
pH 7.0, applied voltage
30 kv
Sulfadiazine Pharmaceuticals ~ CZE;siphoning injec- UV detection Dissolution and Not available  86% [33]
SMZ (tablets) tion (9 cm of height by (210 nm) dilution with NaOH
Sulfamerazine 4 s, estimated volume 25 mM
Sulfamethoxy- 1 nL), fused-silica capil-
pyridazine lary (50 pm x 50 cm),
Sulfasalazine buffer composition:
Sulfaquinoxaline phosphate 50 mM, bo-
Sulfachlorpyridazine rate 50 mM, B-CD
10 mM, pH 7.0, applied
voltage 15 kV
Sulfadiazine Ground water CZE, fused-silica capil- UV detection Solvent extraction, 2.59-22.95 Not available [43]
SMZ Meat lary (75 pm x 64.5 cm), SPE cleanup and a pg/L
Sulfamerazine experimental tempera- LVSS with polarity
Sulfachlorpyridazine ture 27°C, buffer com- switching
Sulfapyridine position: phosphate
Sulfamether 45 mM, 10% methanol,
SDMX pH 7.3, applied voltage
Sulfamethoxazole 25 kV
Sulfamethizole
Sulfadiazine Tablets CZE, electrokinetic Amperometric Dissolution and dilu- 1.0 pM/L 97% [40]
SMZ injection (28 kV for detection tion with phosphate 103%
10 s), polyimide-coated buffer 20 mM pH 6.2
fused-silica capillary
(25 pm x 75 cm), buffer
composition: phos-
phate 20 mM, pH 6.2,
applied voltage 30 kV
Sulfadiazine Meat CZE, pressure-injected UV detection Extraction with ACN, 5-10 pg/kg 81-97% [42]
SMZ mode (50 mbar for (205 nm) cleanup procedures
Sulfamerazine 15 s), fused-silica capil- with two SPE car-
Sulfamedimethoxine lary (50 pm x 80.5 cm), tridges (Sep-Pak Alumi-
Sulfamonomethoxine experimental tempera- na N and Oasis HLB),
Sulfaphenazole ture 25°C, buffer com- evaporation and recon-
Sulfaquinoxaline position: phosphate stitution with water/
Sulfisoxazole 35 mM, pH 6.5, applied ACN (50:50)

voltage 25 kV

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Continued
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Sulfonamides Sample Electrophoretic Detection Sample pretreatment Detection/ Recovery Ref.
method conditions LOD achieved
Sulfadiazine Tablets Flow-injection CE UV detection Tablets are powdered 1.05-1.28 97-107% [57]
Sulfamethoxazole (FI-CE) in a “lab-on-a- (214 nm) and extracted with g/mL
TMP chip” device. A H-chan- ethanol/water (1:1),
nel microchip was inte- diluted and filtered
grated with a fused-sili- before injection
ca capillary
(75 pm x 65 cm; 35 cm
effective length), BGE
composition: phos-
phate 30 mM pH 6.0,
applied voltage 1.0 kV
Sulfamethoxy- Pork meat CZE, pressure injec- ~ MS/MS detection Samples are homo- 1.56-12.5 76-100% [55]
pyridazine tion: 1 psifor 10s. genized with diato- nglg
Sulfachlorpyridazine Fused-silica capillary maceous earth and
Sulfassalazine (75 pm x 75 cm), BGE applied to pressurized
Sulfamerazine composition: ammo- PLE. Extraction cycles
Sulfaguanidine nium acetate 50 mM were made with hot
Sulfadiazine pH 4.16, applied volt- water at 160°C. Com-
SMZ age 23 kV, controlled bined extracts were
Sulfathiazole temperature at 20°C. eluting in an Oasis HLB
Sulfanilamide Electrospray in positive SPE cartridge. Final elu-
Sulfapyridine mode for MS analysis; ate was evaporated and
Sulfisoxazole sheath liquid metha- reconstituted with run-
Sulfabenzamide nol/water/formic acid ning buffer.
(49.5:49.5:1.0)
Sulfamethoxazole Standard solutions CZE, electrodynamic UV detection Not applied Amounts of in- Not applied [56]
Sulfachlorpyridazine injection: 5 kVfor 5s. (254 nm) jected solutions
Sulfaisomidine Fused-silica capillary are not re-
Sulfamerazine (75 pm x 35.5 cm; ported
Sulfaguanidine 28.5 cm effective
SMZ length) with a C18 plug
Sulfathiazole (3 pm ODS-1 Spheri-
Sulfanilamide sorb). BGE composi-
Sulfapyridine tion: ACN/citrate buf
Sulfaphenazole fer 10 mM (40:60) in
several pH conditions,
applied voltage 20 kV/
Sulfamerazine Milk CZE, pressure injec- ~ MS/MS or MS CFS controlled by a 0.6-1.0 ng/mL 89-96% [54]
SMZ tion: 50 mbar for 10 s. detection six-way injection valve,
Sulfathiazole Fused-silica capillary methanol is applied to
Sulfamethizole (75 pm x 70 cm). BGE milk samples to precip-
Sulfadiazine composition: ammo- itate proteins. Superna-
SDMX nium acetate 50 mM tantis introduced on-

pH 8.5, applied voltage
20 kV, temperature
controlled at 20°C. CE-
MS interface sheath
liquid: methanol/water
(50:50) with 1.5% for-
micacidata 0.4 uL/
min or 0.2 pL/min

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

line to CE-MS system.
For confirmatory anal-
ysis, milk is precipi-
tated before introduc-
tion in CFS. Inside the
device, serum is puri-
fied with C18 and in-
troduced online to be
analyzed.
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Table 1. Continued
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Sulfonamides Sample Electrophoretic Detection Sample pretreatment Detection/ Recovery Ref.
method conditions LOD achieved

Sulfanilic acid Standard solutions MEKC, hydrodynamic UV detection Standard solutions of Amounts - (48]

Sulfamethoxy- injection: 50 mbar for (205 nm) a mix of SFAs, TMP, of'injected

pyridazine 3.6 s. Fused-silica capil- pyrimethamine and  solutions are

Sulfamerazine lary (50 pm x 60 cm, B-lactams were in- not reported

Sulfaguanidine 40 cm of effective jected. No amounts

Sulfadiazine length). BGE composi- are described. Confir-

SMZ tion: phosphate - bo-
Sulfathiazole rate 25,100 mM SDS,
Sulfanilamide pH 8.5, applied voltage
Sulfapyridine 22 KV, temperature
Sulfisoxazole controlled at 20°C
Sulfacetamide

Sulfamether

Sulfamethoxazole

SDMX

Sulfaquinoxaline

Succinyl-STZ

Phthalyl-STZ

mation of peaks iden-
tity were obtained by
characteristic DAD
spectra.

trode, a working electrode and an Ag/AgCl (KCl 3 M)
reference electrode. The voltage applied to the working
electrode was optimized to +1275 mV.

Experiments conducted in the pH range of 4-8 dem-
onstrate that separations were more effective at pH 6.2
in a 20 mM phosphate buffer concentration. A relatively
high voltage (28 kV) was chosen because it affords a short
run time. At this voltage, the EOF was increased, and in
low voltages, a broadening of peaks was observed. LODs
obtained were 1.0 uM/L for SDZ and SMZ. Recoveries were
97 and 103% to SDZ and SMZ, respectively.

In 2000, Luo et al. [41] published a CZE method for the
determination of SMA and TMP in sulfatrim tablets. They
used a 27 cm long fused-silica capillary (20 cm effective
length) with 50 pm id and CZE was performed in 50 mM
ammonium acetate buffer solution pH 5.5 under the
applied voltage of 25 kV. The two active ingredients were
completely separated within 1.5 min, and quantified
with a UV detector at 214 nm by external standard cali-
bration. RSDs of 1.0% for SMA and 0.8% for TMP were
achieved for ten determinations of a sample solution
containing 141.7 mg/L SMA and 25.6 mg/L TMP. Recov-
eries of 98 and 101% were obtained, respectively for
spiked SMA and TMP. LODs, obtained by calculation
method (3c) were 3.5 mg/L for SMA and 1.1 mg/L for TMP.

In 2003, Fuh and Chu [42] reported a method to deter-
mine SMZ, SMR, SDZ, SDMX, SQX, sulfamonomethoxine,
sulfaphenazole, and sulfisoxazole in pork, chicken, and
beef samples. The sample extraction procedures con-
sisted of extraction of the homogenized tissues with
ACN. Two different SPE cartridges were used to remove
the co-extracted endogenous compounds. The first one,
Alumina N, to remove polar interferences, was followed
by an Oasis HLB adsorvent cartridge. Final elution with
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methanol was carried out, which was evaporated to dry-
ness and reconstituted with ACN/water (50:50) contain-
ing 3 pg/mlL 1-naphtoxyacetic acid as internal standard.

Despite the fact that the study of recoveries and repeat-
ability ranged in zones below and above the MRLs, the
LOD obtained via calculation was below the MRL estab-
lished by the European Community (100 pg/kg). Recov-
eries ranged from 80 to 97%, and complete separation of
eight SFAs was achieved in 17 min.

A method reported by Soto-Chinchilla et al. [43] in 2006
proposed the same extraction procedure developed by Fu
and Chu [42] to analyze meat and ground water samples.
Using Alumina B and Oasis HLB as associated SPE cleanup
and concentration process, the final eluate was evapo-
rated to dryness and reconstituted with 750 puL imidazole
10 mM with 10% methanol containing p-aminobenzoic
acid (PABA) as internal standard. For samples of under-
ground water, only an Oasis HLB SPE cartridge was used
in order to cleanup and concentrate the analytes.

The advantage of this work was that it presented, for
the first time, a strategy for offline (by SPE) and online
concentration of the analytes, using, for this latter pur-
pose, a large-volume sample stacking (LVSS) procedure.
They analyzed nine SFAs (SDZ, SDMX, SPY, SMA, SMZ,
SMT, SMR, sulfamether, and SMP) using a diode array
detector (DAD) and a fused-silica capillary with a bubble
cell with an optical path length of 200 pm. The BGE was
an aqueous solution of sodium dihydrogen phosphate/
disodium hydrogen phosphate 45 mM pH 7.3 containing
10% methanol. The wavelength used was 265 nm and the
applied voltage was 25 kV.

The LVSS procedure was based on filling the whole
capillary with the sample and, by switching the voltage,
concentrate the analytes by band compression. In the
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method discussed, a negative voltage of -28 kV was
applied after injection. By monitoring the electric cur-
rent, which increased to normal value as the low-conduc-
tivity injected zone was eliminated from the capillary,
they were able to monitor the matrix removal. At this
point, the stacking was complete and the voltage was
then switched to positive (25 kV) to perform the electro-
phoretic separation of SFAs.

The method was validated with the determination of
the range of work, linearity, LOD (2.59-22.95 ug/kg) and
LOQ. Recovery studies were performed, which varied
from 81 to 99%. The combined use of offline and online
concentration strategies provided limits that were low
enough to satisfy the legal requirements. Nevertheless,
the LVSS procedure cannot be completely automated in
the current CE commercial systems and this fact is an
important factor for routine analysis.

In a following paper, the same authors report analysis
of the same nine SFAs plus sulfadoxine and TMP residues
also in meat and ground water, but applying MS detec-
tion [44].

Experimental design and effective mobility calcula-
tions are used by Mamani et al. [45] to develop a multi-
class method for quality control. Real samples of pharma-
ceutical formulations containing SMZ (tablets and an
oral suspension) were analyzed using CZE. Separations
were achieved using 60 mM/L sodium phosphate plus
20 mM/L sodium tetraborate and DAD detector.

For improvement of detection, field-amplified sample
stacking associated with polymer monolith microextrac-
tion was applied by Li et al. [46] to the determination of
twelve SFAs residues in chicken meat. SFAs were
extracted from chicken meat with ACN and the obtained
extract was applied to a solid-phase microextraction pro-
cedure, using poly(methacrylic acid-co-ethylene glycol
dimethacrylate) as sorbent. Separation and detection
were achieved with 100 mM/L sodium phosphate pH 7.3
as BGE and UV detection (270 nm). LOD values from 3.49
to 16.7 ng/g and LOQ values from 11.6 to 55.5 ng/g were
obtained. At the MRL spike level (100 ng/g), recoveries
from 96.4 to 104% were achieved. They also used pseu-
doephedrine as internal standard.

2.4 MEKC

Hows et al. [47] reported the development and optimiza-
tion of a MEKC method for SFAs, B-lactams antibiotics,
and DHFR inhibitors (TMP and pyrimethamine). Sulfa-
nilic acid, sulfacetamide, sulfamether, sulfisoxazole,
SFA, SGD, SMR, SMZ, SMP, SMA, SDZ, STZ, SPY, SDMX,
and SQX were separated with relative resolution. Also,
two prodrugs of STZ were included, succinyl-STZ and
phthalyl-STZ.

The authors used the method proposed by Dang et al.
[48] as initial condition. From this point on, they
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designed a Box-Behnken model, and defined the number
of peaks as the response factor and pH, voltage, and SDS
concentration as the independent variables. Correlation
between observed peaks versus predicted peaks was tested
to validate the model. Surface response plots indicated
the optimum zones for each interacting factor (first
order interactions). The predicted optimum points
(pH 8.5, 100 mM SDS, 22 kV) were tested with standard
solutions. To produce comparison, a traditional optimi-
zation process based on the univariate method was car-
ried out in parallel, using the same three factors (pH,
voltage and SDS amount). Obviously, this last method
required an expressively higher number of experiments
(60 vs. 15 in a factorial design approach) to achieve a satis-
factory model. The traditional method provides pH 8.5, a
voltage of 15 kV and 100 mM SDS.

In both methods, some analytes were not very well sep-
arated, with poor resolution to few pairs and a relatively
longer run time (more than 25 min). One can assume
that, using another factor of response, perhaps resolu-
tion, or a combination of resolution and time of migra-
tion, then more adequate response surfaces would have
been produced. Also, the response surface indicates that
an improvement in response may be achieved in the neu-
tral pH range. This conclusion can be obtained with the
observation that the pH surfaces do not show a peak
shape, rather, the form is that of an ascending ramp.

Another method using MEKC analysis was published
in 1998 [49]. The authors aimed to obtain log P values for
a very large series of drugs, including SFAs. The log P as
defined by a physicochemical parameter is normally
measured as the ratio of the concentration of a drug
between the two phases, 1-octanol and water, and is
defined by the logarithm of the thermodynamic parti-
tion coefficient, log P, a very important parameter of
hydrophobicity, which is enormously relevant in drug
design. The study showed a comparison between log P
values obtained by MECK and RP-HPLC, with the purpose
of obtaining these data more quickly and at lower costs
as compared to the traditional “shake-flasking method”.
The experimental data was plotted against log P values
obtained by the classic method. The authors proposed an
equation that included and normalized logP data
obtained by both methods, MEKC and RP-HPLC, and the
values provided by equation showed a better correlation
with literature data than HPLC or MEKC values sepa-
rately.

The only sulfa drug investigated in a series composed
of 106 drugs examined, including acidic, neutral, and
basic drugs, was SMA.

Concerning MEKC in particular, the best results were
obtained with the use of bile salts (taurodesoxycolic acid
sodium salt) with the addition of phosphatidylcholine to
simulate the biological membrane binders. They used a
57 cm long fused-silica capillary (50 cm effective length),
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50 um id, and UV detection at 214 nm. Injections were
made with 20 psi (1 s high pressure). BGE was taurodes-
oxycholate 40 mM - phosphatidylcholine 25 mM in
borate buffer 50 mM pH 8. The test solutions had concen-
trations of 0.5-1.0 mg/mL dissolved with taurodesoxy-
cholate 40 mM - borate 50 mM pH 8.

For SMA, the log P value obtained by MEKC was 0.20,
by RP-HPLC was -0.97, and by the classic method
described in the literature it was 0.89.

Residues of sulfonamides in milk were also deter-
mined by Lamba et al. [50] using MEKC coupled with fluo-
rescence detection. Five sulfonamides were separated
within 7 min with an LOD of 1.59-7.68 nM/L, with recov-
ery values from 85 to 114%. Sample treatment included
extraction with hydrochloric acid, dilution with metha-
nol, and derivatization with fluorescamine.

2.5 CE with mass detection — CE-MSn

The first work of sulfonamides analysis by CE was
reported in 1991 [51], utilizing a hyphenated method
with CE coupled to a triple quadrupole mass spectrome-
ter with an ESI system (CE-MS/MS). Separations of sulfon-
amides and benzodiazepines were performed in an
uncoated fused-silica capillary. The capillary column exit
was connected to a liquid junction-ion spray interface
combination to the MS system. Online UV detection
occurred 20 cm away from the capillary inlet and with
the mass spectrometer after the entire capillary length
(100 cm). The separations were made using volatile buf-
fers composed of ammonium acetate (15-20 mM) with
15-20% methanol. The only sulfa drug analyzed was
SMZ and the lowest amount of SMZ applied with struc-
tural information characteristic of the sulfa drug
obtained was 2 pmol in on-column injection.

Pleasance et al. [52] also made use of a CE-MS method to
analyze SMZ and sulfaisodimidine, two isomers, in con-
firmatory mode, monitoring two daughter ions. The first
of them, m/z 279 > 156, is common for both drugs but
the confirmatory transition for SMZ is m/z 279 > 213,
which corresponds to the loss of H, and SO,, exclusively
produced by SMZ. Analysis of SMZ was performed only
with standard solutions. The authors also reported the
determination of SDMX residues in shellfish (oyster)
extract spiked with 1 pg/g of the sulfa target, which was
monitored by transition of mjz311>156. This work
included a detailed description of the design of two inter-
changeable interfaces for CE-MS utilizing ionspray, and a
comparison among various injection modes employed in
commercial CE systems was performed. The ionspray
probe in a liquid-junction interface was compared with a
coaxial interface, which was shown to be capable to pro-
vide more reproducible results.

Another hyphenated method based on CE-MS/MS was
reported by Bateman et al. [53] for the multi-residue anal-
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ysis of sulfonamides in milk samples. In this work, for
the first time, the detection of SFAs at ppt level was
achieved using CE methods. Three pairs of isomeric
sulfonamides that differ only in the positions of the
nitrogen and oxygen atoms in the heterocyclic aromatic
rings of the molecules were analyzed and distinguished
through a quasi-MS/MS/MS method with nano-ESI. In-
source CID was used as a quasi-MS/MS stage to generate
ions arising from the heteroaromatic amine moiety. In a
second MS/MS step these ions were isolated and made to
undergo CID in the collision quadrupole to yield isomer-
specific ions. The authors also performed analysis with
real milk samples.

Santos et al. [54] reported in 2005 a CE-MS method for
the screening and confirmation of SFAs in milk. They
developed a screening unit that provided a continuous
flow system (CFS) to precipitate milk proteins and,
sequentially, inject the samples in CE-MS equipment
through an online connection.

Screening MS method monitored the common ion
with m/z ratio of 156 generated by all SFAs. Analytes were
ionizated using an electrospray interface in positive
mode followed by tuning and fragmentation of the
selected m/z ratios. In the confirmatory mode, fragmenta-
tion of the precursor ions was not realized and the SFAs
were identified based on the characteristic m/z ratio of
precursor ions [M + HJ".

Six SFAs were applied to the method (SMZ, SDZ, STZ,
SDMX, SMR, and sulfamethizole). The sample pretreat-
ment device was based on a six-way injection valve used
to allow the continuous injection of milk samples and
delivery of methanol which reacted with milk in a reac-
tion coil to precipitate proteins that were retained in a
column filled with cotton and nylon filter. The serum
was introduced in a vial and conduced to CE-MS system
to analysis.

For confirmatory analysis, milk samples were precipi-
tated before the introduction in the CFS device. Inside
the device, the serum was applied to a C18 filled column.
Analytes were eluted with methanol, which was directly
introduced in an empty vial to be analyzed sequentially.

Several parameters were optimized, varying only one
parameter at each experiment (univariate method). BGE
composition, pH and concentration were examined
according to this procedure, as well as capillary temper-
ature, applied voltage, composition of the sheath liquid,
and other parameters. The authors found adequate con-
ditions that are described in Table 1. Briefly, the electro-
phoretic separation was performed in CZE mode with
ammonium acetate 50 mM pH 8.5 as BGE, which pro-
vided a negative charge to SFAs.

The LODs obtained varied from 0.6 to 1.1 ng/mL and
LOQ varied from 2.0 to 6.0 ng/mL. Recoveries varied from
89 to 96%. Despite the difficulty to replicate the CFS sys-
tem in routine laboratories, which are not yet commer-

www.jss-journal.com



864 R. Hoffand T. B. L. Kist

cially available, this work presented an instrument that
can be used as screening and confirmatory method by
merely changing instrumental parameters, via software.
Blank samples could have been analyzed between spiked
samples to verify the possibilities of crosscontamination
of the CFS device, whereas the quasi-ppt levels of detec-
tion were determined by Santos et al.

Font et al. [55] reported a CE-MS/MS method for the
determination of twelve SFAs in pork meat. They applied
a pressurized liquid extraction (PLE) associated with an
SPE step for concentration and cleanup of analytes. This
strategy, associated with the high sensibility provided by
MS detection achieved LOD and LOQ below 12.5 and
46.5 nglg, respectively. Also, for the first time, a CE
method for sulfa analysis in food was validated consider-
ing parameters proposed by the 2002/657/EC European
Decision.

STZ, SDZ, SMP, SGC, SFA, SDMX, SPY, SCP, SMZ, sulfis-
oxazole, sulfasalazine, and sulfabenzamide were the
SFAs included in this work.

PLE is a relatively recent tool in separation sciences
and usually provides rapid and reliable analysis using
low-toxicity solvents. In the method developed by Font et
al., hot water was used in the PLR process in a commer-
cial PLE system in which 10 g of homogenized tissue
blended with 10 g of diatomaceous earth was packed in a
PLE cell extraction. The SFAs were extracted at 160°C,
generating ca. 40 mL of aqueous extract at each PLE cycle.
The extracts were concentrated using an Oasis HLB SPE
cartridge and finally eluted with methanol (2 mL) which
was evaporated to dryness. The residue was reconstituted
with 1 mL of running buffer. A ten-fold concentration
factor was obtained with PLE-SPE procedures.

The CE-MS interface was constructed utilizing a com-
mercial device designed for this purpose. The sheath
liquid used for the ionization of analytes plug at the end
of capillary was a mixture of methanol/water/formic acid
(49.5:49.5:1.0) to provide an ESIin positive mode.

One of the great merits of this study was the applica-
tion of the method to a high number of real samples
(n=50), including natural contaminated samples,
obtained from animals treated with feed that contained
300 mg% SMZ for five consecutive days.

Validation was performed in accordance to the 2002/
657/EC guidelines. The researchers worked with spiked
samples in six different levels to determine several
parameters as LOD, LOQ, linearity, accuracy, interday
variation (RSD), decision limit (CCa), and detection capa-
bility (CCB), which were determined using the calibra-
tion curve procedure, described in the European Deci-
sion. CCa values varied from 102 to 104 pg/kg and CCB
from 104 to 109 pg/kg.

Influence of BGE composition, concentration, and pH
were examined according to a univariate strategy. Identi-
fication points for confirmatory analysis of SFAs identity
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by MS/MS monitoring varied from 4 to 11.5 points. A min-
imum of 4 points is required for compliance with 2002/
657/EC.

2.6 Miscellaneous

Dube and Smith [56] presented a CEC method for SFAs
separation. The overall aim of the researchers was to eval-
uate the performance of CEC to separate amphoteric
compounds in acidic, basic, and neutral conditions. CEC
makes use of advantages of CE and HPLC, i.e., it provides
a separation with the plug-like flow of CE associated with
the discriminatory properties of stationary phases of
HPLC. Nevertheless, CEC has limitations, especially con-
cerning ionization variation in analytes.

Experiments were carried out in three different condi-
tions: low, neutral, and high pH. All runs use the same
BGE, a mixture of ACN and citrate buffer 10 mM (40:60)
with the pH adjusted to desired values. A plug of C18 sta-
tionary phase filled the capillary.

In acidic conditions, a low EOF was observed and the
majority of SFAs existed as positively charged species and
thus behaved like weak bases. Depending on the pH, the
authors observed the predominance of electrophoretic
or chromatographic behavior that dictated the patterns
of elution/migration. In high pH (6.9), despite the EOF
increment, several SFAs were negatively charged and
migrated to the injection point. At this pH the run time
was very long (more than 80 min), and electrodynamic
injection was not possible because some anionic SFAs
remained in the input flask of the CEC system.

Fan et al. [57] proposed a simple and very fast method
for flow injection CE in a lab-on-a-chip device developed
in their laboratory. The samples are continuously
applied in a channel linked with a fused-silica capillary,
and detection was performed in UV 214 nm. This method
was applied for real samples, in this case, pharmaceuti-
cal tablets containing TMP, SDZ and/or SMA. The authors
investigated several factors of the influence of the
method, like pH, buffer concentration, voltage, and car-
rier flow rate through a univariate analysis. The perform-
ance was evaluated on a repeatability basis with an RDS
of 2.23% (TMP), 1.19% (SDZ), and 2.64% (SMA). LODs
(SN =3) were 0.17 ug/mL (TMP), 1.05 ug/mL (SDZ), and
1.28 ug/mL (SMA). The recovery values for SMA was 97—
100% and 107% for SDZ.

3 Electrophoretic behavior of
sulfonamides

In the 1990s, two parallel series of papers were pub-
lished, both using sulfonamides as models to perform
the experimental sets of data to add to the theoretical dis-
cussion about electrophoretic behavior [58 - 66]. SFAs are
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quite useful for that end, not only due to their ampho-
teric behavior, which provides CE analysis of these com-
pounds in negative, neutral or positive forms, but also
because of their easy manipulation, low cost, as well as
for being relatively toxic-free.

A comprehensive discussion of all aspects of these very
important contributions is not the purpose of this
review. Briefly, works of Cross, Cao, Lin, and other
researchers demonstrate that sulfonamides electropho-
retic behavior is more correctly predicted if “charge-to-
mass” ratios of these compounds are used in place of the
effective charge (z) to correlate with electrophoretic
mobility. Data provided by these references should be
considered in future studies of sulfonamide behavior in
electrophoresis.

Jouyban and Yousefi [67] investigated a quantitative
structure property relationship to predict the electro-
phoretic mobilities of sulfa drugs. They proposed a
model which employed the logarithm of electrophoretic
mobility (Inue) as dependent variable and partial
charge, total energy, heat of formation, and molecular
refractivity as independent variables. The applicability of
the model was examined in real mobility data of five
experimental datasets, one of them with thirteen SFAs.
The electrophoretic mobilities values had been borrowed
from the work of Lin et al. [58]. The correlative analysis
showed that the model proposed by the authors was able
to predict electrophoretic mobilities. A plot of predicted
data versus experimental mobilities obtained by Lin and
coworkers showed a significant correlation (R = 0.932).

The experimental data obtained by Lin et al. [58, 60] was
also the object of a comparative study between multiple
linear regression, and artificial neural networks have
been carried out employing electrophoretic mobility of
sulfonamides [68]. The authors used heat of formation,
positive partial charge, and surface area of SFAs in their
anionic form as independent variables and a 3-4-2 artifi-
cial neural network in which the mentioned descriptors
(independent variables) are the input values, while effec-
tive electrophoretic mobility was the output. Based on the
correlation coefficients and the standard errors range,
they concluded that the artificial neural network shows
better accuracy over the multiple linear regression model
to predict SFAs electrophoretic mobilities.

Schott and Astigarrabia [31] determined the pIs of SFA,
SPY, SDZ, and sulfafurazole microelectrophoresis of
diluted suspensions as a function of pH. pIs were calcu-
lated from values of acid and basic ionization constants
obtained from the literature (determined by potentio-
metric titration). The authors also made the use of ultra-
violet absorption spectra data and solubility parameters.
Satisfactory correlation was observed between the two
methods of determination. Values were between 3.5 and
4.6, indicating that sulfonamides function as weak acids
rather than amphoretic compounds at physiological pH.
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Geiser et al. [69] have made the use of the CZE method
to measure the acidic dissociation constant (pK,) of
SDMX, SFA, sulfafurazole, sulfabenzamide, and sulfadox-
ine as well as of many other drugs. They used a dynamic
coating procedure in the capillary to obtain an increase
in EOF and thus reduce the analysis time, using Ceofix™
buffer pH 2.5 (polycation - polyanion sequential treat-
ment) to provide a constant number of negative charges
in internal wall of capillary.

Kaliszan et al. [70] used the well-known quantitative
structure-retention relationships of metal cations in CE
to propose similar descriptors to relatively large organic
compounds such as sulfonamides. Based on ionic radius,
atomic mass, and ionization energy as structural param-
eters, they made the comparison between predicted val-
ues of electrophoretic retardation factor and concluded
that the molecular mass can be considered a first approx-
imation to predicable electrophoretic parameters. No
consideration about Cross and Li discussions were made
in this work.

4 Conclusions

CE is a versatile and adequate tool for sulfonamide anal-
ysis in pharmaceuticals, food, and environmental sam-
ples. Improvements in concentrations and LODs are
required in order to comply with legal requirements and
international proposed criteria. Hyphenated methods
such as CE-MS or CE-MS/MSn present the sensitivity and
specificity of mass detection coupled to high resolution
and low-solvent consumption of CE. Probably, with the
automation of extraction and clean-up steps and the
expansion of commercially available systems for CE-MS,
these kinds of methods will play a more important role
in the near future.

The authors declared no conflict of interest.
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Capitulo lll - Development and validation of screening and confirmatory
methods for sulfonamides residues analysis by capillary electrophoresis and
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drogas veterinarias do Journal of Chromatography A e apresenta os resultados
obtidos no desenvolvimento e validacao dos métodos de analise de triagem e de
confirmacao realizados, respectivamente, por eletroforese capilar e espectrometria
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Abstract

A multiresidue method is described for determining six sulphonamides (SAs) (sulfadiazine,
sulfathiazole, sulfamethazine, sulfamethoxazole, sulfaquinoxaline and sulfadimethoxine) in liver by a
capillary electrophoresis screening method and a liquid chromatography coupled to tandem mass
spectrometry confirmatory assay. Samples were prepared by homogenizing the tissue, extracting the
liquid extract from the tissue and direct injection in the capillary electrophoresis system or mass
spectrometry system for confirmatory analysis. The detection of analytes was achieved by laser-
induced fluorescence in capillary electrophoresis. Procedures were validated according to the European
Union regulation 2002/657/EC determining specificity, decision limit, detection capability, trueness
and precision. The results of validation process demonstrate that the method is suitable for application
in Brazilian statutory veterinary drug residue surveillance programs.

Keywords: sulfonamides, capillary electrophoresis, tandem mass spectrometry, validation, residue
analysis, 2002/657/EC.

1. Introduction

Sulfonamides are the first antimicrobial group of drugs used in the therapy [1, 2]. These compounds are
still used today in the medicine and they are used in the veterinary medicine also for the growth
promoter effects [3, 4]. The possible presence of sulfonamides residues in products of animal origin is a
public health concern. Improved methods of sulfonamides analysis are a constant challenge for the
researchers. Several methods has been developed for this purpose in many kinds of analytical tools,
like high performance liquid chromatography, gas chromatography, thin layer chromatography, ELISA
and others [5-14]. In recent years, advances in sulfonamides residues analysis were published using
more recent technologies like capillary electrophoresis and tandem mass spectrometry [15-19].
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Capillary electrophoresis (CE) is a recently analytical tool for food analysis, which can provide a
hightroughput system of analysis. Sulfonamide analysis can be easily performed in CE systems [20-26]
and several methods are disposable for this purpose, which are recently reviewed [27]. But in all of
those methods, high number of extraction, concentration and purification steps is necessary, like solid-
phase extraction (SPE) or more laborious approach.

According to legal requirements for performance of analytical methods for residues determination in
food, a confirmatory method is necessary after the detection and or quantification of an analyte trough
the so-called “non-confirmatory methods” as high performance liquid chromatography, gas
chromatography and capillary electrophoresis.

For this purpose, mass spectrometry is generally the better choice, which is presented in hyphenated
methods, like liquid or gas chromatography coupled to mass spectrometers (LC-MS and GC-MS,
respectively), capillary electrophoresis coupled to mass spectrometry (CE-MS) or in tandem mass
configuration e.g. LC-MS/MS.

Method validation is a totally necessary tool for residues analysis, because the important role in
statutory programs involved in international trade of commodities. European Union (EU) has issued
a specific regulation decision (2002/657/EC) concerning the performance of methods and the
interpretation of results in the official control of residues in products of animal origin. Several
parameters must be calculated as limit of decision (CCa) and detection capability (CCp). For this study,
we applied a validation process based in this regulation.

In this work, we showed the development and validation of an analytical system for hightroughput
analysis of sulfonamide residues in animal tissues, composed by a screening method and a
confirmatory method, performed by capillary electrophoresis with laser induced fluorescence detection
and a LC-MS/MS system, respectively.

2. Experimental

2.1 Capillary Electrophoresis

Initially, we used an instrumental setup which has been described in detail by Hillebrand [28, 29]. A
UV LED (HR370A; Sander Eletronic, Berlin, Germany) with maximum emission at 370 nm (AL = 12
nm) was used as excitation source. The signal from the photomultiplier tube (PMT) (model E850-02;
Hamamatsu, Bridgewater, NJ, USA) was enhanced by an adjustable gain amplifier (13 AMP 003;
Melles Griot, Boulder, CO, USA) before integration by a boxcar (model 162/164; Princeton Applied
Research, Princeton, NJ, USA). By means of a data acquisition board (CIO-DASO08; Computer Boards,
Mansfield, MA, USA), the resulting signal was transferred to a PC using a locally written HP VEE
routine. A function generator (CFG250; Tektronix, Beaverton, OR, USA) was used for both driving the
LED and generating a trigger signal to the boxcar integrator. The homemade CE instrument was
equipped with a fused-silica capillary with an ID of 50 um, an OD 375 pum, and a total length of 59 cm
(54 cm to the detector). After development of the method, we used a commercial capillary
electrophoresis system with twelve capillaries and equipped with a laser-induced fluorescence (LIF)
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detector model PNA402mc (IS Biotech, Porto Alegre, Brazil). Background electrolyte was composed
by phosphate buffer 20 mM and sodium dodecyl sulphate (SDS) 40 mM pH 7.5.

2.2 LC-MS/MS

LC-MS/MS system used was an API 5000 mass spectrometer (Applied Biosystems, Foster City, CA).
Analytical column was a Luna C18 150 X 2.1 mm (Phenomenex, Torrance, CA). Pre-column used was
a guard cartridge system composed by a C18 cartridge with 4.0 X 3.0 mm (Phenomenex). The mobile
phase consisted in ammonium acetate 10 mM with 0.1% acetic acid (solvent A) and methanol (solvent
B). A gradient was used, which are demonstrated in table 1. In initial conditions, was used 25% of
solvent B in solvent A; hold for 3 minutes. In the following step, solvent B concentration was
increasing to 90% in 1 minute and decrease again to 25% in 2 minutes, for a total time of 6 minutes for
each run with a equilibrium time of 3 minutes in the same initial conditions. Mobile phase flow was
800 pL for minute; volume of injection was 20 uL. Analytes were introduced in mass spectrometer
through an electrospray probe operating in positive mode. All data were processed by software Analyst
version 1.4.2 (Applied Biosystems).

Table 1.

2.3 Materials

Except when indicated, all reagents were HPLC grade. HPLC purity water was obtained from Milli-Q
purification unit (Millipore, Bedford, MA, USA). For mobile phase, solvents were filtered through a
0.22 um nylon membrane filter (Millipore) and sonicated before use.

Analytical standards of sulfadiazine (SDZ), sulfathiazole (STZ), sulfamethazine (SMZ),
sulfamethoxazole (SMA), sulfadimethoxine (SDMX) and sulfapirydine (SPY) were obtained from
Sigma and sulfaquinoxaline (SQX) were obtained from Fluka. Physico-chemical properties of the
analytes [30, 31] are showed in table 2. Acetonitrile, acetone and ammonium acetate was obtained from
J.T. Baker. Methanol was obtained from Merck. Fluorescamine was obtained from Sigma. Stock
solutions were made by dilution of the standards with methanol to a concentration of 1 mg mL™". Work
solutions were made by dilution of the stock solutions with methanol or ammonium acetate
10mM/methanol (75/25) to the appropriate concentrations.

Table 2.

2.4 Sample preparation

For extraction, a 2.5 g of chopped and homogenized liver tissue were weighted in a 50 mL glass
beaker. Internal standard (SPY) were added to a concentration of 100 ng g”'. Approximately 3.0 g of
anhydride sodium sulphate were added to the tissue and mixed with a glass stick. An aliquot of 10 mL
of acetonitrile was added and the mixture was placed in a head-to-head agitator for 30 minutes. After,
the mixture was centrifuged for 20 minutes at 4000 g. The supernatant was transferred to an empty and
clean glass tube. The solid residue was submitted to an additional acetonitrile extraction (5 mL) and the
extracts were combined before evaporation step. Organic extract was evaporated in a water bath (40-
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45°C) under a gently flow of nitrogen until dryness. Depending of the analysis type (screening or
confirmatory), the dry residue was submitted to one of the process described bellow:

2.5 Screening method (capillary electrophoresis)

The dry residue was reconstituted in 1 mL of borate buffer 20 mM pH 9.3. Tubes were vigorously
mixed in a tube shaker for 30 seconds. After, the tubes were centrifuged for 5 minutes at 2000 g.
Supernatant was filtered using disposable filter units with nylon filters with 0.22 um porous size.
Aliquots of 85 pL of the filtrate were derivatized by addition of 200 mM fluorescamine solution (in
acetone) in three aliquots of 5 uLL each one. After at a minimum time of 20 minutes, these extracts were
deposited in a 96-well plate and processed in the capillary electrophoresis system. For the manually
controlled system, injections were made in hydrodynamic mode, with a time of injection of 60 seconds
in a height of 6 centimeters. Applied voltage was 20 kV. Electric current showed values around 50+5
RLA.

2.6 Confirmatory method (tandem mass spectrometry)

The dry residue was reconstituted in 2 mL of mobile phase mixture (10 mM ammonium acetate:
methanol, 75:25, v/v) and mixed vigorously in a tube shaker for 30 seconds. After, the tubes were
centrifuged for 5 minutes at 2000 g. An aliquot of 300 pL of the supernatant was transferred to an
empty auto-sampler HPLC vial in which a volume of mobile phase mixture was added to a final
volume of 1.5 mL. Aliquots of 20 pL of this diluted extract were injected in the LC-MS/MS system.
Identification of analytes was achieved using multiple reaction monitoring (MRM). Parameters are
showed in table 3.

Table 3.

3. Results and discussion
3.1 Analytical conditions

Analysis of drugs residues in these types of matrices (serum, plasma, tissues, etc.), in general, requires
a pre-treatment of the sample. The reasons for this are many, highlighting the complexity of biological
matrices, which the compounds are obtained, e.g. presence of proteins that are incompatible with the
chromatography columns or electrophoretic capillaries; concentration of substances to be analysed in
level of trace. The techniques of extraction and pre-concentration enables the analysis of the
components of interest becomes possible. The ultimate goal is to obtain a sub-fraction of the original
sample enriched with the analytical substance of interest, so as to obtain a separation method free of
interfering compounds with appropriate detection and a reasonable time of analysis.

Liver is a very complex matrix, thus the success probability of an analytical method is much lower than
for those matrices like milk or water, for example. The associated use of adequate methods for
extraction and concentration of the samples associated with detection systems which show specificity
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and low detection limits provide a satisfactory performance. In this work, one of the aims was
specifically obtain a simple, fast and non-expensive extraction —concentration system. Extraction was
performed only with acetonitrile and concentration was obtained through an evaporation step. Other
organic solvents were tested for extraction, such as methanol and ethyl acetate but acetonitrile provide
the higher recoveries values (upper to 85% to all analytes) and best cleanness of the extracts, probably
because acetonitrile show a low number of co-extracted endogenous compounds in comparison with
methanol and ethyl acetate. Methanol extraction provides a mean recovery of 65+10% and with ethyl
acetate, a mean value of 71+9% was obtained.

For screening purposes, the dry extract was reconstituted in an alkaline buffer, to provide the optimum
media to derivatization procedure with fluorescamine. Capillary electrophoresis is an analytical tool
with several advantages as speed, low cost and minimum solvent residues production. But detection
limits are generally not satisfactory for drugs residues analysis. To obtain adequate detection limits, a
fluorescence detector system was used which can provide the best sensibility of detection in capillary
electrophoresis. Besides improve limits of detection, the use of LIF increases the selectivity of the
method: matrix interfering substances are excluded, either by derivatization process which is chemical
selective and the electrophoretic separation using micellar electrokinetic chromatography (MEKC)
mode.

3.2 Validation

Method validation was performed by means of intra-day (n = 6) and inter-day accuracy and precision
(n = 6), sensitivity, and linearity. CCa and CCp values were calculated by calibration curves approach
as describe in the Directive 2002/657/EC. For the screening method, specificity and selectivity were
studied. CCP for CE method was obtained analyzing spiked samples (n=20) in decreasing
concentration levels. CCP value is that level of concentration in which was obtained a maximum level
of 5% for false negative results, which means, only one “not-detected” result in a 20 samples batch.
CCB values as showed in figure 1. Values of 25 ng g™ were obtained for SDZ and STZ; 50 ng g™ for
SMZ, SQX and SDMX; for SMA, CCP was established at 75 ng g

Figure 1.

Confirmatory method has been validated in accordance with Decision 2002/657/EC using spiked
samples. Parameters of performance of the method were determined and evaluated according to the
considerations proposed in Decision, using samples of liver fortified with standard solution of
sulfonamides in various concentrations. The parameters studied: linearity, accuracy, precision,
specificity, selectivity, stability of standards, matrix interference, besides the new parameters CCa and
CCB. The linear response was first studied using standard solutions injected three times, covering the
range 10-300 ng mL™". The calibration curves were constructed using the ratio of peak area of analyte /
area of internal standard peak versus the concentration of analyte. All curves have been injected at least
in triplicate. Precision and accuracy were studied by the analysis of samples fortified with three levels
of concentration (50, 100 and 150 ng mL™). The Intra-precision test was studied for six measurements
in replicate for the three levels of concentration while the inter-precision test was performed during the
execution of three batches into three distinct and consecutive days. The decision limit, CCa, and the
detection capability, CCP were calculated plotting all data obtained from precision study.

3.3 Specificity
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Blank samples (n = 20) were tested for verification of interference, using the extraction procedure and
conditions of electrophoresis and chromatography described. No significant interference in retention
times of analytes and internal standard were observed for the matrix liver. Typical electroferograms
and chromatograms are shown in figure 2. Figure 3 show samples spiked with pool of six sulfonamides
in both electrophoretic and mass spectrometry methods.

Figure 2.
Figure 3.
3.4 Selectivity

To evaluate the interference of other co-extracted substances in ionization phenomena, blank samples
were fortified with a standard solution (pool) containing the six sulfas analyzed as well as the internal
standard (SPY), obtaining concentration equivalent to 100 ng mL™" for each sulfa. In those samples,
were added other drugs commonly used for prophylactic and treatment (listed in the table 4) from
different groups.

This study was done by two different approaches. First, the potential interfering was added in three
different levels of concentration in blank samples. In the second approach, repeated the same procedure
for the fortification of blank samples with potential interfering compounds and, moreover, has been
added to each sample of a pool of sulfas in concentration equivalent to MRL, as described above. The
three concentrations of interfering is equivalent to those used for the validation of sulfas, or 0.5, 1.0 and
1.5 times the value of the MRL (100 pg kg™). No one of the studied compounds cause ionic
suppression of analyte or internal standard. Thus the lack of statistically significant changes in the
quantification of these samples, the non-target substances added were considered not interfering.

Table 4.
3.5 Stability

Stability of the analyte in the matrix

25 grams of a blank sample were weighted and spiked with 1 mL of spiking solution (2.5 pg mL™).
The sample was separated in ten aliquots of 2.5 grams each. These samples were analyzed in duplicate
after 7, 14, 30, 60 and 90 days. Samples were identified, labeled and stored in a freezer at -10 °C (at
least) until the day of the analysis. By 30 days of storage, there was no significant change in the
samples. However, the maximum storage period tolerated for these samples should be stipulated in
Brazilian National Residue Control Plan that considers a maximum of 15 days for receipt, analysis and
emission of results.

Stability of analytes in the extract

A validation batch has been re-injected after three days and remained stored at this time to -20°C. No
significant difference was found between the two results. Based on data obtained and in references [5,
16, 17, 32], and applying a safety margin expanded, set a validity period of 6 months for stock
solutions kept under temperatures below -10°C, 1 month to solutions of concentration below 25 pg mL"
! kept in refrigeration (below 7°C), the analytes are stable in frozen matrices up to a month without
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perceptible changes, the analytes remains stable in extracts kept under temperatures below -10°C
within the study period.

3.6 Recovery and determination of matrix effect

Since this method use an internal standardization, recoveries values are not considered to calculations.
Using two extractions with acetonitrile, data obtained by comparing areas of peak samples extracted
and standards showed average recoveries upper to 85% for all analytes.

To evaluate the matrix effect, were compared variance values of inclination and intercept of linear
regression equations obtained for curves prepared in solvent, in matrix and in samples of tissue
standard type, which are extracts of blank samples to which was added an amount of standard solution
to obtain a concentration at MRL. The statistical evaluation was performed by Student's test.

Use of sulfapyridine as internal standard resulted from the fact that this sulfonamide is absence in
national pharmaceutical market. Capacity of SPY as internal standard was evaluated by comparison of
responses obtained by the sulfonamides and the analytes. In screening method, SPY was also used as a
relative retention time marker.

Considering the results, it appears that only STZ shows no significant difference in three ways of
preparing curve. This lead us to make an option for recovery samples calibration curves. This approach
takes into account the many variables present in these matrices.

3.7 Calibration curves

To define the relationship between concentration and analytical response, a calibration curve with five
levels of concentration, discounting the zeros, was prepared for quantification of each matrix studied.
For linearity, a matrix-matched curve with nine levels of concentration was analyzed and was linear in
studied range (10 to 300 ng g™), with satisfactory average correlation coefficient (0.9974). Table 5
summarizes all data of calibration curves obtained for each matrix. The data obtained meet the criteria
for validation of the calibration curve (R*> 0.97). Statistical tool used to detect outliers was Grubbs
test.

Table 5.

3.8 Precision, accuracy and reproducibility

Precision and reproducibility data are summarized in table 6. The determination accuracy for ‘tissue
standard’ samples type fortified in the value of the MRL was accompanied in each lot, either for
validation studies and analyses of routine and are intended for the construction of control charts for
statistical tracking of the process and to provide data for future estimate of the uncertainty of
measurement. The average values of accuracy obtained in eleven lots are listed in the table 7.

Table 6.

Table 7.

3.9 Interlaboratorial repeatability
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During the validation process were carried out analysis of samples provided by the Instituto
Zooprofilatico da Lombardia (Italy) as an interlaboratory proficiency test. Although the analysis has
been performed in different matrix of our validation process (chicken muscle), the results were very
satisfactory, as shown in the table 8.

Table 8.
4. Conclusions

A method of analysis of sulfonamides residues by capillary electrophoresis was validated to screening
purposes. The method developed is capable to satisfactorily analyze liver samples containing
sulfonamides at concentrations above 25 ng g”. Confirmation of the screening results can be achieved
with a LC-MS/MS method, which was fully validated according to 2002/657/EC. Both methods are
able to application in the Brazilian National Residue Control Plan to monitoring sulfonamides residues.
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Figure captions:

Figure 1. CCP determination for screening method. Cut-off was represented by 19 detected results in
20 samples (5% of false negative results).

Figure 2. Blank samples. Electropherogram with SPY (a) and an ion chromatogram of the same
sample (b). Conditions are describe in Section 2.

Figure 3. Chromatograms of recovery samples spiked at MRL (100 ng g™') analyzed by capillary
electrophoresis (a) and LC-MS/MS (b). Conditions are described in Section 2. Peaks are: SDZ (1), STZ
(2), SPY (3), SMZ (4), SMA (5), SDMX (6) and SQX (7).
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Table1

Table 1. Gradient timetable

Time A (10mM ammonium acetate) B (methanol with 0.1% acetic acid)
(min) (%) (%)

0 75 25

3 75 25

4 10 90

6 75 25




Table2

Table 2. Physico-chemical properties of the sulfonamides

. Molecular LogP
Sulfonamide weight pKa, (pH 7.0)
SULFADIAZINE (SDZ)
=" "N o
| ¥ 25029  1.98 6.01 -1.05
NTTNH=S NH,
o)
SULFAMETHAZINE (SMZ2)
CH,
KJ\P o 278.34 2.46 7.45 0.14
CH, N NH—%@NHQ
o
SULFAMETHOXAZOLE (SMA)
o)
I H
HzN@ﬁ—N 25329 181 546 -0.68
0 I
Mo chy
SULFATHIAZOLE (STZ)
255.33 2.06 7.07 -0.31
NH S
SULFAQUINOXALINE SQX
N
"
o I D 300.1 2.62 6.0 0.41
HzN@ﬁ—NH N
0 Ma
SULFADIMETHOXINE (SDMX)
CH,0 o
I
NWNH_S@NHQ 310.34 3.4 5.76 0.39
V=N o
CH,0
SULFAPYRIDINE (SPY — INTERNAL STANDARD)
T
( 259.1 2.37 7.48 -0.06

Q"NH

2




Table3

Table 3. Mass spectrometry analysis parameters

Compound  Precursor  Transitions  Collision Cone Typical
ion [M+H]" observed voltage voltage retention
m/z V) V) time
(min)
SDz 251 251>156° 21 31 2.92
251>108 33 31
STZ 256 256>156 21 71 3.15
256>108 37 71
SPY? 250 250>156 25 46 3.63
250>108 35 46
SMz 279 279>156 25 31 4.02
279>108 41 31
SMA 254 254>156 23 71 410
254>92 33 71
SDMX 311 311>156 29 31 4.33
311>108 37 31
SQX 301 301>156 25 71 4.41
301>108 37 71

2 Internal standard
® Bold transitions are used for quantitative analysis



Table4

Table 4. Compounds utilized for interfering evaluation.

Spike levels
Compound Class )
(ngg”)
Trimethoprim Dihydrofolate redutase inhibitors 50, 100, 150
Chloramphenicol Amphenicoles 50, 100, 150
Clortetracicline Tetraciclines 50, 100, 150
Flumequine Quinolones 50, 100, 150
Oxolinic acid Quinolones 50, 100, 150




Table5

Table 5. Calibration curves parameters

Average squared

Analyte Average equations linear regression
coefficient (R?)
SDZ y = 0.974 £ 0.0043x + (0.0084 + 0.00002) 0.9974
STZ y =1.02 + 0.00058x + (-0.0038 + 0.00037) 0.9964
SMZ y = 0.935 £ 0.00316x + (0.009 + 0.00031) 0.9971
SMA y = 1.576 £ 0.0574x + (0.0287 + 0.00039) 0.9973
sSQX y =2.22 +0.016x + (0.0369 + 0.0018) 0.9976

SDMX y = 3.426 + 0.305x + (0.0605 + 0.00179) 0.9979




Table6

Table 6. Summary of calculated parameters

LMR CCa CCpB
Analyte p p p
(Mg kg™) (Mg kg™) (Mg kg™)
SDZ 100 107.9 117.5
STZ 100 111.5 121.3
SMZ 100 113.8 125.4
SMA 100 113.8 124.4
SQX 100 121.0 135.4

SDMX 100 118.6 132.4




Table7

Table 7. Inter-day and intra-day repetability parameters

Fortification levels (n=6 for each batch; 3 batches for each level)

Analyte Parameters 50 ng g'1 100 ng g'1 150 ng g'1

Average value 52 53 51 98 97 99 144 152 150
SD7Z RSD 2.7 21 3.8 7.8 4.5 5.5 5.7 5.0 6.7
CV (%) 5.1 4.0 7.5 8.0 4.7 5.5 4.0 3.3 4.5

Inter-day (CV %) 5.23
Average value 42 43 46 82 80 91 118 123 130
SDMX RSD 2.0 1.0 3.0 120 37 4.2 4.3 2.1 4.2
CV (%) 4.8 4 6.7 146 4.7 4.6 3.7 3.2

Inter-day (CV %) 6.93
Average value 49 49 50 99 91 101 136 141 148
SMZ RSD 25 2.1 3.7 8.0 4.2 4.9 6.4 2.3 5.9
CV (%) 5.1 4.3 7.3 8.1 4.6 4.9 4.7 1.6 4.0

Inter-day (CV %) 5.86
Average value 45 46 46 86 84 92 126 128 132
SMA RSD 29 1.4 3.8 9.4 4.2 3.6 4.7 2.1 6.0
CV (%) 6.3 3.2 82 109 50 3.9 3.7 1.6 4.6

Inter-day (CV %) 5.81
Average value 36 35 39 66 66 77 100 102 104
SQX RSD 2.6 0.7 23 108 39 29 5.0 2.4 4.9
CV (%) 7.3 1.9 59 164 59 3.8 5.0 2.4 4.7

Inter-day (CV %) 7.73
Average value 50 50 50 96 91 95 136 144 136
STZ RSD 2.2 1.7 3.8 9.0 4.8 4.6 4.9 2.1 3.0
CV (%) 4.4 3.4 7.7 9.4 5.3 4.9 3.6 1.5 2.2

Inter-day (CV %) 5.2




Table8

Table 8. Accuracy values for determination of samples spiked at MRL (n =11).

Analyte Accuracy average values (%)
SDMX 104

SDzZ 105

SMA 108

SMZ 101

SQX 107

STZ 101




Table9

Table 9. Results for proficiency test

Control sample Analyte Concentration (ng g™) z-score®
SDz 85.0 0.3
Chicken muscle
SDMX 56.0 1.8

®Results in conformity when z-score values between -2.0 and 2.0.



9. CONCLUSOES

a. A eletrofrese capilar mostra-se uma ferramenta analitica promissora para
andlise de residuos de farmacos em alimentos, especialmente para
espécies quimicas com caracteristicas fisico-quimicas anféteras, como € o

caso das sulfonamidas.

b. Propds-se uma nova abordagem para elencar e prioritizar farmacos com

potencial de deixar residuos em alimentos e no ambiente.

c. Um método de analise de residuos de sulfonamidas utilizando eletroforese
capilar foi desenvolvido, demonstrando rapidez, baixo custo, seletividade e
sensibilidade adequadas para ser utilizado como método de triagem.

d. Foi desenvolvido e validado um método confirmatério utilizando
cromatografia liquida acoplada a espectrometria de massas, sendo este

método validado de acordo com a legislagéao pertinente.

e. Os métodos desenvolvidos serdo propostos ao Ministério da Agricultura,

Pecuaria e Abastecimento como método oficial de anélise.
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