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Número do Processo: BR 11 2019 022972 8

Dados do Interessado

Interessado 1 de 4

Nome ou Razão Social: ASSOCIAÇÃO BRASILEIRA INTERDISCIPLINAR DE AIDS

Tipo de Pessoa: Pessoa Jurídica

CPF/CNPJ: 29263068000145

Nacionalidade: Brasileira

Qualificação Jurídica: Associação com intuito não econômico

Endereço: Avenida Presidente Vargas, 446 - 13° andar

Cidade: Rio de Janeiro

Estado: RJ

CEP: 20071907

País: Brasil

Telefone: (21) 2223-1040

Fax:

Email: carolinne@abiaids.org.br

Esta solicitação foi enviada pelo sistema Peticionamento Eletrônico em
23/05/2025 às 10:48, Petição 870250042425
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Interessado 2 de 4

Nome ou Razão Social: FEDERAÇÃO NACIONAL DOS FARMACÊUTICOS - FENAFAR

Tipo de Pessoa: Pessoa Jurídica

CPF/CNPJ: 00679357000148

Nacionalidade: Brasileira

Qualificação Jurídica: Associação com intuito não econômico

Endereço: Rua Barão de Itapetininga, 255, 11º andar, conjunto 1105, Centro

Cidade: São Paulo

Estado: SP

CEP:

País: BRASIL

Telefone:

Fax:

Email:

Interessado 3 de 4

Nome ou Razão Social: FÓRUM ONG AIDS RS - FOARS

Tipo de Pessoa: Pessoa Jurídica

CPF/CNPJ: 07959716000160

Nacionalidade: Brasileira

Qualificação Jurídica: Associação com intuito não econômico

Endereço: Rua dos Andradas, 1560, 6º andar, Centro Histórico

Cidade: Porto Alegre

Estado: RS

CEP:

País: BRASIL

Telefone:

Fax:

Email:

Esta solicitação foi enviada pelo sistema Peticionamento Eletrônico em
23/05/2025 às 10:48, Petição 870250042425
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Interessado 4 de 4

Nome ou Razão Social: ASSOCIAÇÃO DE GAYS E AMIGOS DE NOVA IGUAÇU - AGANI

Tipo de Pessoa: Pessoa Jurídica

CPF/CNPJ: 00790968000169

Nacionalidade: Brasileira

Qualificação Jurídica: Associação com intuito não econômico

Endereço: Rua Marcial, 42, Juscelino

Cidade: Mesquita

Estado: RJ

CEP:

País: BRASIL

Telefone:

Fax:

Email:

Referência Petição

Pedido : BR112019022972-8

Esta solicitação foi enviada pelo sistema Peticionamento Eletrônico em
23/05/2025 às 10:48, Petição 870250042425
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NomeTipo Anexo

Esclarecimento Subsidio BR112019022972.pdf

Anterioridades D1-D5 Anterioridades D1-D5.pdf

Procuração Anexos D6-D8.pdf

Procuração Anexos D9-D11.pdf

Procuração Anexos D12-D17.pdf

Documentos anexados

Declaro, sob as penas da lei, que todas as informações acima prestadas são completas e
verdadeiras.

Declaração de veracidade

Esta solicitação foi enviada pelo sistema Peticionamento Eletrônico em
23/05/2025 às 10:48, Petição 870250042425
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AO ILUSTRÍSSIMO SENHOR DIRETOR DE PATENTES DO INSTITUTO 

NACIONAL DA PROPRIEDADE INDUSTRIAL 
 
 
Número do pedido: BR112019022972-8 - WO2018204368 - PCT US2018030459 
Data de depósito: 01/05/2018 
Prioridade unionista: US62/500,238 02/05/2017 
Depositante: MERCK SHARP & DOHME LLC (US) 
Título: FOMULAÇÕES ESTÁVEIS DE ANTICORPOS DE RECEPTOR DE MORTE 
PROGRAMADA 1 (PD-1) E MÉTODOS DE USO DAS MESMAS 
 
 
ASSOCIAÇÃO BRASILEIRA INTERDISCIPLINAR DE AIDS - ABIA, pessoa jurídica 
de direito privado, sem fins lucrativos, inscrita no CNPJ sob o nº 29.263.068/0001-45, 
com sede à Avenida Presidente Vargas, 446, 13º andar, Centro - Rio de Janeiro - RJ, 
CEP 20071-907, na pessoa de seu representante legal nos termos de seu Estatuto 
Social (anexos 6 e 7), por sua advogada (anexo 8); 
 
FEDERAÇÃO NACIONAL DOS FARMACÊUTICOS - FENAFAR, pessoa jurídica de 
direito privado, sem fins lucrativos, inscrita no CNPJ sob o nº 00.679.357/0001-48, 
com sede à Rua Barão de Itapetininga, 255, 11º andar, Conjunto 1105, Centro, São 
Paulo - SP, na pessoa de seu representante legal nos termos de seu Estatuto Social 
(anexos 9 e 10), por sua advogada (anexo 11); 
 
FÓRUM ONG AIDS RS - FOARS, pessoa jurídica de direito privado, sem fins 
lucrativos, inscrita no CNPJ sob o nº 07.959.716/0001-60, com sede à Rua dos 
Andradas, 1560, 6º andar, Centro Histórico, Porto Alegre - RS, na pessoa de seu 
representante legal nos termos de seu Estatuto Social (anexos 12 e 13), por sua 
advogada (anexo 14); 
 
ASSOCIAÇÃO DE GAYS E AMIGOS DE NOVA IGUAÇU - AGANI, pessoa jurídica 
de direito privado, sem fins lucrativos, inscrita no CNPJ sob o nº 00.790.968/0001-69, 
com sede à Rua Marcial, 42, Juscelino, Mesquita - RJ, na pessoa de seu 
representante legal nos termos de seu Estatuto Social (anexos 15 e 16), por sua 
advogada (anexo 17); 
 
vem respeitosamente à presença de Vossa Senhoria, com fulcro no artigo 31 da Lei 
no 9.279/1996 - Lei da Propriedade Industrial (LPI), apresentar o presente  
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SUBSÍDIO AO EXAME TÉCNICO 

 
do pedido de patente BR112019022972-8, com base nos fatos e fundamentos a seguir. 
 
 
1. DA LEGITIMIDADE DAS ORGANIZAÇÕES PROPONENTES, DA MOTIVAÇÃO 

E DA TEMPESTIVIDADE DO PRESENTE SUBSÍDIO 
 

A concessão de uma patente confere um privilégio temporário de exploração 
com exclusividade do seu objeto, durante o qual o titular da patente é o único 
autorizado a explorar a invenção. Essa situação de monopólio legal é excepcional e 
só deve existir nos casos em que o objeto da patente cumpra todos os requisitos e 
condições estabelecidos em lei para sua concessão. O objeto do presente pedido de 
patente, como será detalhado abaixo, é de extrema importância para saúde pública 
brasileira, uma vez que se trata de uma formulação de pembrolizumabe, um 
anticorpo monoclonal utilizado no tratamento de diversos tipos de câncer. 

A legitimidade das organizações que apresentam o presente subsídio ao 
exame técnico, nos termos do artigo 31 da LPI, verifica-se diante de suas históricas e 
respeitadas trajetórias na defesa dos direitos humanos, com ênfase para o direito à 
saúde, acesso a tratamento e assistência farmacêutica de qualidade, além de ativa 
atuação no campo da implementação de políticas públicas na área de propriedade 
intelectual, com vistas à primazia do interesse público. 
  A Associação Brasileira Interdisciplinar de Aids (Abia) é uma associação 
civil, de natureza filantrópica, sem fins lucrativos. A Abia foi fundada em 12 de março 
de 1987 e é uma das mais antigas ONG dedicadas ao combate da epidemia de HIV 
no Brasil e à garantia de direitos às pessoas vivendo com HIV, tendo como um dos 
seus fundadores o sociólogo Herbert de Souza (o “Betinho”), figura de reconhecida 

importância na vida pública brasileira. A Abia segue como uma das mais conceituadas 
e reconhecidas entidades sobre a matéria no Brasil e com amplo reconhecimento 
entre seus pares no âmbito nacional e internacional, e conta, na sua composição, com 
pesquisadores, profissionais e ativistas de notório saber nessa temática, considerados 
referências em seus campos de atuação no Brasil. Mais informações em: 
www.abiaids.org.br.  

A Abia coordena o Grupo de Trabalho sobre Propriedade Intelectual (GTPI) 
da Rede Brasileira pela Integração dos Povos (Rebrip). A Rebrip congrega 
organizações da sociedade civil brasileira para acompanhar e monitorar os acordos 
comerciais nos quais o governo brasileiro está envolvido, a fim de avaliar e minimizar 
potenciais impactos no cotidiano da população e em políticas públicas que visam 

Petição 870250042425, de 23/05/2025, pág. 6/232

http://www.deolhonaspatentes.org.br/


                                                                  

 Avenida Presidente Vargas, 446, 13º andar, Centro – Rio de Janeiro -RJ, Brasil 
Telefone: +55 21 2223-1040   Fax: +55 21 2253-8495 

secretariagtpi@abiaids.org.br - http://www.deolhonaspatentes.org.br  

assegurar a efetivação dos direitos humanos no Brasil. Mais informações sobre a 
Rebrip estão disponíveis em www.rebrip.org.br. Um dos temas relevantes no âmbito 
da discussão sobre comércio e direitos humanos refere-se à propriedade intelectual, 
motivo pelo qual a Rebrip constituiu um grupo de trabalho para encaminhar as 
reivindicações da sociedade civil sobre esta questão, fundado em 2003. O GTPI reúne 
diversas entidades da sociedade civil e busca discutir, acompanhar e incidir no tema 
da propriedade intelectual e, sobretudo, mitigar o impacto dos efeitos negativos do 
atual sistema de patente no acesso aos medicamentos essenciais da população 
brasileira. Mais informações sobre o GTPI/Rebrip podem ser consultadas em 
www.deolhonaspatentes.org. 

A Federação Nacional dos Farmacêuticos (Fenafar) é uma entidade 
representativa da categoria farmacêutica a nível nacional. Fundada em 25 de outubro 
de 1974, possui hoje 22 sindicatos filiados. A Fenafar teve papel decisivo no processo 
de debate que culminou na constituição do Sistema Único de Saúde e na construção 
da Política Nacional de Assistência Farmacêutica. Nesses 49 anos, a Fenafar 
construiu uma história de lutas na promoção de ações que envolvem o medicamento, 
desde a sua produção até a orientação correta para o usuário sobre o seu uso 
racional. Essa luta sempre esteve vinculada à concepção da Saúde como direito de 
todos para a construção de um país menos desigual, mais soberano e desenvolvido. 
Mais informações em: www.fenafar.org.br. 

O Fórum Ong Aids RS (Foars) foi fundado em 1999, reúne 48 organizações 
gaúchas voltadas à prevenção e conscientização acerca da epidemia de HIV. Com 
sede em Porto Alegre, atua em diferentes regiões do estado pela melhoria da 
qualidade de vida e pelos direitos das pessoas soropositivas. Algumas das suas ações 
são: articular a força das diversas ONGs que integram o Fórum para otimizar os 
resultados; conscientização acerca da prevenção; incentivo à aceitação dos 
portadores de si mesmos; desconstrução de tabus e preconceitos sobre a doença; 
melhora da qualidade de vida para pessoas vivendo com HIV; participar da formulação 
de políticas públicas inclusivas de prevenção e controle da aids; denunciar todas as 
formas de omissão, transgressão e violação dos direitos humanos, civis, políticos e 
sociais das pessoas que vivem com HIV. Mais informações em: 
https://www.forumongaidsrs.org/. 

A Associação de Gays e Amigos de Nova Iguaçu (Agani), conhecida pelo 
nome fantasia de Associação de Gays e Amigos de Nova Iguaçu, Mesquita e Rio de 
Janeiro (Aganim) é uma organização não governamental sem fins lucrativos, criada 
em 17 de dezembro de 1988 no bairro Juscelino, até então município de Nova Iguaçu. 
Com atuação extensiva a vários municípios da baixada fluminense, o grupo procura 
manter um equilíbrio entre suas atividades nas áreas de prevenção das DST/Aids e 
garantir a construção de uma cultura em defesa dos direitos e do respeito às 
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diversidades, afirmando a heterogeneidade e a pluralidade como valores da nossa 
sociedade. 
 

O artigo 31 da Lei nº. 9.279/1996 (LPI)1 estabelece que terceiros interessados 
podem enviar informações para subsidiar o exame de pedidos de patentes. 
 

Art. 31. Publicado o pedido de patente e até o final do exame, será 
facultada a apresentação, pelos interessados, de documentos e 
informações para subsidiarem o exame. Parágrafo único. O exame 
não será iniciado antes de decorridos 60 (sessenta) dias da publicação 
do pedido. 

 
A organização proponente possui amplo interesse e legitimidade para atuar 

como interessada no pedido de patente BR112019022972-8, ora em análise, diante 
de suas trajetórias e missões sociais apresentadas acima. 

 
A presente petição é motivada pela apresentação do pedido nacional de 

invenção, protocolado sob n° 870190111452 em 31/10/2019, assim como pelo 
cumprimento de exigência do pedido apresentado em 29/08/2022 por meio da petição 
de n° 870220077996.  

A presente subsidiante, verificando que o teor do pedido BR112019022972-8 
(doravante mencionado como BR2972) não é passível de patenteabilidade, utiliza-se 
da permissão dada pelo artigo 31 da LPI e vem perante V. Sªs. apresentar 
apontamentos como forma de subsidiar o exame técnico do referido pedido de 
patente. 
 

Ademais, a presente petição é tempestiva nos termos do aludido artigo 31 da 
LPI e artigo 32 da Instrução Normativa n° 30/20132. 
 
 

2. DO PROCESSO ADMINISTRATIVO 
 

Os principais eventos já ocorridos no processo administrativo do pedido 
BR2972 estão resumidos abaixo: 
 

 
1 Brasil. Lei nº 9.279, de 14 de maio de 1996. Regula direitos e obrigações relativos à propriedade 
industrial. Brasília, DF: Presidência da República, 15 maio 1996. 
2 Instituto Nacional da Propriedade Industrial - INPI. Instrução Normativa nº 30, de 4 de dezembro de 
2013. Estabelecimento de normas gerais de procedimentos para explicitar e cumprir dispositivos da Lei 
de Propriedade Industrial - Lei nº 9279, de 14 de maio de 1996, no que se refere às especificações dos 
pedidos de patente. 
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1. Em 01/05/2018, o pedido de patente BR2972 foi depositado pela Merck Sharp 
& Dohme LLC, doravante denominada como MSD ou simplesmente 
depositante, por meio da entrada em fase nacional do pedido PCT de número 
PCT US2018030459, cuja data de prioridade mais antiga é 02/05/2017, 
referente ao pedido de patente dos Estados Unidos de número US62/500,238. 
O quadro reivindicatório (QR) apresentado na solicitação de entrada na fase 
nacional, em 31/10/2019, continha 57 reivindicações, sendo cinco 
independentes: duas de formulação, duas de método de tratamento e uma de 
uso.  

2. Em 22/04/2021, por meio da petição de n° 870210036806, o QR foi modificado, 
passando a ter 22 reivindicações, sendo quatro independentes: três de 
formulação e duas de uso. Também consta uma reivindicação genérica de 
“Invenção de produto, processo, sistema, kit ou uso”. 

3. O pedido de exame foi peticionado em 26/04/2021, por meio do protocolo n° 
800210133871. 

4. Em 31/05/2022, por meio da RPI 2682, o INPI publicou uma exigência 
preliminar para o pedido, que foi respondida tempestivamente 29/08/2022 por 
meio da petição n° 870220077996. O QR foi novamente modificado, passando 
a conter 20 reivindicações, sendo seis independentes: três de formulação, duas 
de uso e uma reivindicação genérica de “Invenção de produto, processo, 
sistema, kit ou uso”. 

 
 

3. PEMBROLIZUMABE, PEDIDOS DE PATENTE, PREÇO E ACESSO 
 

O pembrolizumabe (MK-3475) é um anticorpo monoclonal humanizado que 
atua como inibidor da proteína Programmed Death 1 (PD-1), uma proteína de 
superfície celular que atua como um ponto de verificação imunossupressor. Ele age 
bloqueando a interação do receptor PD-1 com seus ligantes PD-L1 e PD-L2, o que 
permite a reativação da resposta imune antitumoral por linfócitos T. 

O Keytruda®, nome do produto comercial contendo solução injetável de 
pembrolizumabe 100 mg/4 mL (25 mg/mL), adicionado dos excipientes histidina, 
cloridrato de histidina monoidratado, sacarose, polissorbato 80 e água para injetáveis, 
possui registro sanitário ativo na Anvisa pela farmacêutica Merck Sharp & Dohme 
(MSD)3. De acordo com a bula do medicamento, o pembrolizumabe é indicado para o 
tratamento de uma ampla gama de tumores sólidos, como melanoma, câncer de 

 
3 Disponível em: 
https://consultas.anvisa.gov.br/#/medicamentos/2737640?substancia=25930&substanciaDescricao=p
embrolizumabe 
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pulmão de células não pequenas, carcinoma urotelial, câncer gástrico, carcinoma de 
células renais, câncer de cabeça e pescoço, câncer esofágico, câncer endometrial, 
câncer de mama triplo-negativo, câncer cervical e carcinoma cutâneo de células 
escamosas. Ele também é utilizado em linfoma de Hodgkin e neoplasias com alta 
carga mutacional ou deficiência no reparo do DNA, independentemente do local 
primário do tumor. 

A posologia do pembrolizumabe e seu regime terapêutico (monoterapia ou 
combinação) variam conforme a indicação. De forma geral, para adultos, a dose 
recomendada é 200 mg administrados por via intravenosa em infusão de 30 minutos 
a cada 3 semanas (Q3W), ou 400 mg a cada 6 semanas (Q6W) também por via 
intravenosa. 

O preço Máximo de Venda ao Governo (PMVG), estabelecido pela Câmara de 
Regulação do Mercado de Medicamentos (Cmed) em 11/03/2025, varia de R$ 
12.785,30 a 17.233,78 (ICMS 0% a 23%)4. O preço de comercialização do Keytruda® 
(pembrolizumabe) 100 mg/4 mL no Brasil varia conforme a farmácia e as condições 
de pagamento. Com base em pesquisa realizada em maio de 2025, os valores 
encontrados variam de R$ 19.700,00 a 28.800,005. 

Em 2020, a Comissão Nacional de Incorporação de Tecnologias no SUS 
(Conitec) recomendou a incorporação do pembrolizumabe para o tratamento de 
melanoma avançado não cirúrgico e metastático, condicionando a decisão à 
negociação de preços com a fabricante6. Durante o processo de avaliação, a Conitec 
considerou que um valor razoável para a incorporação seria de aproximadamente R$ 
12 mil por paciente por mês (equivalente a 3 PIB per capita) e o valor efetivamente 
estabelecido para reembolso via Autorização de Procedimentos de Alta Complexidade 
(APAC) é inferior, fixado em R$ 7.500 mensais por paciente7 - já que o medicamento 
não é de compra centralizada pelo Ministério da Saúde. Esse montante é 
significativamente menor do que o custo real do tratamento mensal de um paciente, 

 
4 Anvisa. Câmara de Regulação do Mercado de Medicamentos (Cmed). Preços máximos de 
medicamentos por princípio ativo, para compras públicas. Disponível em: 
file:///C:/Users/carol/Downloads/pdf_conformidade_gov_20250311_173150789.pdf 
5 Consulta realizada em: https://www.oncologmedicamentos.com.br/keytruda-100-mg-4-ml-sol-inj-ct-fa-
4-ml/p e https://www.oncomg.com.br/keytruda-100mgml-pembrolizumabe-frasco-4ml 
6 Ministério da Saúde. Terapia-alvo (vemurafenibe, dabrafenibe, cobimetinibe, trametinibe) e 
imunoterapia (ipilimumabe, nivolumabe, pembrolizumabe) para o tratamento de primeira linha do 
melanoma avançado não-cirúrgico e metastático. Relatório de recomendação n° 541, 2020. Disponível 
em: https://www.gov.br/conitec/pt-
br/midias/relatorios/2020/relatorio_541_terapiaalvo_melanoma_final_2020.pdf 
7 Ministério da Saúde. Portaria GM/MS nº 638, de 28 de março de 2022. Altera atributos de 
procedimentos e exclui procedimento da Tabela de Procedimentos, Medicamentos, Órteses, Próteses 
e Materiais Especiais do Sistema Único de Saúde - SUS. Disponível em: 
https://bvsms.saude.gov.br/bvs/saudelegis/gm/2022/prt0638_29_03_2022.html 
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estimado em cerca de R$ 22.727,00 por mês8, o que tem dificultado sua ampla 
disponibilização no SUS. 

Para outras indicações, como câncer de células renais9, câncer de pulmão de 
células não pequenas10, câncer de cólon e reto metastático com alta instabilidade de 
microssatélites11 e carcinoma espinocelular de cabeça e pescoço recidivado ou 
metastático12, o pembrolizumabe não foi incorporado ao SUS. Essas decisões foram 
baseadas em análises da Conitec, que consideraram que as razões de custo-
efetividade e impacto orçamentário foram desfavoráveis ao SUS. 

É importante destacar que, mesmo para o melanoma, onde o pembrolizumabe 
foi incorporado no SUS, houve relatos de atrasos na disponibilização efetiva do 
medicamento aos pacientes. Segundo informações da CNN Brasil13, apesar da 
incorporação em 2020, pacientes enfrentaram dificuldades no acesso ao tratamento 
devido a entraves administrativos e logísticos ocasionados pelos altos preços do 
medicamento. 

Uma busca simples por jurisprudência revela o elevado número de ações 
judiciais envolvendo o pembrolizumabe (Keytruda®), evidenciando o grau de 
judicialização desse medicamento no país. O volume de processos é um indicativo da 
incapacidade do sistema público de garantir acesso regular a essa tecnologia, levando 
pacientes a recorrerem ao Judiciário como última alternativa. 

O caso do pembrolizumabe é emblemático para compreender como a 
combinação entre preços abusivos e a ausência de incorporação ampla no SUS 
transforma o acesso ao tratamento em uma disputa judicial constante, que 

 
8 Ministério da Saúde. Regimes de tratamento com cetuximabe ou pembrolizumabe para carcinoma 
espinocelular de cabeça e pescoço recidivado ou metastático. Relatório de recomendação n° 919, 
2024. Disponível em: https://www.gov.br/conitec/pt-br/midias/relatorios/2024/relatorio-de-
recomendacao-no-919-regimes-de-tratamento-com-cetuximabe-ou-pembrolizumabe 
9 Ministério da Saúde. Pembrolizumabe, axitinibe, ipilimumabe e nivolumabe para tratamento de 
primeira linha de câncer de células renais. Relatório de recomendação n° 660, 2021. Disponível em: 
https://www.gov.br/conitec/pt-
br/midias/relatorios/2021/20210830_relatorio_660_pembrolizumabe_axitinibe_ipilimumabe_nivolumab
e_ccr_1_linha_final.pdf 
10 Ministério da Saúde. Pembrolizumabe (em monoterapia ou associado à quimioterapia) para pacientes 
com câncer de pulmão de células não pequenas avançado ou metastático (PD-L1 positivo) em primeira 
linha de tratamento. Relatório de recomendação n° 859, 2023. Disponível em: 
https://www.gov.br/conitec/pt-
br/midias/relatorios/2023/20231227_pembrolizumabe_859_cancer_pulmao_cnp.pdf 
11 Ministério da Saúde. Pembrolizumabe em primeira linha de tratamento em indivíduos com câncer de 
cólon ou reto metastático. Relatório de recomendação n° 863, 2023. Disponível em: 
https://www.gov.br/conitec/pt-
br/midias/relatorios/2023/20231229_relatorio_863_pembrolizumabe_cancer_colon_reto.pdf 
12 Ministério da Saúde. Regimes de tratamento com cetuximabe ou pembrolizumabe para carcinoma 
espinocelular de cabeça e pescoço recidivado ou metastático. Relatório de recomendação n° 919, 
2024. Disponível em: https://www.gov.br/conitec/pt-br/midias/relatorios/2024/relatorio-de-
recomendacao-no-919-regimes-de-tratamento-com-cetuximabe-ou-pembrolizumabe 
13 Disponível em: https://www.cnnbrasil.com.br/saude/na-lista-do-sus-desde-novembro-de-2020-
remedios-contra-cancer-ainda-nao-sao-fornecidos/ 
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sobrecarrega o sistema de justiça e pressiona os orçamentos públicos. Embora o 
medicamento tenha sido incorporado ao SUS para uso restrito, inúmeros pacientes 
com outros tipos de cânceres seguem recorrendo à Justiça para obter o tratamento. 

Com um custo que ultrapassa R$ 17 mil por frasco, o pembrolizumabe impõe 
barreiras significativas ao acesso e representa um desafio orçamentário grave para 
estados e para a União. A frequência das decisões judiciais revela um paradoxo: de 
um lado, o Judiciário atua para proteger o direito à vida e à saúde frente à omissão do 
poder público; de outro, o crescente número de ações envolvendo medicamentos de 
alto custo como o pembrolizumabe contribui para o descontrole orçamentário e para 
a ampliação das desigualdades no acesso, beneficiando quem tem recursos - 
jurídicos, financeiros ou de conhecimento - para acionar a Justiça, em detrimento de 
outras pessoas com risco de vida. 

A situação de monopólio de comercialização, viabilizada pela proteção da 
propriedade intelectual, é um dos fatores que impactam nos altos preços e restrição 
do acesso. Em pesquisa realizada, em bases de dados privadas e públicas, e análise 
do conteúdo dos pedidos de patente identificados, foi possível identificar 32 pedidos 
de patentes relacionados ao pembrolizumabe (Quadro 1), dois dos quais foram 
concedidos (PI0812913-4 e BR112017003108-6). A sobreposição de pedidos de 
patente (evergreening) gera expectativa de direito para os objetos reivindicados. Caso 
todos os pedidos sejam concedidos, o pembrolizumabe pode ficar sob monopólio 
patentário pelo menos até o ano 2042. 

 
Quadro 1: Pedidos de patente relacionados ao pembrolizumabe no Brasil. 

PEDIDO DE 
PATENTE TÍTULO DEPOSITANTE 

PI0812913-4 
 

WO2008156712 
PCT US2008007463 

Anticorpos monoclonais ou fragmento de 
anticorpo para o receptor de morte programada 

humano PD-1, polinucleotideo, método para 
produzir os referidos anticorpos ou fragmentos 

de anticorpos, composição que os compreende e 
uso dos mesmos 

Merck Sharp & Dohme 
B.V. (NL) 

BR112013022832-6 
 

WO2012120500 
PCT IL2012000109 

Linhagens de células de baixo teor de fucose e 
usos das mesmas 

Merck Serono S.A. (CH) 

BR112016017256-6 
 

WO2015119930 
PCT US2015014212 

Combinação de um antagonista de pd-1 e um 
inibidor de vegfr para o tratamento de câncer 

Pfizer Inc. (US) / Merck 
Sharp & Dohme LLC 

(US) 

BR112016017700-2 
 

WO2015119944 

Usos de um antagonista de uma proteína de 
morte programada 1 e de um inibidor de ido1, e, 

kit 

Incyte Corporation (US) / 
Merck Sharp & Dohme 

Corp. (US) 
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PCT US2015014247 

BR112017003108-6 
 

WO2016028656 
PCT US2015045447 

Anticorpo ou fragmento de ligação a antígeno do 
mesmo, molécula de ácido nucleico isolado, 

vetor de expressão,microorganismo transgênico, 
composição, e, método para produção de um 
anticorpo ou fragmento de ligação a antígeno 

Merck Sharp & Dohme 
LLC (US) 

BR112017016434-5 
 

WO2016137850 
PCT US2016018843 

Cristal de um anticorpo monoclonal anti-pd-1, 
métodos para produzir cristais de um anticorpo 

monoclonal anti-pd-1 e para cristalizar um 
anticorpo monoclonal anti-pd-1, bem como e 

composição farmacêutica e seu uso 

Merck Sharp & Dohme 
LLC (US) 

BR112019022488-2 
 

WO2018201028 
PCT US2018029915 

Biomarcadores para terapêutica do câncer 
Merck Sharp & Dohme 

Corp. (US) / Amgen Inc. 
(US) 

BR112019022695-8 
 

WO2018204343 
PCT US2018030420 

Formulações estáveis de anticorpos anti-ctla4 
isolados e em combinação com anticorpos do 

receptor de morte programada 1 (pd-1) e 
métodos de uso das mesmas 

Merck Sharp & Dohme 
LLC (US) 

BR112019022972-8 
 

WO2018204368 
PCT US2018030459 

Fomulações estáveis de anticorpos de receptor 
de morte programada 1 (pd-1) e métodos de uso 

das mesmas 

Merck Sharp & Dohme 
LLC (US) 

BR112019023591-4 
 

WO2018208968 
PCT US2018031876 

Terapias de combinação para tratar câncer 
Tesaro, Inc. (US) / 

Merck Sharp & Dohme 
B.V. (NL) 

BR112019023909-0 
 

WO2018213260 
PCT US2018032692 

Uso de um imunoconjugado que se liga a folr1, 
e, uso de um imunoconjugado que se liga a folr1 

e pembrolizumab 

Immunogen, Inc. (US) / 
Merck Sharp & Dohme 

LLC (US) 

BR112020007203-6 
 

WO2019075366 
PCT US2018055667 

Composições e métodos para tratamento de 
linfoma difuso de células B grandes 

Amgen Inc. (US) / Merck 
Sharp & Dohme LLC 

(US) 

BR112020007494-2 
 

WO2019084418 
PCT US2018057731 

Composições e métodos para tratamento do 
câncer de fígado 

Merck Sharp & Dohme 
Corp. (US) / Amgen Inc. 

(US) 

BR112020009759-4 
 

WO2019099597 
PCT US2018061165 

Anticorpos específicos para transcrito 3 
semelhante à imunoglobulina (ILT3) e usos dos 

mesmos 

Merck Sharp & Dohme 
LLC (US) 

BR112020016331-7 
 

Métodos para tratar câncer com anticorpos anti-
pd-1 

Merck Sharp & Dohme 
LLC (US) 
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WO2019160751 
PCT IB2018060181 

BR112020015915-8 
 

WO2019160755 
PCT US2019017188 

Usos de um anticorpo anti-pd-1 e um anticorpo 
anti-ctla4 ou fragmentos de ligação ao antígeno 
dos mesmos, bem como kit para tratamento de 

um paciente com câncer 

Merck Sharp & Dohme 
LLC (US) 

BR112020021134-6 
 

WO2019201894 
PCT EP2019059755 

Aditivos para formulações de proteínas para 
aprimorar estabilidade térmica 

Merck Patent GMBH 
(DE) 

BR112020022642-4 
 

WO2019217455 
PCT US2019031166 

Método para tratar câncer em um indivíduo, e, 
estojo 

MSD International 
GMBH (CH) / Genmab 

A/S (DK) 

BR112021007318-3 
 

WO2020079692 
PCT IL2019051129 

Tratamento de adenocarcinoma pancreático 
metastático 

Biolinerx Ltd. (IL) / 
Merck Sharp & Dohme 

Corp. (US) 

BR112021008122-4 
 

WO2020092233 
PCT US2019058339 

Cristais de anticorpo anti-pd-1 humano e 
métodos de uso dos mesmos 

Merck Sharp & Dohme 
LLC (US) 

BR112021008582-3 
 

WO2020096915 
PCT US2019058339 

Cristais de anticorpo anti-pd-1 humano e 
métodos de uso dos mesmos 

Merck Sharp & Dohme 
LLC (US) 

BR112021008679-0 
 

WO2020096917 
PCT US2019059583 

Métodos para tratar câncer, e composição 
farmacêutica 

Merck Sharp & Dohme 
LLC (US) 

BR112021008873-3 
 

WO2020097139 
PCT US2019059954 

Formulação 
Merck Sharp & Dohme 

LLC (US) 

BR112021017892-9 
 

WO2020185722 
PCT US2020021783 

Terapias de combinação anti-cancer 
compreendendo agentes bloqueadores de 

CTLA-4 e PD-1 

Merck Sharp & Dohme 
LLC (US) 

BR112022007971-0 
 

WO2021086909 
PCT US2020057650 

Combinação de antagonista do PD-1, inibidor da 
tirosina quinase VEGFR/FGFR/RET e inibidor da 
CBP/Beta-Catenina para o tratamento do câncer 

Eisai R&D Management 
Co., Ltd. (JP) / MSD 

International GmbH (CH) 
/ Merck Sharp & Dohme 

LLC (US) 

BR112022008233-9 
 

Regime de dosagem de anticorpos anti-CD27 
para tratamento de câncer 

Merck Sharp & Dohme 
LLC (US) 
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WO2021087016 
PCT US2020057817 

BR112022012081-8 
 

WO2021126906 
PCT US2020065208 

Método para tratar câncer, kit, e, uso de uma 
combinação terapêutica 

Merck Sharp & Dohme 
LLC (US) 

BR112022022304-8 
 

WO2021225851 
PCT US2021029777 

Métodos para tratar câncer usando uma 
combinação de um antagonista PD-1, uma 
quimiorradioterapia e um inibidor de PARP 

Merck Sharp & Dohme 
LLC (US) 

BR112022026086-5 
 

WO2021262562 
PCT US2021038171 

Métodos para tratar câncer ou doença de Von-
Hippel Lindau e para tratar carcinoma de célula 

renal, kit, e, uso de uma combinação terapêutica 

Merck Sharp & Dohme 
LLC (US) / Eisai R&D 
Management Co., Ltd. 

(LP) 

BR112023004781-1 
 

WO2022060678 
PCT US2021050143 

Terapia de combinação de um antagonista de 
pd-1, antagonista de lag3 e lenvatinibe, ou um 

sal farmaceuticamente aceitável do mesmo, para 
tratamento de pacientes com câncer 

Merck Sharp & Dohme 
LLC (US) / Eisai R&D 
Management Co., Ltd. 

(JP) 

BR112023004981-4 
 

WO2022060767 
PCT US2021050365 

Regimes de dosagem do anticorpo anti-ILT4 ou 
sua combinação com anticorpo anti-PD-1 para o 

tratamento de câncer 

Merck Sharp & Dohme 
LLC (US) 

BR112023020867-0 
 

WO2022216580 
PCT US2022023250 

Métodos para tratamento de câncer com 
administração subcutânea de anticorpos anti-

PD1 

Merck Sharp & Dohme 
LLC (US) 

 
 O pembrolizumabe é um produto estratégico para o Complexo Econômico-
Industrial da Saúde (Ceis), estando listado desde 201714 na lista de produtos 
estratégicos para o SUS15, elegível para projetos de Parcerias para o 
Desenvolvimento Produtivo (PDP). Na rodada de PDP de 2017/2018, foi submetida 
uma proposta de projeto de PDP, que não foi aprovada, por não ser um produto de 
aquisição centralizada16 - um dos critérios utilizados para aprovação ou continuidade 

 
14 Brasil. Ministério da Saúde. Portaria nº 252, de 26 de janeiro de 2017. Define a lista de produtos 
estratégicos para o Sistema Único de Saúde (SUS), nos termos dos anexos a esta Portaria. Diário 
Oficial da União. 30 Jan 2017. Disponível em: 
https://pesquisa.in.gov.br/imprensa/jsp/visualiza/index.jsp?data=30/01/2017&jornal=1&pagina=77&tot
alArquivos=192 
15 Posteriormente chamada de matriz de desafios produtivos e tecnológicos em saúde. 
16 Disponível em: https://www.gov.br/saude/pt-br/composicao/sectics/pdp/medicamentos-vacinas-e-
hemoderivados/medicamento-vacina-e-hemoderivados-propostas-de-projeto-de-pdp-nao-aprovadas-
de-2017-2018/view 
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desse arranjo de transferência de tecnologia. Todavia, o produto continuou listado na 
matriz de desafios produtivos e tecnológicos em saúde, publicada em 202317. 
 
 

4. DA MATÉRIA REIVINDICADA NO PEDIDO BR112019022972-8 
  

O QR em exame apresenta as 20 reivindicações, transcritas a seguir para 
pronta referência: 
 
1. Formulação de anticorpo anti-PD-1 humano, caracterizada pelo fato de que compreende: 

a) 100 mg/mL a 200 mg/mL de um anticorpo anti-PD-1 humano ou fragmento de ligação ao 
antígeno do mesmo; 
b) 5 mM a 20 mM de tampão de histidina; 
c) um estabilizador selecionado a partir do grupo que consiste em: 

i) 6% a 8% peso/volume (p/v) de sacarose, trealose ou (2-hidroxipropil)-β-ciclodextrina; 
ii) 3% a 5% p/v de manitol, sorbitol, L-arginina, um sal farmacêuticamente aceitável de L-
arginina, L-prolina ou um sal farmaceuticamente aceitável de L-prolina; 
e iii) 1,8% a 2,2% p/v de glicina ou um sal farmaceuticamente aceitável da mesma; 

d) 0,01% a 0,10% de tensoativo não iônico; e 
e) 1 mM a 20 mM de antioxidante, 

em que o anticorpo anti-PD-1 humano ou fragmento de ligação ao antígeno do mesmo compreende 
três CDRs de cadeia leve compreendendo CDRL1 de SEQ ID NO: 1, CDRL2 de SEQ ID NO: 2 e 
CDRL3 de SEQ ID NO: 3 e três CDRs de cadeia pesada de CDRH1 de SEQ ID NO: 6, CDRH2 de 
SEQ ID NO: 7 e CDRH3 de SEQ ID NO: 8. 
2. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 1, caracterizada pelo 
fato de que a formulação tem um pH entre 5,0 e 6,0. 
3. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 1 ou 2, caracterizada 
pelo fato de que o estabilizador é selecionado a partir do grupo que consiste em: 

i) 6% a 8% p/v de sacarose, trealose ou (2-hidroxipropil)-β-ciclodextrina;  
ii) 3% a 5% de manitol, sorbitol ou L-prolina ou um sal farmaceuticamente aceitável de L-prolina; 
e iii) 1,8% a 2,2% p/v de glicina ou um sal farmaceuticamente aceitável da mesma. 

4. Formulação de anticorpo anti-PD-1 humano de acordo com qualquer uma das reivindicações 1 a 
3, caracterizada pelo fato de que o tampão é um tampão de histidina, o estabilizador é sacarose, o 
tensoativo não iônico é polissorbato 80 e o antioxidante é L-metionina ou um sal farmaceuticamente 
aceitável da mesma, em que a formulação compreende: 

a) 100 mg/mL a 200 mg/mL de um anticorpo anti-PD-1 humano ou fragmento de ligação ao 
antígeno do mesmo; 
b) 5 mM a 20 mM de tampão de histidina; 
c) 6% a 8% p/v de sacarose; 
d) 0,01% a 0,04% p/v de polissorbato 80; e 
e) 1 mM a 20 mM de L-metionina ou um sal farmaceuticamente aceitável da mesma. 

5. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 1, caracterizada pelo 
fato de que o tampão é um tampão de histidina, o estabilizador é sacarose, o tensoativo não iônico 

 
17 Brasil. Ministério da Saúde. Portaria nº 2.261, de 08 de dezembro de 2023. Estabelece a Matriz de 
Desafios Produtivos e Tecnológicos em Saúde. Diário Oficial da União. 08 Dez 2023. Disponível em: 
https://bvsms.saude.gov.br/bvs/saudelegis/gm/2023/prt2261_08_12_2023.html 
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é polissorbato 80 e o antioxidante é L-metionina ou um sal farmaceuticamente aceitável da mesma, 
em que a formulação compreende: 

a) 100 mg/mL a 200 mg/mL de um anticorpo anti-PD-1 humano ou fragmento de ligação ao 
antígeno do mesmo; 
b) 8 mM a 12 mM de tampão de histidina;  
c) 5 mM a 10 mM de L-metionina ou um sal farmaceuticamente aceitável da mesma; 
d) 6% a 8% p/v de sacarose; e 
e) 0,01% a 0,04% p/v de polissorbato 80. 

6. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 5, caracterizada pelo 
fato de que compreende: 

a) 125 mg/mL a 200 mg/mL de um anticorpo anti-PD-1 humano ou fragmento de ligação ao 
antígeno do mesmo; 
b) 10 mM de tampão de histidina; 
c) 10 mM de L-metionina ou um sal farmaceuticamente aceitável da mesma; 
d) 7% p/v de sacarose; e 
e) 0,02% p/v de polissorbato 80. 

7. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 6, caracterizada pelo 
fato de que o antioxidante é HCl de Lmetionina. 
8. Formulação de anticorpo anti-PD-1 humano de acordo com qualquer uma das reivindicações 5 a 
7, caracterizada pelo fato de que compreende adicionalmente de 1,25% a 2,5% p/v de L-arginina ou 
um sal farmacêuticamente aceitável da mesma. 
9. Formulação de anticorpo anti-PD-1 humano de acordo com qualquer uma das reivindicações 1 a 
8, caracterizada pelo fato de ser uma solução reconstituída a partir de uma formulação liofilizada. 
10. Formulação de anticorpo anti-PD-1 humano de acordo com qualquer uma das reivindicações 1 
a 9, caracterizada pelo fato de que o anticorpo anti-PD-1 humano ou fragmento de ligação ao 
antígeno do mesmo compreende uma região VL que compreende a sequência de aminoácidos 
estabelecida na SEQ ID NO: 4 e uma região VH que compreende a sequência de aminoácidos 
estabelecida na SEQ ID NO: 9.  
11. Formulação de anticorpo anti-PD-1 humano de acordo com qualquer uma das reivindicações 1 
a 10, caracterizada pelo fato de que a formulação compreende uma cadeia leve compreendendo ou 
consistindo em uma sequência de aminoácidos conforme estabelecida na SEQ ID NO: 5 e uma 
cadeia pesada compreendendo ou consistindo em uma sequência de aminoácidos conforme 
estabelecida na SEQ ID NO: 10. 
12. Formulação de anticorpo anti-PD-1 humano de acordo com qualquer uma das reivindicações 1 
a 11, caracterizada pelo fato de que a formulação compreende um anticorpo anti-PD-1 humano que 
é pembrolizumabe.  
13. Formulação de anticorpo anti-PD-1 humano, caracterizada pelo fato de que compreende: 

a) 130 mg/mL de um anticorpo anti-PD-1 humano; 
b) 10 mM de tampão de histidina; 
c) 7% p/v de sacarose; 
d) 0,02% de polissorbato 80; e 
e) 10 mM de L-metionina ou um sal farmaceuticamente aceitável da mesma; 

em que o anticorpo anti-PD-1 humano compreende uma cadeia leve compreendendo uma sequência 
de aminoácidos conforme estabelecida na SEQ ID NO: 5 e uma cadeia pesada compreendendo uma 
sequência de aminoácidos conforme estabelecida na SEQ ID NO: 10. 
14. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 13, caracterizada 
pelo fato de que o anticorpo anti-PD-1 humano é pembrolizumabe. 
15. Formulação de anticorpo anti-PD-1 humano, caracterizada pelo fato de que compreende: 

a) 165 mg/mL de um anticorpo anti-PD-1 humano; 
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b) 10 mM de tampão de histidina; 
c) 7% p/v de sacarose; 
d) 0,02% de polissorbato 80; e 
e) 10 mM de L-metionina ou um sal farmaceuticamente aceitável da mesma; 
em que o anticorpo anti-PD-1 humano compreende uma cadeia leve compreendendo ou 
consistindo em uma sequência de aminoácidos conforme estabelecida na SEQ ID NO: 5 e uma 
cadeia pesada compreendendo ou consistindo em uma sequência de aminoácidos conforme 
estabelecida na SEQ ID NO: 10. 

16. Formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 15, caracterizada 
pelo fato de que o anticorpo anti-PD-1 humano é pembrolizumabe. 
17. Uso da formulação de anticorpo anti-PD-1 humano definida em qualquer uma das reivindicações 
1 a 16, caracterizado pelo fato de ser para a preparação de um medicamento para tratar infecção 
crônica em um paciente humano. 
18. Uso da formulação de anticorpo anti-PD-1 humano definida em qualquer uma das reivindicações 
1 a 16, caracterizado pelo fato de ser para a preparação de um medicamento para tratar câncer em 
um paciente humano. 
19. Uso da formulação de anticorpo anti-PD-1 humano de acordo com a reivindicação 17 ou 18, 
caracterizado pelo fato de que a formulação é para administração subcutânea. 
20. Invenção de produto, processo, sistema, kit ou uso, caracterizada pelo fato de que compreende 
um ou mais elementos descritos no presente pedido de patente. 

 
O Quadro 2 apresenta um resumo dos tipos de reivindicações do pedido de 

patente BR2972. 
 

Quadro 2: Resumo dos tipos de reivindicações do pedido de patente BR2972. 
TIPO DE PROTEÇÃO REIVINDICAÇÕES DETALHES 

Formulação  1 a 16 
Formulação de anticorpo anti-PD-1 humano, tampão 
de histidina, um estabilizador, tensoativo não iônico 
e antioxidante. 

Uso 17 a 19 Uso da formulação para fabricação de medicamento. 

Invenção 20 
“produto, processo, sistema, kit ou uso, caracterizada 

pelo fato de que compreende um ou mais elementos 
descritos no presente pedido de patente.” 

 
 

5. DA FALTA DE CLAREZA E PRECISÃO 
 

O artigo 24 da Lei da Propriedade Industrial (LPI) dispõe: 
 

Art. 24. O relatório deverá descrever clara e suficientemente o objeto, 
de modo a possibilitar sua realização por técnico no assunto e indicar, 
quando for o caso, a melhor forma de execução. 

 
As formulações do pedido BR2972 contêm um anticorpo anti-PD-1 humano ou 

fragmento de ligação ao antígeno do mesmo. 
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A partir do parágrafo [0118] do relatório descritivo (RD) do pedido BR2972 
(página 32) são descritas inúmeras sequências de regiões determinantes de 
complementaridade (CDR) que podem compor anticorpos anti-PD-1 humanos sem, 
no entanto, descrever com clareza anticorpos ou quaisquer fragmentos. Apenas a 
partir do parágrafo [0130] (RD, página 34) são identificados anticorpos por suas 
cadeias leves e pesadas, as quais incluem porções constantes (Fc), porções variáveis 
(Fab) e regiões determinantes de complementaridade (CDR). Contudo, nenhum 
fragmento foi descrito.  

Apesar da descrição de anticorpos apenas por porções, como as CDR, ser uma 
das formas de definir anticorpos aceitas pelo INPI (Instrução Normativa n° 118/202018, 
parágrafo 165), tal reivindicação não define de forma clara e precisa a matéria objeto 
de proteção do presente pedido de patente, que reivindica uma formulação. Acontece 
que, conforme explicação da própria depositante, na formulação de produtos 
contendo proteínas existem questões estruturais intrínsecas de cada uma delas que 
demandam individualização das estratégias utilizadas para compor as formulações: 
 

“A identificação de fatores intrínsecos e extrínsecos que 
contribuem para a estabilização de proteínas termofílicas fornece 
informações valiosas para estabilizar produtos farmacêuticos 
proteicos e para projetar proteínas mutantes mais estáveis. No 
entanto, as diferenças estruturais entre as diferentes proteínas 
são tão significativas que a generalização das estratégias de 
estabilização universal não foi bem-sucedida. Muitas vezes, as 
proteínas precisam ser avaliadas individualmente. (Petição 
870220077996, de 29/08/2022, pág. 11/259) (grifo nosso) 
 
“não há um caminho único a seguir no desenvolvimento de 
formulações comerciais e as proteínas têm que ser avaliadas caso 
a caso” (Petição 870220077996, de 29/08/2022, pág. 11/259) (grifo 
nosso) 

 
Dessa forma, o técnico no assunto não teria como prever, diante de todas as 

alternativas do relatório descritivo, qual a anticorpo ou qual o fragmento é de fato 
objeto da composição do pedido de patente que foi, conforme afirmações da própria 
depositante, obtida após avaliação específica para um anticorpo.  

 
Portanto, o pedido BR2972 não atende às disposições do artigo 24 da LPI 

por não descrever clara e suficientemente o objeto, de modo a possibilitar sua 
realização por técnico no assunto. 

 
18 Instituto Nacional da Propriedade Industrial - INPI. Instrução Normativa nº 118, de 12 de novembro 
de 2020. Institui a nova versão das Diretrizes de Exame de Pedidos de Patente na Área de 
Biotecnologia. 
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Complementarmente, o artigo 25 da LPI dispõe: 
 

Art. 25. As reivindicações deverão ser fundamentadas no relatório 
descritivo, caracterizando as particularidades do pedido e definindo, 
de modo claro e preciso, a matéria objeto da proteção. 

 
As reivindicações do pedido BR2972 falham em definir de modo claro e preciso, 

a matéria objeto da proteção.  
As reivindicações 1 a 9, referentes a formulações do pedido BR2972, 

compreendem um anticorpo anti-PD-1 humano ou fragmento de ligação ao antígeno 
do mesmo, o qual é definido como aquele que “compreende três CDRs de cadeia leve 
compreendendo CDRL1 de SEQ ID NO: 1, CDRL2 de SEQ ID NO: 2 e CDRL3 de 
SEQ ID NO: 3 e três CDRs de cadeia pesada de CDRH1 de SEQ ID NO: 6, CDRH2 
de SEQ ID NO: 7 e CDRH3 de SEQ ID NO: 8.” 

Conforme afirmações da própria depositante a composição pleiteada foi obtida 
após avaliação específica para um único anticorpo. No entanto, nas reivindicações 
1 a 9, o anticorpo é descrito apenas pela sequência dos seus CDR e, na reivindicação 
10, o anticorpo é descrito apenas pela sequência da região variável, restando 
inúmeras possibilidades de sequências da porção constante (Fc) que poderiam vir a 
compor o anticorpo completo. Desta forma, fica prejudicada a devida clareza e 
precisão da matéria pleiteada. Adicionalmente, as reivindicações 10 a 16 definem 
ainda outros dois anticorpos (definidos pelas partes do anticorpo), tornando o quadro 
reivindicatório ainda mais impreciso. 

Ainda, a reivindicação 20, nada define e sequer pode ser diferenciado se trata-
se de uma reivindicação de produto ou processo. 

Portanto, as reivindicações 1 a 16 e 20 do pedido BR2972 não atendem às 
disposições do artigo 25 da LPI por falharem em definir de modo claro e preciso, 
a matéria objeto da proteção. 
 
 

6. DA PATENTEABILIDADE DO PEDIDO BR112019022972-8 
 

6.1 Do estado da técnica do pedido BR112019022972-8 
 

No presente subsídio ao exame técnico, são citados os documentos do estado 
da técnica descritos, todos publicados antes da data de prioridade mais antiga do 
pedido BR2972-8 (Quadro 3). 
 
Quadro 3: Documentos do estado da técnica utilizados neste subsídio. 
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DENOMINAÇÃO REFERÊNCIA DATA DE PUBLICAÇÃO 

D1 
US2014234296. Stable formulations of antibodies 
to human programmed death receptor PD-1 and 
related treatments. 

21/08/2014 

D2 
Manning MC, Chou DK, Murphy BM, Payne RW, 
Katayama DS. Stability of protein pharmaceuticals: 
an update. Pharm Res, 27(4):544-75, 2010. 

09/02/2010 

D3 

Lam XM, Yang JY, Cleland JL. Antioxidants for 
prevention of methionine oxidation in recombinant 
monoclonal antibody HER2. J Pharm Sci, 
86(11):1250-5, 1997. 

1997 

D4 

Ji JA, Zhang B, Cheng W, Wang YJ. Methionine, 
tryptophan, and histidine oxidation in a model 
protein, PTH: mechanisms and stabilization. J 
Pharm Sci,98(12):4485-500, 2009. 

2009 

D5 

Hada S, Kim NA, Lim DG, Lim JY, Kim KH, 
Adhikary P, Jeong SH. Evaluation of antioxidants 
in protein formulation against oxidative stress using 
various biophysical methods. Int J Biol Macromol, 
82:192-200, 2016. 

21/10/2015 

 
D1 descreve formulações estáveis de anticorpos que inibem o receptor de 

morte programada PD-1 para uso no tratamento de câncer ou infecções. 
D2 é um artigo científico que descreve as principais causas de instabilidade em 

proteínas e as estratégias de formulação que podem aumentar a estabilidade, dentre 
as quais destaca-se a L-metionina como antioxidante. 

D3 é um artigo científico que avaliou o uso de antioxidantes, dentre os quais 
destaca-se a L-metionina livre, para estabilizar anticorpos monoclonais que sofreram 
oxidação de resíduos de metionina quando expostos à luz. 

D4 é um artigo científico que relata a investigação do processo de oxidação de 
resíduos de metionina, triptofano e histidina em anticorpos monoclonais e a procura 
por estabilizadores adequados, dentre os quais destaca-se a L-metionina como 
antioxidante. 
 D5 é um artigo científico que avalia a estabilidade de proteínas submetidas a 
estresse oxidativo e avalia o uso de antioxidantes para controlar o processo, dentre 
os quais destaca-se a L-metionina livre. 
 
 
6.2 Da falta de atividade inventiva (reivindicações 1 a 16) 
 

As reivindicações 1 a 16 referem-se a uma formulação contendo um anticorpo 
anti-PD-1 humano, um tampão de histidina, um estabilizador, um tensoativo não iônico 
e um antioxidante. 

Petição 870250042425, de 23/05/2025, pág. 21/232

http://www.deolhonaspatentes.org.br/


                                                                  

 Avenida Presidente Vargas, 446, 13º andar, Centro – Rio de Janeiro -RJ, Brasil 
Telefone: +55 21 2223-1040   Fax: +55 21 2253-8495 

secretariagtpi@abiaids.org.br - http://www.deolhonaspatentes.org.br  

Para a avaliação da atividade inventiva, emprega-se as etapas indicadas nas 
Diretrizes de Exame de Pedidos de Patente – Bloco II – Patenteabilidade, instituídas 
pela Resolução n° 169/2016: 
 

5.9 Três etapas são empregadas para determinar se uma invenção 
reivindicada é óbvia quando em comparação com o estado da técnica:  

(i) determinar o estado da técnica mais próximo;  
(ii) determinar as características distintivas da invenção e/ou o 
problema técnico de fato solucionado pela invenção; e  
(iii) determinar se, diante do problema técnico considerado, e 
partindo-se do estado da técnica mais próximo, a invenção é ou 
não óbvia para um técnico no assunto. 

 
O estado da técnica mais próximo do pedido BR2972 é D1, um documento que 

descreve formulações estáveis de anticorpos que inibem o receptor de morte 
programada PD-1 (página 2, parágrafo [0015]). A composição de D1 contém cerca de 
25 mg/mL a 100 mg/mL de um anticorpo anti-PD-1, um tampão de histidina, 
polissorbato 80 e sacarose (página 2, parágrafo [0016]). 

De acordo com D1, a inclusão de sacarose, manitol, glicina ou lactose em 
composições de anticorpos favorece a estabilidade, por exemplo, relacionada à 
crioproteção e tonicidade (página 7, parágrafo [0074]). Outros agentes que promovem 
estabilidade, por meio de crioproteção são dextranos, polietilenoglicol, glicose, 
trealose, polissorbatos e aminoácidos como glicina, arginina e serina (página 7, 
parágrafo [0076]). 

Em D1 são previstas soluções de anticorpo ou fragmentos de ligação a 
antígenos em concentrações de 10, 15, 20, 25, 30, 40, 50, 60, 75, 80, 90 ou 100 
mg/mL ou concentrações mais altas de 150 mg/mL, 200 mg/mL, 250 mg/mL, até 300 
mg/mL. Tais soluções têm um pH entre 5 e 6, preferencialmente 5,5 (página 10, 
parágrafo [0111]). 

Dessa forma, D1 é o estado da técnica mais próximo do pedido BR2972, sendo 
um documento que ensina a obtenção de formulações: 

• Do mesmo campo técnico e com o mesmo uso pretendido: D1 descreve 
composições de anticorpo anti-PD-1 ou fragmentos de ligação para 
administração endovenosa ou subcutânea em um ser humano. 

• Em que o problema técnico solucionado é a obtenção de formulação de 
alta concentração que seja estável. 

• E com diversas características técnicas da invenção pleiteada. O 
Quadro 4 detalha a comparação das características técnicas de D1 e do 
pedido BR2972. 
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Quadro 4: Comparação entre o conteúdo das formulações e seus usos de D1 e do pedido de patente 
BR112019022972-8. 

BR2972 D1 
Formulação de anticorpo anti-PD-1 humano, 
caracterizada pelo fato de que compreende: 

Formulação de anticorpo anti-PD-1 humano, 
caracterizada pelo fato de que compreende: 

a) 100 mg/mL a 200 mg/mL de um anticorpo anti-
PD-1 humano ou fragmento de ligação ao 
antígeno do mesmo (reiv 1, 4, 5, 6, 13, 15) 

10 mg/mL a 300 mg/mL de um anticorpo anti-PD-
1 humano ou fragmento de ligação ao antígeno do 
mesmo; (página 10, parágrafo [0111] e reiv 1) 
 
Revela especificamente formulação com 
anticorpo anti-PD-1 humano ou fragmento na 
concentração de 25 a 100 mg/mL (reiv 3) 

b) 5 mM a 20 mM de tampão de histidina (reiv 1, 
4, 5, 6, 13, 15) em que o pH é entre 5 e 6 (reiv 2) 

Tampão de histidina, preferencialmente a 10 mM 
como tampão para pH entre 5 e 6 (página 2, 
parágrafos [0017] e [0021] e reiv 6). 

c) um estabilizador selecionado a partir do grupo 
que consiste em: 
i) 6% a 8% peso/volume (p/v) de sacarose, 
trealose ou (2-hidroxipropil)-β-ciclodextrina; 
ii) 3% a 5% p/v de manitol, sorbitol, L-arginina, um 
sal farmacêuticamente aceitável de L-arginina, L-
prolina ou um sal farmaceuticamente aceitável de 
L-prolina; e 
iii) 1,8% a 2,2% p/v de glicina ou um sal 
farmaceuticamente aceitável da mesma; (reiv 1, 
3, 4, 5, 6, 13, 15) 
mais especificamente 1,25% a 2,5% p/v de L-
arginina ou um sal farmaceuticamente aceitável 
(reiv 8) 

Estabilizadores como sacarose, manitol, glicina, 
lactose, dextranos, polietilenoglicol, glicose, 
trealose, polissorbatos e aminoácidos como 
glicina, arginina e serina em concentrações 
diversas. 
 
Revela especificamente a sacarose em cerca de 
7% (p/v) (reiv 5). 

d) 0,01% a 0,10% de tensoativo não iônico (reiv 
1) em que o tensoativo não iônico é polissorbato 
80 (reiv 4, 5, 6, 13, 15) 

O tensoativo não iônico polissorbato 80, 
preferencialmente a 0,02% (página 2, parágrafos 
[0016] e [0019] e reiv 4). 

e) 1 mM a 20 mM de antioxidante (reiv 1) em 
que o antioxidante é L-metionina ou um sal 
farmaceuticamente aceitável (reiv 4, 5, 6, 13, 
15), mais especificamente HCl de L-metionina 
(reiv 7) 

- 

solução reconstituída a partir de uma formulação 
liofilizada (reiv 9) 

A formulação “estável” pode ser liofilizada, um 
líquido reconstituído ou uma formulação líquida 
(não previamente liofilizada) (página 7, parágrafo 
[0084]). 

Uso da formulação para tratar câncer (reiv 18) A formulação pode ser para tratar câncer (página 
1, parágrafo [0015]). 

Uso da formulação para tratar infecção crônica 
(reiv 17) 

A formulação pode ser para tratar infecção crônica 
(página 1, parágrafo [0015]). 

Uso da formulação para administração 
subcutânea (reiv 19) 

A formulação pode ser para administração 
subcutânea (página 2, parágrafo [0016]). 
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Depreende-se, portanto, que a característica distintiva da matéria pleiteada no 

BR2972 frente ao estado da técnica mais próximo D1 é a presença de um 1 mM a 20 
mM de antioxidante, em que o antioxidante pode ser L-metionina entre 5 mM e 10 mM, 
preferencialmente 10 mM. 

O problema técnico está indicado no relatório descritivo como a degradação do 
pembrolizumabe exposto à luz, peróxido e alto pH, sendo principalmente relacionada 
à oxidação de metionina 105 tanto no CDR quanto na porção Fc (Relatório descritivo, 
parágrafo [029] - Petição 870220077996, de 29/08/2022, pág. 21/259). 

Segundo o relatório descritivo do pedido BR2972-8: 
 

As formulações da invenção se destinam a problemas de alta 
viscosidade e agregação aumentada associada a formulações de 
anticorpo que compreendem uma alta concentração de anticorpos 
anti-PD1. A invenção fornece adicionalmente formulações que 
compreendem pembrolizumabe ou um fragmento de ligação ao 
antígeno das mesmas com oxidação de metionina reduzida, (...) (RD, 
parágrafo [027], página 7) 

 
A este respeito, é importante retomar a última etapa da avaliação da atividade 

inventiva, na qual deve-se determinar se, diante de um problema técnico, o técnico no 
assunto é capaz de encontrar uma solução no estado da técnica. Nesse sentido, esta 
subsidiante discorda do argumento da depositante de que o problema da oxidação 
não estaria revelado no estado da técnica para defender a atividade inventiva do 
pedido BR2972. Pelo contrário, a avaliação da atividade inventiva é feita para 
determinar se a solução proposta, e não o problema, é ou não óbvia e poderá ser 
considerada uma invenção.  

Portanto, para avaliação da atividade inventiva, é preciso determinar se, diante 
da oxidação de resíduos de metionina no CDR3 da cadeia pesada e na porção Fc do 
pembrolizumabe e partindo do estado da técnica mais próximo, o uso de L-metionina 
como antioxidante é ou não óbvio para um técnico no assunto19. 

A oxidação de resíduos de aminoácidos era conhecida, à época da data de 
prioridade mais antiga do pedido BR2972, como uma das principais causas de baixa 
estabilidade das formulações farmacêuticas que contêm proteínas e anticorpos 
monoclonais, sendo a mais comum a oxidação de resíduos de metionina20.  

A importância de monitorar oxidação em resíduos de metionina também já era 
conhecimento geral de um técnico no assunto. Também já era parte do conhecimento 

 
19 Resolução n° 169/2016, item 5.9 (iii) determinar se, diante do problema técnico considerado, e 
partindo-se do estado da técnica mais próximo, a invenção é ou não óbvia para um técnico no assunto. 
20 Sokolowska I, Mo J, Dong J, Lewis MJ, Hu P. Subunit mass analysis for monitoring antibody oxidation. 
Mabs, 9(3):498-505, 2017. 
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geral do técnico no assunto que os malefícios da oxidação de resíduos de metionina 
na estabilidade da anticorpos sintéticos podem ser reduzidos por meio de rigoroso 
controle da oxidação de metionina com estratégias de formulação e por condições 
adequadas de armazenamento do produto21. 

Com base nos ensinamentos de D2, o técnico no assunto saberia que a 
oxidação de metionina ocorre independentemente do pH e por meio de uma ampla 
gama de espécies reativas de oxigênio, inclusive o oxigênio molecular. Além disso, 
essas reações são propagadas por radicais livres e há muitas fontes potenciais de 
radicais livres, incluindo material de embalagem e excipientes. O grau de 
acessibilidade do resíduo é determinante para que as espécies oxidantes ataquem a 
cadeia lateral. Portanto, um resíduo de metionina que é totalmente exposto exibirá 
uma taxa maior de oxidação do que um resíduo que esteja protegido na estrutura 
tridimensional. Conforme D2, a oxidação de resíduos de metionina foi amplamente 
relatada para anticorpos monoclonais. 

Conforme os ensinamentos de D2, uma das estratégias amplamente utilizadas 
para prevenir a oxidação de resíduos de metionina em anticorpos monoclonais é o 
uso de aditivos de sacrifício que serão oxidados no lugar do ingrediente ativo e o uso 
de L-metionina livre na solução se mostrou como uma estratégia eficaz (D2, página 
552). 

Outros documentos do estado da técnica reforçam que a estratégia pode ser 
implementada com sucesso em diferentes proteínas, inclusive em anticorpos 
monoclonais.  

D3 ensina que, em formulações do anticorpo monoclonal rhuMAb HER2, o uso 
de antioxidantes como a L-metionina, tiossulfato de sódio, catalase ou platina 
impediram a oxidação de resíduos de metionina por atuarem como radicais livres ou 
eliminadores de oxigênio. O nível mínimo eficaz necessário para que a L-metionina 
livre possa inibir a oxidação do anticorpo induzida foi 1:5 (razão molar de proteína para 
antioxidante), o que foi bastante superado nas proporções pleiteadas no presente 
pedido (entre 1:7 e 1:15, considerando a massa molecular do pembrolizumabe 
próxima a 149 kDA e as concentrações de 100 mg/mL a 200 mg/mL). 

D4 realizou diversos testes de oxidação com uma proteína experimental 
chamada PTH e concluiu que a presença de L-metionina livre protegeu os resíduos 
de metonina da proteína de sofrerem oxidação. 

Complementarmente, os subsídios ao exame técnico enviados anteriormente 
também mencionam exemplos de documentos do estado da técnica (D5) que 
antecipam o uso de L-metionina livre, inclusive na concentração de 10 mM, como o 

 
21 Liu D, Ren D, Huang H, Dankberg J, Rosenfeld R, Cocco MJ, Li L, Brems DN, Remmele RL Jr. 
Structure and stability changes of human IgG1 Fc as a consequence of methionine oxidation. 
Biochemistry, 47(18):5088-100, 2008. 
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antioxidante com melhor desempenho na formulação de anticorpos monoclonais. O 
trecho segue reproduzido na Figura 1 para pronta referência: 

 
Figura 1: Petição n° 870240062616, de 24/07/2024 (página 13/237) 

 
Dessa forma, é bastante difundido no estado da técnica que a oxidação de 

resíduos de metionina em anticorpos monoclonais pode afetar a estabilidade e que, 
uma vez identificada, pode ser devidamente controlada pelo uso de antioxidantes, 
como a L-metionina. O histórico de uso da L-metionina como antioxidante em 
diferentes proteínas, inclusive em anticorpos monoclonais, e, em diversos casos, o 
relato de ser este o antioxidante mais eficiente levariam o técnico no assunto a utilizar 
esta estratégia com expectativa razoável de sucesso. 
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Portanto, retomando as etapas de avaliação da atividade inventiva da 
Resolução n° 169/2016 (item 5.9), conclui-se que diante do problema técnico 
considerado, e partindo-se dos ensinamentos do estado da técnica mais próximo D1 
em combinação com D2, D3, D4 ou D5, a invenção é óbvia para um técnico no 
assunto. 

Estes fatos evidenciam que a matéria reivindicada no pedido 
BR112019022972-8 não pode ser concedida por falta de atividade inventiva, 
estando em desacordo com os artigos 8° e 13 da LPI. 
 
 

7. DO PEDIDO 
 

A subsidiante, assim, acredita haver demonstrado que a matéria para qual se 
requer proteção no pedido BR112019022972-8 não é dotada de novidade e atividade 
inventiva, além de não estar suficientemente descrita, infringindo os artigos 8°, 13, 24 
e 25 da LPI, razão pela qual aguarda que o pedido de patente seja prontamente 
INDEFERIDO. 
 

Rio de Janeiro, 23 de maio de 2025 
 

 

 
Camila Monteiro Cruz 

Farmacêutica, MSc em Ciências Farmacêuticas 
Especialista em Propriedade Intelectual 

 
 

 
Carolinne Thays Scopel 

Farmacêutica, Doutora em Saúde Pública 
CRF/RJ 20.318 

 
 
 
 
 

Susana Rodrigues Cavalcanti van der Ploeg 
OAB/MG 181.599 
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Stability of Protein Pharmaceuticals: An Update
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Abstract. In 1989, Manning, Patel, and Borchardt wrote a review of protein stability (Manning et al.,
Pharm. Res. 6:903–918, 1989), which has been widely referenced ever since. At the time, recombinant
protein therapy was still in its infancy. This review summarizes the advances that have been made since
then regarding protein stabilization and formulation. In addition to a discussion of the current
understanding of chemical and physical instability, sections are included on stabilization in aqueous
solution and the dried state, the use of chemical modification and mutagenesis to improve stability, and
the interrelationship between chemical and physical instability.

KEY WORDS: formulation; protein stability; protein stabilization.

INTRODUCTION

In 1989, Manning, Patel and Borchardt wrote a review
summarizing what was known at the time about the stability
and stabilization of protein pharmaceuticals (1), an article
that has been referenced almost 500 times. In the late 1980s,
there were only three recombinant protein products on the
US market: Orthoclone (OKT-3), human insulin, and tissue
plasminogen activator. If one included plasma-derived prod-
ucts, the number of approved proteins only numbered about
a dozen. Clearly, recombinant DNA technology has drasti-
cally changed the pharmaceutical market. Now there are
nearly twenty antibody products and almost 150 approved
protein-based products that are commercially available in the
US alone. In addition, our knowledge regarding protein
stability and formulation has increased dramatically. The
purpose of this review is to provide an update regarding
what we have learned in the past 20 years. In addition to
updating the sections of the original review article, some
discussion is provided regarding topics that were not found in
the literature at the time, such as the interrelationship of
chemical and physical instability, instabilities that occur
during bioprocessing, the impact of lyophilization cycle on
protein stability, and the importance of packaging in main-
taining protein stability.

One can separate protein instabilities into two general
classes: chemical instability and physical instability. Chemical
instabilities involve processes that make or break covalent
bonds, generating new chemical entities. A list of the more
commonly observed chemical degradation processes is listed
in Table I. Conversely, there are physical instabilities for
proteins in which the chemical composition is unaltered, but

the physical state of the protein does change. This includes
denaturation, aggregation, precipitation, and adsorption
(Table I). The term precipitation is used here to denote
insolubility rather than insoluble aggregate formation.

Our knowledge of all protein degradation pathways is
markedly greater than it was 20 years ago. Therefore, the
emphasis of this review is on the progress that has been made
since 1989. In addition, there were degradation processes and
topics that were barely discussed or observed at that time. Those
are now included as separate sections below. For example, there
have been many articles on increasing conformational stability
of proteins with various excipients, both in aqueous solution and
in the dried state. In addition, a brief overview is provided of
protein stabilizationmethods, including various drying methods,
chemical modification, and site-directed mutagenesis. Finally, a
discussion of the interrelationship between chemical and
physical instability is provided.

CHEMICAL INSTABILITY

Deamidation

Twenty years ago, it was already appreciated that
deamidation, which involves the hydrolysis of Asn and Gln
side chain amides, was a common degradation pathway for
proteins and peptides. It is still regarded as the most common
chemical degradation pathway for peptides and proteins.
From a regulatory perspective, deamidation generates proc-
ess-related impurities and degradation products. In addition,
it may contribute to increased immunogenicity (2).

At the time of the original review article, there were a
few examples of deamidation in pharmaceutically relevant
proteins, including human growth hormone (hGH) (3,4),
insulin (5), γ-globulin (6), and hemoglobin (7). Moreover, the
effect of extrinsic factors, such as pH, temperature, and ionic
strength, were known as well (8). Since that time, the amount
of information now available on deamidation and related
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3Amylin Pharmaceuticals, San Diego, California 92121, USA.
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reactions has increased significantly, as can be found in a
number of excellent review articles (9–12) as well as entire
books on the subject (13,14). There is even a web site devoted
to this topic (www.deamidation.org).

Asn Deamidation

For those unfamiliar with this reaction, deamidation ofAsn
residues under acidic conditions takes place by direct hydrolysis
of the Asn side chain amide to form only Asp. Under these
conditions, deamidation is subject to acid catalysis. Similarly,
Gln residues are converted toGlu (as is described inmore detail

below). However, this mechanism is rarely observed, as the pH
must be less than 3. In neutral to basic solution (i.e., above pH
6), the mechanism changes to an intramolecular cyclization
reaction. The first step involves nucleophilic attack of the n+1
nitrogen of the protein backbone on the carbonyl group of the
Asn side chain (Fig. 1). This step is base catalyzed, since
abstraction or partial abstraction of the backbone amide proton
makes the nitrogenmore nucleophilic, accelerating the reaction.
A cyclic imide (also called succinimide or Asu) intermediate is
formed (Fig. 1) with loss of ammonia. Since ammonia is a gas
and is typically not retained in solution, this step is effectively
irreversible. While the Asu intermediate often can be detected
as a degradation product in its own right (see below), it is readily
hydrolyzed in aqueous solution to form the Asp and isoAsp
products (Fig. 1). Formation of the Asu five-membered ring
intermediate is thought to be the reason that Asn deamidation is
more prevalent than Gln deamidation, as five-membered
heterocyclic rings are more stable than the six-membered rings
associated with Gln deamidation.

Consequently, deamidation generates two degradation
products (Asp and isoAsp) at the site of the original Asn
residue. Coupled with the possibility for racemization (15), four
possible products (L-Asp, D-Asp, L-isoAsp, and D-isoAsp)
could be formed. It is now known that racemization does not
occur to any appreciable extent from the Asu intermediate, as
was previously thought. Instead, it appears to be a parallel
degradation pathway (16). Dehart andAnderson have provided
a detailed kinetic description of the intramolecular cyclization
(17). The same observation of a lack of racemization via the
cyclic imide intermediate has been made for larger proteins as
well (18).

Table I. Chemical Instabilities Reported for Proteins of Therapeutic
Interest

Deamidation

Asp–isoAsp interconversion/isomerization
Racemization
Proteolysis
Beta-elimination
Oxidation
Metal-Catalyzed Oxidation (MCO)
Photooxidation
Free radical cascade oxidation

Disulfide exchange
DKP formation
Condensation reactions
pGlu formation
Hinge region hydrolysis
Trp hydrolysis

Fig. 1. General mechanism for deamidation of Asn residues and isomerization of Asp to isoAsp (taken from
reference 1). Direct hydrolysis occurs below pH 4while the cyclic imide pathway predominates at pH 6 and above.
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Effect of Sequence on Asn Deamidation

Some work had been done by 1989 on the effects of primary
sequence on deamidation, especially recognizing that Asn–Gly
were particularly prone to deamidation. Subsequently, the
influence of sequence was examined by Robinson and coworkers
in detail (19,20). Ultimately, their work on sequence effects
resulted in effective predictive schemes (14,21–25). In general,
two trends are apparent. First, having amino acids with smaller
side chains after the Asn residues leads to faster deamidation,
presumably due to lack of steric hindrance of the initial cyclization
reaction. Second, succeeding amino acids that have side chains
that can act as hydrogen bond donors tend to accelerate the
reaction, likely due to intramolecular hydrogen binding to the
carbonyl oxygen ofAsn,making it more electrophilic and thereby
more reactive to nucleophilic attack.

As a result, one does not need to be concerned about
deamidation at every Asn residue. Only those Asn residues
followed by a small or hydrogen bond-donating (e.g., Ser, Asn,
orAsp) residues are found to exhibit deamidation on a time scale
relevant to the pharmaceutical scientist. For example, Chelius
et al. found that Asn deamidation in monoclonal antibodies
(MAbs) occurred at Asn–Gly and Asn–Asn sequences (26),
while Xiao and Bondarenko found deamidation at Asn–Asp
sequences (27). Overall, Asn–Gly is the most reactive sequence
in polypeptides, consistent with the schemes of Robinson and
Robinson (Table II). For the most part, the preceding residue
has little or no effect on deamidation rate, at least in solution.
However, Li et al. have shown that Gln or Glu in that position
appears to accelerate deamidation in the solid state, presumably
by increasing hydration around the Asn residue (28).

For deamidation that occurs at acidic pH, the mechanism
does not involve cyclic imide formation at all. Instead, the
protonated amide side chain undergoes direct nucleophilic
attack by water. Therefore, it is not surprising that sequence

has been found to play a minimal role in controlling
deamidation rates (29).

Effect of Higher Order Structure on Asn Deamidation

In 1989, the ability of higher order structure to influence
deamidation rates was just starting to be appreciated. In 1988,
Kossiakoff demonstrated that polypeptide chain flexibility
impacted deamidation rates (30).Other studies have since arrived
at the same conclusions, examining the relative deamidation rates
for Asn residues dispersed across a given globular protein
structure (31,32). In addition, a number of studies have shown
that placement of the reactive Asn residue within an ordered
secondary structure slows the reaction rate. This has been found
for α-helices (33,34), β-sheets (35), and β-turns (36,37).

Combining information about primary sequence along
with the location of an Asn residue within a three-dimen-
sional structure leads to improved predictive accuracy for
deamidation rates (22). Moreover, alterations in the three-
dimensional structure can affect deamidation rates. For
example, addition of ligands that induce α-helical structure
in insulin slow deamidation at AsnB3 (38).

Deamidation in Monoclonal Antibodies (MAbs)

Our knowledge regarding the stability and structure of
MAbs has increased exponentially over the past 20 years.
This includes detailed studies of deamidation in these
pharmaceutically important molecules. In general, deamida-
tion is responsible for much of the heterogeneity observed in
MAbs along with other kinds of chemical instability and
glycosylation differences (39).

In 1992, Kroon et al. reported that OKT-3, the first
marketed monoclonal antibody product, undergoes deamida-
tion (40). Subsequently, there were sporadic reports of deami-
dation inMAbs over the next decade (41–43). In the last 5 years,
the number of reports on deamidation in MAbs has increased
significantly. Some focus on the effect of extrinsic factors (44),
some on sequence effects (26), while others emphasize the
analytical methods used to monitor and quantify deamidation,
which is primarily done by some type of mass spectrometry
(26,45–57). These studies provide a solid basis for monitoring
and quantifying deamidation in any protein or peptide. Other
groups have reported using charge separationmethods to detect
and quantify deamidation in peptides and proteins (58–61),
while others have employed RP HPLC (62,63), peptide
mapping (64), and even Raman spectroscopy, which was
reported to detect deamidation (65). However, the latter is
quite insensitive, requiring deamidation to exceed 10%.

Prolonged storage of a human MAb resulted in deamida-
tion at both Asn and Gln residues, as well as other chemical
instabilities, such as fragmentation and pGlu formation (66–68).
Those other degradation pathways are discussed below. What
appears to be true is that the factors controlling deamidation
rate (primary sequence, temperature, pH, etc.) in peptides and
smaller proteins are equally important in MAb degradation.

Deamidation of Other Protein Pharmaceuticals

In addition to the large amount of work on MAbs, a
number of other studies have appeared describing deamida-

Table II. Relative Deamidation Rates for Asn–Xaa where Xaa is the
Succeeding Amino Acid (Taken from Reference 21)

Residue
% deamidation after
100 d (Tris buffer)

% deamidation after
100 d (phosphate buffer)

Gly 38 87.3
Ser 9.8 34.6
His 7.7 33.2
Ala 5.6 17.9
Asp 4.8 19.0
Glu 3.0 13.1
Asn 1.5 13.5
Thr 2.0 12.3
Lys 1.8 10.4
Gln 1.7 10.1
Cys 1.1 7.3
Lys 1.8 10.4
Gln 1.7 10.1
Arg 1.6 9.4
Phe 1.1 7.3
Met 0.9 5.4
Tyr 0.9 5.4
Trp 0.4 5.0
Leu 0.3 5.4
Val 2.8
Ile 1.3
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tion in peptides and protein of pharmaceutical relevance,
including vaccines and antigens (47,69–84). These include the
entries in Table III. In general, any protein or peptide that
contains one of these reactive Asn–Xaa sequences will be
prone to deamidation over time.

Control of Deamidation Rates

A number of formulation approaches have been described
to slow deamidation. Themost effective approach is to control the
pH. Deamidation for a single reactive Asn displays a V-shaped
pH-rate profile, with the minimum being between pH 3 and 6. In
addition, being a chemical reaction, it displays typical Arrhenius
behavior, provided the protein or peptide does not change
conformation appreciably across the temperature range of study.

Interestingly, it is possible to slow deamidation rates by
altering the conformation of the protein. Even in 1989, it was
known that a specific set of phi/psi angles is needed to allow the
intramolecular nucleophilic attack to form the Asu intermedi-
ate (85). Phi and psi refer to the dihedral angles for the Cα–N
bond and the C(O)-Cα bond, respectively. Therefore, limiting
the flexibility of the peptide chain should and does slow
deamidation. This is the basis for slower deamidation rates in
well-defined and rigid higher-order structures (see above). It is
possible to alter polypeptide chain flexibility using excluded
solutes. Addition of sucrose to a flexible peptide caused it to
adopt a β-turn conformation, thereby slowing deamidation
(86). Sugars and polyols compact the structure of alcohol
dehydrogenase and thereby slow deamidation in both the apo
and holoenzymes (87). Similarly, removal of C-terminal amino
acids in histidine-containing protein allows deamidation to
proceed, presumably by removing steric constraints (88).

Finally, one can imagine that formulations that lower NH
acidity would slow deamidation rates. This has been done
using nonaqueous solvents (33,89), although these same
solvents can also affect conformation, viscosity, and solvent
dielectric, so the effect might not be entirely due to
modulation of acid-base properties. The effect of viscosity
has been described for model peptides (90,91). Similarly,
dielectric and viscosity effects have been examined for Asp
isomerization in MAbs (92,93). In that case, increased

chemical stability was obtained at the expense of reduced
conformational stability. Therefore, such approaches using
nonaqueous solvents may not be viable for many globular
proteins but could work for peptides, where solution con-
formation is less important to maintaining biological activity.

Prior to 1989, it was known that certain buffers exhibited
buffer catalysis of Asn deamidation. Most buffers had been
shown to exhibit some degree of buffer catalysis. Therefore,
limiting the amount of buffer used should slow deamidation
rates. In the last 20 years, relatively little has been done on this
topic. Tyler-Cross and Schirch (29) demonstrated that deami-
dation of model peptides exhibited general base catalysis, but
they did not observe specific base catalysis in their studies. So,
apart from some observations on buffer effects, little has been
done on mechanistic aspects of catalysis of deamidation. As for
more recent observation on buffer effects, Girardet et al.
reported that phosphate buffer increased deamidation rates in
α-lactalbumin faster than tris buffer at pH 7.4 (94). Zheng and
Janis conducted a detailed study on buffer effects on deamida-
tion in a MAb, looking at tartrate, citrate, succinate, and
phosphate (44). They found that citrate was the best choice,
while the pH had to be less than 5.

Deamidation in the Solid State

The propensity of peptides and proteins to degrade
chemically while in the solid state has been reviewed by Lai
and Topp (95). Briefly, many of the reactions described here,
including deamidation, have been observed for polypeptides
in the solid state as well. For example, the deamidation rates
of both cyclic and linear peptides were investigated in the
solid state (37). A comparison of deamidation rates between
solution and in the solid state can be found as well (96).
Finally, Houchin and Topp (97) have recently reviewed the
chemical degradation of peptides and proteins, including
deamidation, encapsulated within PLGA microspheres.

Gln Deamidation

Our knowledge base regarding deamidation of Gln has
increased tremendously over the past 20 years. It is still true that
deamidation of Gln residues is less common than for Asn.
Recall that cyclization of Asn residues leads to a five-membered
ring. With Gln, that same intermediate is a six-membered ring,
which is less favorable thermodynamically than the smaller ring.
Certainly, Gln deamidationwas known in 1989 (19). Yet, so little
was reported that it was not discussed in our previous review.
Since then, Joshi and Kirsch have reported some detailed
mechanistic studies on Gln deamidation in peptides (78,98,99).
A number of reports have found Gln deamidation in larger
proteins, such as crystallins (100) and MAbs (101).

Theoetical Studies on Deamidation

In addition to the explosion of experimental studies on
deamidation in peptides and proteins, a number of theoretical
studies have emerged as well. These includemolecular dynamics
(MD) simulations (102) and ab initio calculations (103–105). Of
note, Radkiewicz et al. 2001 showed that backbone conforma-
tion (i.e., phi–psi angles) affect acidity of the NH group (106).
Gly, being able to sample more conformational space, shows

Table III. Protein of Pharmaceutical Interst Where Deamidation has
Been Observed

Compound Reference

tPA (69)
IL-11 (47,70)
rhGH (71)
hGH (72)
Tetanus vaccine (73)
Anthrax vaccine (74)
Anthrax protective antigen (75)
Fc fusion protein (76,77)
Glucagon (78)
Lymphotoxin (31)
Protein G (79)
Hemoglobin (80)
NGF (81)
Hirudin (82,83)
IL-1 receptor (type II) (84)
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increased NH acidity, which would contribute to increased Asn
deamidation rates. Therefore, the increased reactivity of Asn–
Gly sequences might not be entirely due to lack of steric
hindrance to intramolecular nucleophilic attack.

Succinimide Formation

In general, deamidated forms (Asp and isoAsp), as well
as the corresponding cyclic imide (Asu) intermediates, have
been isolated and identified, especially in peptides. The cyclic
imide intermediate has been repeatedly isolated and charac-
terized in monoclonal antibodies. Groups from Amgen used
hydrophobic interaction chromatography (HIC), cation
exchange chromatographjy (CEX), and liquid chromatography-
mass spectrometry (LC–MS) to identify Asu formation in
MAbs, especially IgG2s, that were stored at elevated temper-
atures (56,57,107,108). The primary degradation product
appears to be the cyclic imide (Asu) intermediate at position
30 of the light chain (LC). Other studies have reported Asu
formation at position LC32 (109) and residue 102 of the heavy
chain (43).

Succinimide formation has been reported in other
systems. For example, stressed samples of hGH form a
succinimide product at an Asp–Gly site that was isolated
and quantified using reversed-phase HPLC (110). Similar
degradation has been reported for glial cell line-derived
neurotrophic factor, which forms a succinimide product at
position 96 (111). The degraded form was identical to the
native protein in structure, pharmacokinetics and activity.
Lysozyme has also been reported to form a succinimide
product at a Asp–Gly site as well (112).

Asp Isomerization

Once the cyclic imide intermediate forms, it can open to
form either Asp or isoAsp products (Fig. 1). Such a
mechanism indicates that Asp itself could cyclize to form
the same succinimide (Asu) species, thereby allowing con-
version from Asp to isoAsp. This reaction has been called
Asp–isoAsp interconversion, but is more commonly referred
to as Asp isomerization. The rate-limiting step is the same for
both deamidation and Asp isomerization, that is, the rate is
controlled by formation of the cyclic imide intermediate.
Consequently, the same approach can be taken to slow each
reaction. In other words, pH provides the greatest degree of
control by slowing deprotonation that leads to intramolecular
cyclization. Early work on this reaction indicated that only
the protonated form of Asp isomerizes, i.e., there is much
lower reaction rate above pH 5 (113). In fact, above pH 8, the
reaction is independent of pH and buffer concentration.
Below pH 3, only hydrolysis is observed. The size of the C-
terminal amino acid retards the formation of the cyclic imide
intermediate (114), thereby slowing Asp isomerization. Steric
constraints affect cyclization rates, as with deamidation (88).

Since the original review was published, Asp isomerization
has been reported in many systems, especially monoclonal
antibodies (27,43,55,92,93,107,108,115). Some of the same LC-
MS methods used to identify deamidation in MAbs have been
used to monitor Asp isomerization as well (27,55,116). Both
degradation pathways have been observed in MAbs (43,55).
Specifically, Asp isomerization has been reported at position 32

in the light chain (93,109) and position 102 in the heavy chain
(43). For Asp–Asp sequences in MAbs, both Asp isomerization
and Asp-assisted hydrolysis were observed (27).

Racemization (which is discussed in more detail below)
has been observed concomitantly with Asp isomerization
(63), similar to the observations with deamidation (13,15).
This emphasizes once again how interconnected many of
these chemical degradation pathways can be.

Other proteins of pharmaceutical interest besides MAbs
have been reported to undergo Asp isomerization. For
example, Asp93 isomerization has been shown to be the
primary degradation pathway for NGF (81), while Asp
isomerization (at Asp45 and Asp47) has been found in IL-11
as well (70). Dette and Wätzig were able to resolve the
isoAsp product of Asp isomerization in recombinant hirudin
using capillary electrophoresis (117).

Outside of controlling pH and temperature (see above),
little has been reported on formulation strategies to slow Asp
isomerization. The use of excluded solutes to provide
conformational stability in a MAb actually decreased chem-
ical stability by accelerating Asp isomerization (92). Presum-
ably, changing the succeeding amino acid (in the n+1
position) would also slow the reaction, but no detailed studies
of that type have been reported.

Asp Hydrolysis

There is a third reaction that is associated with degradation
at As/Asp residues and that is Asp-associated hydrolysis of the
peptide backbone (also known as proteolysis). Unfortunately,
there are few reviews available on the topic, with the most
extensive dating back to 1983 (118). Since this reaction also
involves intramolecular cyclization, it is not surprising that
proteolysis shows the same pH-rate profile and sensitivity to
buffer catalysis as deamidation (119). The mechanism was
delineated in detail by Joshi and Kirsch (78), with nucleophilic
attack occurring at the ionized side chain of Asp on the
protonated carbonyl of the peptide backbone. This produces
an anhydride species and release of the N-terminal portion of
the peptide chain. There is some information available on the
effect of primary structure on Asp hydrolysis. The presence of
Ser or Tyr at position n+1 can accelerate reaction (98,99).
Similarly, having Ser or Val at position n+1 accelerates
hydrolysis relative to Asp isomerization (114).

Other similar hydrolysis reactions have been reported.
For example, the Asn–Pro bond appears to be particularly
labile in the presence of ammonia (120). A similar degradation
process has been reported for the Asp60–Pro61 bond in NGF
(81). The peptide linkages in either side of Pro and Trp were
found to hydrolyze in spantide II, a bioactive peptide (121).

Hinge Region Hydrolysis

Hydrolysis of the peptide backbone has been seen in
antibodies even when Asp is not present. This reaction occurs
most frequently within the hinge region of the antibody, so it
is known as hinge region hydrolysis. However, it can occur at
the CH2–CH3 interface as well (67). Typically, it occurs in
IgG1s, so the reaction is likely influenced by the flexibility of
the peptide chain. This reaction is distinct from the enzymatic
hydrolysis that can occur in this region with antibodies (39).
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There have been a number of detailed studies on this
process. The first study reported cleavage in the hinge region
of mouse MAbs (122), showing that the reaction can occur
under basic pH conditions (122). Fragmentation, along with
other chemical instabilities, was reported in OKT3, which is a
mouse IgG2a antibody (40,123). Using MALDI-TOF and
capillary electrophoresis, Alexander and Hughes found hinge
region hydrolysis to occur in chimeric mouse/human IgGs
(124), as was also reported by Paborji et al. (125).

The general nature of this reaction was shown by Cordoba
et al., who showed that hinge region hydrolysis occurred in four
different human IgG1s (126). The observed fragmentation
pattern indicated that the hydrolysis reaction is not specific to
a particular peptide bond, but occurs within a narrow range of
residues. In this case, hydrolysis was limited to the heavy chain
sequence Ser-Cys-Asp-Lys-Thr-His-Thr. Similarly, descriptions
of hinge region hydrolysis, detected in the course of mass
spectrometry studies onMAbs, were reported as well (127,128).
While chain flexibility appears to be important, recently it was
demonstrated that conformational instability of Fab region leads
to increased rates of hinge region hydrolysis as well (129).

The pH-rate profile for hinge region hydrolysis is V-shaped
(130), with a minimum near pH 6. The rate increases linearly
with pH above pH 6. The study by Cordoba et al. indicated that
EDTAand protease inhibitors have no effect on hydrolysis rates
(126). In addition to the more general hinge region hydrolysis
described above, there have been reports of metal-assisted
hydrolysis of MAbs in the same region (131,132). In these cases,
chelating agents have some ability to slow degradation.

Trp Hydrolysis

In addition to these better-known degradation processes,
other functional groups are also sensitive to hydrolysis. For

example, the side chain of Trp is known to undergo hydrolysis.
The primary degradation product is called kynurenine (133–135),
which fluoresces at much longer wavelength (450 nm) than Trp
itself. Kynurenine and related substances can also form during
oxidative degradation of Trp as well (see below).

Racemization and β-Elimination

These two degradation pathways are interrelated, as the
initial step is the same: deprotonation of the hydrogen on the
α-carbon (Fig. 2). Usually, C–H bonds have little acid-base
reactivity, but the C–H bond of an amino acid does have
some acidic character. As a result, racemization is usually a
very slow process, so slow that it can be used to date artifacts.
In vivo, a number of proteins have been reported to racemize,
as in crystallins from the lens of the eye (136,137) and myelin
in muscle (138).

Typically, the racemization occurs at Asp residues (138),
although racemization at Asn127 in murine lysozyme has
been reported (139). Why this residue is more reactive is
not yet known. A more extensive summary of amino acid
racemization can be found in the review by McCudden and
Kraus (140).

Once the Cα–H bond ionizes, recombination can lead to
racemization (Fig. 2). On the other hand, the resulting
carbanion can rearrange and eject a leaving group from the
β-carbon, producing a double bond between the alpha- and
beta-carbon. This is β-elimination. At high temperatures, it
appears that β-elimination of Cys residues occurs readily in a
number of proteins (141). Among proteins of pharmaceutical
interest, β-elimination has been reported for IL-1ra (142) and
insulin (143). It has also been shown that β-elimination occurs
under conditions causing hinge region hydrolysis (144).

Fig. 2. General mechanism for racemization and β-elimination in proteins (taken from reference 1).
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DKP Formation

One other N-terminal cyclization process has been
described in some detail. Note that the N-terminal amino
group can be a potent nucleophile, especially above pH 8. If
the amine attacks the second carbonyl group in the peptide
backbone, a diketopiperazine (DKP) ring is formed. Degra-
dation of the N-terminus of a peptide or protein by DKP
formation has been commonly observed during long-term
storage and during peptide synthesis (145–147).

This reaction was initially observed in peptides (148),
where the DKP ring can rearrange, either with loss of the first
two amino acids or reversal of their positions in the chain.
The extent of DKP formation depends on percentage of
terminal amino groups in the free base form (17,149,150).
Under acidic conditions, the reaction is quite slow and pH-
independent. Kinetic analyses of DKP formation in peptides
have examined the effects of pH, buffer type and concen-
tration and temperature (17,149–151). The first-order rate
constant generally increases with increasing buffer concen-
tration, except for carbonate, which shows no concentration
dependence (150). Degradation caused by DKP formation
was shown to be responsible for the N-terminal heterogeneity
observed in hGH (145) and substance P (152). Further details
of the reaction kinetics of DKP formation have been
presented recently (17).

To the extent that DKP formation leads to reduction in the
length of the polypeptide chain, it can be considered a proteolytic
reaction. Rearrangement of a DKP from the first two amino
acids, via cleavage of the peptide bond C-terminal to the second
amino acid, produces a clipped protein reduced in molecular
weight by the mass of the two amino acids. In solution, DKP
formation is common for proteins with the N-terminal sequence
NH2-Gly-Pro (153).

pGlu Formation

This reaction was not covered in the original 1989 review,
although there were some literature references prior to that
date (e.g., references 154–156). This reaction involves nucle-
ophilic attack of the N-terminal amine on the side chain of a
Glu residue (and occasionally a Gln residue) to form a five-
membered ring structure (Fig. 3). In other words, non-
enzymatic formation of pyroGlu (pGlu) follows a mechanism
similar to that for DKP formation in that it involves
nucleophilic attack of the N-terminal amine on the polypep-
tide chain. In this case, site of attack is the carbonyl group of
the N-terminal Glu side chain, resulting in elimination of
water (Fig. 3). This cyclized, N-terminal structure is often
observed in monoclonal antibodies due to the frequency of
Glu in the first position of the light chain and occasionally in

the heavy chain (45,67,157–162). Most often, the presence of
pGlu is detected using mass spectrometric techniques. The
pGlu degradation product has been seen to increase during
prolonged storage of MAbs (67,160). In some cases, the
conversion to pGlu at the N-terminus of the heavy chain has
been quantitative (127). Formation of pGlu has also been
reported in variants of BMP-15 (163).

As the reaction involves nucleophilic attack, rates of pGlu
formation are typically pH-dependent. The pH dependence of
the reaction has been reported (67,162), although the data are
quite limited compared to the detailed pH profiles published
for other hydrolytic reactions. It appears that the nature of the
buffer has an effect on the rate of pGlu formation (162,164).
Phosphate appears to cause more rapid cyclization, at least in
model peptides (164). At lower pH, acetate appears to be the
best buffer species for slowing pGlu formation (162). Finally, it
has been reported that pGlu can be formed from N-terminal
Gln residues as well as Glu, although the reaction appears to
be slower with Gln than with Glu (154,165).

Glycation of Proteins

Glycation occurs when a protein is incubated in the
presence of a reducing sugar. It involves the reaction with a
base, typically the side chain of lysine and a carbonyl group of
a reducing sugar. This leads to formation of a Schiff base,
which can undergo rearrangement to more stable products.
Altogether, these associated reactions are termed the Mail-
lard reaction or non-enzymatic browning after the color that
evolves.

The Maillard reaction can occur in the solid state as well
as in aqueous solution (95). For example, recombinant
DNAse I undergoes glycation in dried formulations (166).
Glycation occurs in vivo as well as in vitro. In fact, the extent
of glycation of hemoglobin in vivo is a distinctive marker for
diabetes (167).

The mechanism of glycation has been outlined in some
detail recently (168). When glycation occurs, it is known that
it can affect function (169), although it has been shown not to
affect binding affinity of certain antibodies (168). However, it
can affect the overall stability of the molecule. For example,
the Maillard reaction can lead to more labile peptide linkage,
as in relaxin (170).

This degradation pathway is one of the primary reasons
that formulation scientists tend to avoid using reducing sugars
(glucose, lactose, fructose, maltose) in formulations. How-
ever, reducing sugars can be generated in situ by hydrolysis of
sucrose. Smales et al. demonstrated this for sucrose-based
formulations undergoing viral inactivation at elevated tem-
peratures (171,172). Similarly, glycation in sucrose-based
formulations has been observed during storage studies as

Fig. 3. Conversion of Glu to pGlu.
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well (173–175). However, these usually require elevated
temperatures and acidic pH. Note that the glycosidic bond
of trehalose appears to be much stronger than for sucrose, as
trehalose formulations rarely, if ever, display this type of
decomposition. On the other hand, low pH has been shown to
lead to sucrose instability and subsequent glycation (174). In
fact, glycation happens about 2,000-fold faster with sucrose
than trehalose at pH 2.5 (176) due to formation of glucose
and fructose upon sucrose hydrolysis.

The sites of glycation usually involve lysine residues,
although Arg residues and the N-terminus can be involved as
well. It is known that certain lysines are more reactive in MAbs
(177) than others with respect to glycation. The basis for the
enhanced reactivity is unclear, although basicity and solvent
accessibility are likely to be important. Glycation has been seen
for IgG2s (178), as well as IgG1s (177). Some buffer catalysis has
been observed for glycation (179), at least with γ-globulin, with
phosphate accelerating the reaction. However, buffer catalysis
was not seen with BSA or ovalbumin.

Oxidation

Chemical degradation of a protein due to oxidation is the
other primary degradation process that occurs, along with the
hydrolytic reactions described above. Any protein that contains
His, Met, Cys, Tyr and Trp amino acids can be potentially
damaged by reaction with any of a number of reactive oxygen
species (ROS) (180–184). Oxidation of these reactive side
chains in a protein can occur during any stage of protein
production, purification, formulation and storage (40,185–187).

Our understanding of chemical degradation caused by
oxidation of proteins has greatly expanded over the last 20 years.
The rate of oxidation is affected by both intrinsic and extrinsic
factors. Intrinsic actors include the flexibility of the peptide
backbone (188) and the overall structure of the protein (188–190).
In addition, extrinsic factors, such as pH (191–193) and buffer
type (191,194), can affect oxidation rates of proteins as well.

Oxidation of proteins and peptides are usually broken
down into two general categories: site-specific (i.e., metal
catalyzed oxidation or MCO) and non-site specific reactions,
which includes photooxidation and free radical cascades. The
latter can be initiated from a variety of sources, leading
primarily to Met and Trp oxidation.

Met Oxidation

The chemical stability of methionine (Met) residues has
been shown to be important for conformational stability and
protein function (191,195–197). Unlike hydrolysis reactions, it
appears that Met oxidation is nearly pH-independent (191).
Therefore, one cannot control oxidation by adjusting pH.
Oxidation of Met can be accomplished with a wide range of
ROS. Even molecular oxygen is potent enough to convert the
side chain of Met to its corresponding sulfoxide. One must keep
in mind that reaction with oxygen in aqueous solution will
involve the temperature dependence of oxygen solubility in
water, which increases as the temperature is lowered (198). So,
while Met oxidation typically follows Arrhenius behavior,
reactivity may actually increase in refrigerated samples due to
the higher solubility of oxygen than at room temperature. As
these reactions are propagated by free radicals, it must be

recognized that there aremany potential sources of free radicals,
including containers (199,200) and excipients (see below).

Even at the time of the 1989 review, it was known that
different Met residues oxidized at different rates (201). How-
ever, little was known beyond that observation.What appears to
be most important in controlling oxidation rates in proteins is
the degree of solvent accessibility of the particular residue,
allowing the oxidizing species to attack the side chain readily.
Therefore, a Met residue that is fully solvent-exposed will
exhibit a maximal rate of oxidation, while a buried side chain
will oxidize very slowly (187,202–205). In other words, the ROS
must be able to access the side chain easily for oxidation to
proceed rapidly. This also means that while proteins have some
ability to protect certain groups against Met oxidation because
of their ability to bury the side chain in the interior of the
protein, peptides do not have this ability to protect themselves
against oxidation (206). Peptides lack higher order structures,
causing the amino acids to be fully solvent-exposed at all times,
resulting in maximum rate of oxidation for Met.

So, while solvent accessibility is key for controlling
oxidation rates, it may not be the only important factor. Some
evidence has also been presented that the rate of Met oxidation
is linked to or correlated with conformational stability (207–
209). Moreover, near the melting temperature of the protein,
one can observe non-Arrhenius kinetics due to large-scale
structural changes (208).

Oxidation of Met residues has been widely reported for
MAbs, especially those in the Fc region (186,202,210). In one
study, the exact distribution of oxidized residues differs
whether the protein is stored for an extended period of time
or subjected to t-BuOOH (186). This illustrates the fact that,
while forced oxidation studies are valuable in formulation
screening, they may not produce the exact distribution of
products seen during long-term storage.

Metal-Catalyzed Oxidation (MCO)

Metal-catalyzed oxidation occurs when a redox active metal
binds to a protein. The ligands are often Gly, Asp, His and Cys.
Of these amino acids, His and Cys are sensitive to oxidative
damage, as the ROS generated at the metal center does not have
to diffuse very far before reacting with the protein (211).
Mechanistic studies show that the metal ion and peroxides
undergo a Fenton-type reaction, creating free radicals (212). The
products of the oxidation of His are varied (213), but 2-oxo-His
appears to be the major oxidation product. The 2-oxo-His
product has been detected in human relaxin (214), prolastin
(215) and human growth hormone (211,216).

Trp Oxidation

Oxidation of Trp residue can occur, even in the absence
of light. The primary products are kynurenine derivatives
(217), especially when iron-based oxidants are used. The
oxidation of Trp has been seen in MAbs, leading to new
peaks in both SEC and RP HPLC chromatograms (218).

Photooxidation

In 1989, little was known about photolytic degradation of
proteins beyond some reports regarding heme proteins that
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absorbed in the visible wavelength region. Since then, exposure to
light has been recognized as a potential source of chemical
degradation, as reflected in the ICH Guidelines Q1B. Recently, a
number of reviews have been published that describe sources of
light exposure, degradation mechanisms and potential methods to
reduce damage caused by light (183,185). When a protein is
exposed to light, species are generated that will cause chemical
oxidation to amino acids that are sensitive to the light-induced
oxidation, which are Trp, Tyr and Phe. The light-induced oxidation
reaction pathway starts when a photon is absorbed, causing an
electron to enter an excited state (185). From the excited state, the
amino acid has a number of degradation pathways resulting in
different products. It now appears that photodegradation, espe-
cially photooxidation, is a common degradation pathway for many
proteins, as exemplified by photodegradation on numerous
proteins found in milk (219).

Trp is most sensitive to the light above 300 nm of the
four amino acids, as it absorbs the bulk of the light at these
wavelengths. Recently, a number of examples of photolytic
damage to pharmaceutical proteins have been reported,
primarily involving photooxidation of Trp. In IgG monoclo-
nal antibodies, the oxidation of the Trp appears to cause loss
of bioactivity and discoloration for high concentration for-
mulations (192). The rate of oxidation for the high concen-
tration antibody formulation is a pH-dependent process and,
at basic conditions, can result in soluble aggregates (192).
Another MAb, MEDI-493, showed a loss of binding and
biological activity when irradiated with UV light, caused by
oxidation of Trp (220). Another study measured the effect of
exposing three different monoclonal antibodies to 254 nm; all
three antibodies showed an increase in the percentage of
aggregates over the course of the study (221). Structural
changes were observed in recombinant human interferon-α2a

when exposed to UV radiation measured by absorbance,
circular dichroism (CD) and fluorescence (222).

When Trp is photoexcited by absorbing near-UV light, it
can affect neighboring amino acids and, in doing so, can
reduce disulfide bonds (193,223). The photoionization of Trp
can reduce disulfide bonds by electron transfer, resulting in
chemical and physical degradation of the protein (193,223–
225). Studies with different proteins have demonstrated the
ability of photoexcited Trp to reduce disulfide bonds in both
the liquid (223,224,226,227) and solid-state matrixes (225).

Please consider one final note on photooxidation. It is
possible for photooxidation to be facilitated by polysorbate,
that is, polysorbates (also known by their trade name as
Tweens®) have been shown to be photoenhancers, leading to
more facile production of singlet oxygen (228). Therefore,
increased oxidation of proteins may not be solely due to
oxidative impurities in the surfactant.

Cysteine Oxidation

While the primary oxidative process involving Cys
residues is formation of disulfide linkages (see below), they
are also subject to other oxidation processes as well. For
example, they can form sulfenyl species (229), where an
oxygen atom is added, in much the same way that Met is
oxidized to a sulfoxide. Thiol oxidation has been shown to
ablate the activity of alcohol dehydrogenase (87). In addition,
there is a growing body of literature on formation of thiyl

species, sulfur-based free radicals that can form from photo-
lytic initiation or disulfide decomposition (230).

Protection Against Oxidation

A number of approaches can be used to limit oxidation
of the proteins, which are dependent oxidation mechanism.
Oxidative damage caused when a protein is exposed to UV
radiation can be limited by adjusting the secondary packaging
and addition of additives to the formulation (185,192).
Otherwise, formulation strategies for mitigating oxidation
are somewhat limited. Minimizing exposure to oxygen, by
reducing the headspace in the vial, appears to be effective
(225,228,231). This is particularly important for Met oxida-
tion, where even less potent oxidants can cause damage.

Limiting the solvent accessibility of oxidation-sensitive
side chains is one possible strategy, which has been shown to
work for subtilisin (232) and alkaline protease (233). On the
other hand, sucrose increases the oxidation rate of Factor VII
(234), for reasons that are not yet known. While compounds,
such as mannitol, have been reported to be free radical
scavengers (235,236), there are no reports of them being
effective at reducing oxidation in biopharmaceutical proteins.

However, it has been shown that sugars and polyols can
complex metals at high concentrations, thereby reducing
MCO-induced damage (237). Sacrificial additives can be
employed, with the intention of having these compounds
oxidized instead of the active ingredient. This has been shown
to be an effective strategy for free Met (228,238,239), for N-
Ac-Met (240), for thiosulfate (228), and for N-Ac-Trp (241).

Control of MCO can be accomplished, in some cases, by
the addition of EDTA (242,243). Such chelating agents can
reduce the reactivity of these metals. Keep in mind that the
binding affinity of EDTA decreases significantly below pH 5,
where the carboxylate side chains become protonated. Note
that antioxidants, such as ascorbate, while effective at
reducing lipid peroxidation, can actually increase the reac-
tivity of transition metals and increase MCO-mediated
damage (211,244–246). Otherwise, minimizing the levels in
the bulk drug and excipients used is the other factor that will
lead to improved storage stability with respect to oxidation.
Many excipients carry oxidative impurities, including poly-
sorbates (247–249) and PEG (242,250,251). A review of
peroxide impurities in excipients has been published (252).

Disulfide Scrambling

The ability of Cys residues to form disulfide bonds has
been known for decades. While they can play a significant
role in aggregation, through covalent cross-linking (see
below), they can also affect the overall conformation of a
protein, as occurs during rearrangement of existing disulfides
within a molecule. As discussed above, removal of free Cys
residues (the reduced form), which can act as the starting
point for disulfide scrambling or exchange, can retard this
process significantly. Even though the number and type of
chemical bonds in the rearranged forms are identical, because
chemical bonds have been broken and formed, this should be
considered a type of chemical instability.

A number of articles have now appeared about the
formation of disulfide isoforms in IgG2 monoclonal anti-
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bodies. The preferred method for detecting and quantifying
these disulfide species appears to be capillary electrophoresis
(CE) in the presence of SDS (253–255), although RP-HPLC
and LC-MS has also been reported to resolve them as well
(128). There appears to be a functional difference associated
with placement of the disulfides in IgG2s (256,257). This
demonstrates how rapidly our understanding of the molecular
details of these complex molecules is evolving.

PHYSICAL INSTABILITY

Physical instability refers to any process whereby the
protein changes its physical state without any change in the
chemical composition. In particular, this review, like the one
in 1989, will focus on four processes: denaturation, surface
adsorption, aggregation and precipitation. For the purposes
of this review, aggregation is restricted to formation of soluble
aggregates, where precipitation refers to a macroscopic event
where the protein can be seen coming out of solution. As
seen below, precipitation may or may not be connected with
aggregation. It may simply be due to conditions whereby the
protein has exceeded its solubility limit.

Each of these four topics is extensive and continues to
evolve. Therefore, the purpose is not to provide a compre-
hensive overview of each topic. Rather, the intent is to
demonstrate how our understanding of protein stability in
each of these areas has increased over the past 20 years or so.

Denaturation

Denaturation denotes the loss of the globular or three-
dimensional structure that most proteins adopt. This globular
structure is referred to as the native state, although it is well
understood that it is really a multiplicity of microstates (258).
Consequently, upon unfolding or denaturation, the protein
changes its physical state, but the chemical composition
remains the same. Denaturation can involve the loss of
secondary or tertiary structure (or both).

Thermal Denaturation

Probably the most common stress that causes the
globular structure of proteins to be lost is elevated temper-
ature. A plot of temperature vs. the fraction of unfolded
protein is sigmoidal, with the midpoint being denoted as the
Tm value (standing for the temperature of melting). In
general, one can imagine that increasing Tm reflects an
increase in conformational stability. Assuming that the
thermal transition from the folded to the unfolded state has
a similar degree of reversibility (see below), this is possibly
true (259). However, in the past 20 years, it has been shown
that reversibility may be an even better indicator of storage
stability than Tm values (260,261). Consequently, other
measures of conformational stability, as from chemical
denaturation studies (see below), may be more reliable for
guiding formulation decisions.

Most often, thermally induced denaturation is irrever-
sible, as the unfolded protein molecules rapidly associate to
form aggregates. This behavior is often observed during
thermal denaturation studies using DSC. Even since the
report by Sanchez-Ruiz et al. on using the scan rate depend-

ence of Tm (262), there have been numerous reports of using
DSC to examine aggregation rates by varying the scan rate.
The problem has been that it assumes certain kinetics. More
recently, efforts have been made to develop more general
kinetic schemes (e.g., references 263,264). While they remove
some of the limitations of previous approaches regarding the
reaction order, the mathematics associated with these
schemes can be quite involved.

Cold Denaturation

While the process of cold denaturation has been known
since 1961 (265), there have been few reports of proteins
undergoing cold denaturation (266). This is because the vast
majority of proteins exhibit cold denaturation well below the
freezing point of water. This would imply that it is not of great
significance with respect to protein denaturation. However,
one must realize that the glass transition temperature of the
maximally freeze-concentrated state (Tg′) is usually well
below −20°C, even in the presence of common stabilizers,
such as sugars. This means that proteins will have a mobility
in the −20°C frozen state that is similar to that in fluid
solution. Consequently, the potential for cold denaturation
may be greater than previously believed. For example, a
recent study on IL-1ra estimated that the cold denaturation
temperature is ∼−10°C (209), easily accessible in the frozen
state unless the storage temperature is well below −30°C.

Chemical Denaturation

Another common method used to unfold proteins, and
thereby determine the free energy of unfolding, is the
addition of chaotropes, that is, compounds that cause the loss
of the globular structure of proteins. The most common of
these, by far, are urea and guanidinium hydrochloride
(GnHCl). Analysis of these sigmoidal curves to determine
the free energy of unfolding (ΔGu) has been summarized
quite well in reviews by Pace and coworkers (267–269).

There is a difference of opinion as to whether the free
energy of unfolding indicated by thermally induced denatura-
tion and chemically induced denaturation correlate. For
example, one group finds a good correlation (270), while
one group finds just the opposite (271). The differences might
be due to the variability in protein size, slight differences in
reversibility or even differences in the temperature depend-
ence of the pre- and post-transition regions (272).

The mechanism by which these compounds disrupt and
destabilize the globular structure is still under intense
investigation. Even in the past year, a number of papers have
appeared about whether a chaotrope destabilizes the native
state or stabilizes the unfolded state (273–276). In addition,
urea appears to impede the hydrophobic collapse associated
with formation of the globular native state (275). One thing is
clear. Unlike excluded solutes, chaotropes appear to bind to
proteins, reducing their chemical potential. As the unfolded
state has a much larger surface area than the native state
(usually), the chemical potential of the unfolded state is
lowered to a greater degree. When it falls below that of the
native state, the protein unfolds. It has been reported that the
addition of high concentrations of either urea or GnHCl can
alter the pKa of amino acid side chains by 0.3 to 0.5 units
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(277). This alone could affect the conformational stability of
the protein via increased electrostatic repulsion.

Pressure-Induced Denaturation

Another area that was virtually unknown in 1989 is the
idea of using high pressure to unfold proteins. Since then, a
number of good articles on the topic have appeared
(278,279). Typically, pressures of greater than 2,000 bar
(∼2,000 atmospheres) are required, with up to 4,000 bar
often needed (279). The molecular basis for pressure-induced
denaturation was recently described (280). Also, the ability of
osmolytes or excluded solutes to stabilize proteins appears to
work for pressure-induced denaturation as well (281). In
general, pressure-induced denaturation appears to be fully
reversible, unlike other stresses that cause protein unfolding
(e.g., reference 282). It should be noted that intermediate
pressures, 1,000–1,500 bar, can be used to dissociate aggre-
gates and allow for facile refolding of aggregated protein
(283,284).

Denaturation in the Solid State

Proteins can denature at elevated temperatures, even
when in the solid state, where one would imagine mobility is
quite limited. For the most part, the reported denaturation
temperatures for dried proteins are quite high, often above
150°C (285–287). The Tm value, like the Tg value, appears to
scale with moisture content and with each other (287–289). A
detailed discussion of how freeze-dried proteins denature has
recently been published (288,290), as it relates to Tg and
other glassy state behavior. For example, for hGH, the
denaturation only occurs above Tg, is cooperative and is
mostly irreversible (290).

Intrinsically Denatured Proteins

Over the past decade, there has been a realization that
many proteins exist, under native conditions, as unfolded
structures (i.e., so-called random coils). The current desig-
nation for these proteins is intrinsically denatured proteins
(IDPs). More than 50 such proteins have now been identified,
and the topic has been recently reviewed (291–293). IDPs
include some proteins of pharmaceutical interest, especially
those of the acidic fibroblast growth factor superfamily.
Therefore, proteins can be functional without having a
globular fold. In these systems, denaturation, in the usually
sense, does not apply.

Aggregation

Since the 1989 review appeared, the subject of protein
aggregation has become one of the most highly debated and
researched areas in the field of protein stability. Consequently,
there have been a large number of studies on the topic, and
many excellent reviews have been published (e.g., references
294–299). Therefore, only a brief overview will be given here.
While the number and classification of general aggregation
mechanisms varies from review to review, it appears that there
are five general mechanisms (298), as summarized in Table IV.

Aside from its role in the pathogenesis of amyloid
diseases, protein aggregation is a frequently cited challenge
in the manufacturing and development of protein therapeu-
tics. Non-native aggregation has received much attention
from industry, academia, as well as regulatory agencies in
recent years for a number of reasons. First, aggregates of
therapeutic proteins can increase the likelihood of adverse
immunogenic effects during therapy, which has been linked to
increased patient morbidity or mortality (300,301). Second,
the biological function of the molecule can be compromised
in non-native aggregates, thus reducing its efficacy. Finally,
aggregated protein can make a solution appear turbid or
physically separate from the solution, thus reducing its
pharmaceutical elegance and making the drug product
unacceptable for use by health care professionals.

Protein aggregation is a term that can include many types
of molecular assemblies. Aggregation can arise from non-
covalent interactions or from covalently linked species, which
can vary widely in terms of reversibility (295–297). One of the
greatest challenges to the investigation of the causes of
protein aggregation is that there is no single pathway by
which proteins can form an aggregate (Table IV). Aggrega-
tion can have many causes, such as incorrect folding during
protein expression, and perturbation of the native conforma-
tion during protein purification, formulation, freeze-thawing,
freeze-drying, ultrafiltration/diafiltration, vial and syringe
filling, pumping, transportation or storage (302–306). These
processes can jeopardize product stability by exposing
proteins to potentially damaging conditions, such as freezing,
dehydration, extreme pH, air–liquid interfaces, solid–liquid
interfaces, or high or low temperatures.

Despite the diversity of potential causes and aggregation
pathways that are in existence, current paradigm is that, in
order to better control protein aggregation during processing
and storage, it is important to consider the roles of intrinsic
conformational stability of a protein as well as protein–
protein interaction. In general, conformational stability has
been considered the most influential factor in modulating
aggregation. This is because nonnative aggregation of protein
molecules starts from a partially unfolded state; thus, the level
of transient reactive species, sometimes referred to as N*
(due to its structural similarity to the native state), is thought to
be the rate-limiting factor in protein aggregation (307–310). For
example, aggregation of human growth hormone and acidic
fibroblast growth factor has been effectively suppressed by
additional of stabilizers that thermodynamically favor the native
state (311,312). In these cases the stabilizing agents exert their

Table IV. General Mechanisms of Protein Aggregation (as Described
in Reference 298)

Mechanism Description

1 Association of native monomers (as with assembly
of insulin hexamers)

2 Aggregation of conformationally altered monomers
(conformational change is the rate-limiting step)

3 Aggregation of chemically-modified monomers
(may follow behavior of mechanisms 2 or 4)

4 Nucleation-controlled aggregation (involves formation
of critical nucleus or seed)

5 Surface-induced aggregation
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effect by preferentially binding to the native protein, thus
reducing the equilibrium concentration of aggregation-compe-
tent species in solution. In another case, aggregation of
recombinant human interferon-γ was inhibited by addition of
sucrose, which increases the thermodynamic barrier between
the native state and aggregation-prone state (Fig. 4). Similarly,
the denaturant, guanidinium hydrochloride, lowers the barer,
and aggregation rates increase. The stabilizing effect of sucrose
occurs by way of the preferential exclusion mechanism pio-
neered by Timasheff and coworkers (308,313–315). In all of
these cases, protein aggregation is reduced or inhibited under
solution conditions that also increase the ΔGu.

In order to understand the mechanism of aggregation and
possibly design approaches to reduce aggregate formation,
many measure aggregation kinetics. Some excellent overviews
are available on the topic and make for excellent reading
(296,316,317). The difficulty lies in that there are a multitude of
possible kinetic schemes that can be envisioned (318). Distin-
guishing between them can be difficult, although a scheme
proposed by Morris et al. appears to fit a number of data sets in
the literature. In fact, many of the leading researchers in the field
believe that unless elaborate kinetic studies are performed, it is
nearly impossible to arrive at a unique mechanistic scheme
(319,320). Therefore, it is expected that this area will continue to
develop, as the need for fundamental understanding of the
molecular details of aggregation is so great.

Precipitation/Particle Formation

The 1989 review listed precipitation as one of the four
major physical instability pathways (1). It is important to
specify what is meant by precipitation. On one hand, soluble
aggregate formation can continue until the aggregates are so
large that they can no longer remain soluble. This results in a
macroscopic manifestation of aggregation that we observe as
haziness or cloudiness. Often, this is now termed particle or
particulate formation. This behavior is irreversible, and the
protein is partially or completely unfolded. Formation of

particulates has now become an important scientific and
regulatory focus in the development of protein therapeutics.

There are compendial methods for measuring particu-
lates in injectable products (321), such as USP method <788>.
However, this method focuses only on particles above 10 and
25 μm. More recently, subvisible particulates have received a
great deal of attention, both from regulatory agencies as well
as researchers in the field (322). There is concern that these
might be the most immunogenic of particulates found in
protein products (301). Furthermore, new analytical methods,
such as micro-flow imaging (MFI) allow one to not only
quantify particles across this size range (323,324) but also
capture images of the individual particles, making it possible
to distinguish protein aggregates from foreign materials (325).

On the other hand, not all insoluble protein material is
due to aggregation. One could have a protein that is salted-
out, that is, the addition of an excluded solute has caused the
chemical potential of the protein to exceed that of the solid
phase (326,327). While our understanding of protein solubil-
ity is still imperfect, there have been significant advances in
the past 20 years (326,328). Salted-out proteins still retain
activity and native-like structure (327,329–331), and the
precipitation is fully reversible upon dilution.

Surface Adsorption

Given the myriad of surfaces a protein may encounter
during bioprocessing and in the final dosage form, interfacial
stability is an important factor that cannot be underestimated.
Adsorption itself is a physical instability, as it changes the
physical state of the protein. However, even more problem-
atic is the subsequent damage that can occur upon interfacial
stress. Proteins in aqueous solution are known to adsorb to
various surfaces. For example, G-CSF (332), a hydrophobic
cytokine (174), and IL-2 (333) have been shown to adsorb to
glass. The binding of IgG1 to plastic has been reported (334),
and BSA, like other proteins, exhibits some propensity to
bind to stainless steel (335). Consequently, many biophysical
studies have been published on protein adsorption, especially
as it applies to processing and protein instability (336–340).

Surface-induced protein instability begins with the
adsorption of either native or partially unfolded protein on
the surface; this interaction is usually more energetically
favorable when a protein is partially unfolded due to their
greater exposure of hydrophobic amino acid side chains,
which are normally buried within the core of the protein.
After initial adsorption of the protein, surface tension forces
at various interfaces (i.e., air–liquid interface, solid–liquid
interface) can drive aggregation by affecting structural
integrity of protein molecules that populate the interfacial
region (142,337,341,342). Structural perturbation at the sur-
face combining with desorption of partially unfolded proteins
from the surface can lead to nucleation and growth of
aggregates in the bulk solution (142,343–346). Thus, inter-
facial stability of a protein is believed to be dependent on a
number of key factors—surface tension, available surface area
for adsorption, surface property of a protein molecule (i.e.,
hydrophobicity), and structural stability (342).

There are an increasing number of reports of proteins
undergoing some type of degradation at solid interfaces. This
is especially true for membrane interactions, where proteins

Fig. 4. Schematic reaction profile for aggregation of interferon-γ. A
is the monomer aggregation intermediate. Dotted upward and
downward arrows illustrate the shifts in free energy (relative to the
native state, N) of the aggregation transition state, N*, and the
unfolded state, U, when sucrose or GnHCl is added, respectively
(taken from reference 296).
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undergo aggregation and fouling of membranes (347,348). It
appears that the same approaches that stabilize protein
against aggregation in solution will work for membrane-
induced damage. This includes increasing conformational
stability, reducing attractive protein–protein interactions,
and using surfactants to limit adsorption of the protein to
the surface.

In addition, there are a number of reports of foreign
materials causing physical instability in proteins. For example,
the shedding of glass nanoparticles during vial depyrogena-
tion led to aggregation in PAFase (349). During filling,
metallic particles can be introduced, forming nuclei for
aggregate formation (304). Stainless steel nanoparticles can
cause aggregation as well (350). A variety of leached
materials from rubber, glass and metal components can cause
instability in prefilled syringes (351–354), including issues
with silicone oil. Silicone oil was implicated in insulin
instability in the 1980s (355–357), but was rarely appreciated
for causing instability problems for proteins. An extensive
study on the effect of silicone oil on protein aggregation
found that high concentrations were needed to have an effect
(358). Yet, the problem persists. The data suggest that silicone
oil may have little effect on a relatively stable protein, but
may accelerate aggregation for a protein that is already
compromised or marginally stable. This has been seen for an
IgG1 where agitation accelerated aggregation in the presence
of silicone oil, but silicone oil without the agitation stress did
not cause aggregation (359).

Air–Water Interface

Of all interfacial damage, this is the one that appears to
be most problematic. For one thing, it is a ubiquitous
interface for any product during production. If the final
formulation is an aqueous liquid, the opportunity for inter-
facial damage can occur during storage as well as shipping
and handling. Thus, agitation studies are an important facet
of screening excipients for a liquid formulation.

There have been a number of agitation studies per-
formed on protein of pharmaceutical interest. The intent is to
expose the protein to a sufficient interface to allow damage to
occur, if it will. The usual formulation strategy to mitigate
damage at the air–water interface is to add surfactants (see
below). Agitation is usually accomplishing by stirring or
shaking, although vortexing is sometimes reported. For
example, extensive aggregation of porcine growth hormone
(pGH) was observed upon vortexing for 1 min (360).
Addition of 0.1% polysorbate 80 prevented vortexing-
induced damage almost completely. Recently, the effect of
shaking and stirring on an IgG1 was examined (361).
Interestingly, stirring caused much more aggregation than
shaking. In both cases, addition of polysorbate 20 was found
to be quite effective at reducing interfacial damage. Agitation
also caused damage of CNTF (362). In this case, increased
stability was observed with the addition of PEG 3350 and
propylene glycol as well as polysorbate 20. Therefore,
surfactants are quite effective at diminishing interfacial
damage of proteins in most systems. While this was well
established 20 years ago, we now have many more examples
and a greater mechanistic understanding of the stabilization
afforded by surfactants. Further details about stabilization of
proteins by surfactants are listed below.

Overall, surfactants are the most effective stabilizers with
respect to minimizing interfacial damage. The effect of other
classes of additives on damage at the air–water interface is less
clear. For example, it is now known that increasing conforma-
tional stability can decrease the damage that occurs at an
interface (363,364). On the other hand, addition of an excluded
solute, like sucrose, increases the surface tension at the air–water
interface, which can increase the likelihood of conformational
rearrangement. Moreover, sucrose could enhance protein
adsorption to the air–liquid interface (365) and promote unfold-
ing at the interface (366,367). Therefore, it is not a simple matter
to predict the effect of adding an excluded solute, like sucrose, on
the interfacial stability of a protein in aqueous solution.

Agitation and Salt Effects

The effects of ions at interfaces have been studied, and such
work has implications both for physical instability as well as for
how ions affect the protein-solvent interface (368). Less is
known about how ions affect protein behavior at the air–water
interface. However, recent studies have begun to examine these
effects. Enzyme deactivation in aqueous solution and at the gas–
water interface in a bubble cell was found to depend on both
bubble surface area size and salt concentration, with higher
molarity of ammonium formate leading to increased deactiva-
tion (369). Salt-specific effects were investigated, and the
enzyme was deactivated by chaotropes but not kosmotropes,
providing some guidance regarding possible quantitative mech-
anisms of Hofmeister effects. In addition, formation of insoluble
MAb aggregates due to agitation stress was examined in the
presence of salts (370). Turbidity was found to increase with the
chaotropicity of the added anion and ionic strength. So, there
are an increasing number of examples demonstrating that salts
can have both positive as well as deleterious effects on
interfacial damage. Yet, our mechanistic understanding is still
incomplete on this topic.

Ice–Water Interface

The first reports of damage at the ice–water interface
appeared in the 1990s (142,371,372). In many cases, the
addition of nonionic surfactants reduces the damage signifi-
cantly (142,373). The extent of protein damage correlates
with the surface area of the ice (374). Since then, there have
been a number of reports of interfacial damage in frozen
systems, including these listed above. One note is that the
temperature dependence of the critical micelle concentration
(cmc) is often overlooked. The cmc can increase by as much
as five-fold upon cooling to near the freezing point of water
(374), meaning that what might be a sufficient amount of
surfactant for stabilization at room temperature may be
insufficient at lower temperatures.

The detrimental effect of multiple freeze–thaw cycles is
now well established (375,376). Consequently, nearly all
freeze–thaw (F–T) studies are now conducted using multiple
(three to ten) cycles. It should also be noted that it is important
to use the same cooling and warming methods, as variations in
each of these can affect the physical stability of the protein
(e.g., references 371,377,378). Even proteins that are usually
considered to be highly surface-active, such as IgGs, can
undergo aggregation upon repeated F–T cycling (377,378).
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Reducing Interfacial Damage of Proteins

In the pharmaceutical industry, nonionic surfactants, espe-
cially polysorbate 20 and 80 (also known as Tween 20® and
Tween 80®, respectively) are frequently added to protein
solutions to prevent or reduce unwanted adsorption and aggre-
gation during storage, filtration, purification, and transportation
(142,343,379,380). The ability of surfactants, especially nonionic
ones, to reduce interfacial damage is now well established (342).
However, it should be noted that the use of nonionic surfactants
might be associated with its own set of undesirable consequences.
For example, although polysorbate 80 inhibited shaking-induced
aggregation of IL-2 mutein, it increased both oxidation and
aggregation of the protein during long-term storage (249).
Additionally, depending on the temperature and nature of
surfactant–protein interaction, nonionic surfactants may foster
formation of protein aggregates in bulk solution in a concen-
tration-dependent manner (381).

IMPROVING PROTEIN STABILITY

Our knowledge base on how to improve the stability of a
protein is so much larger than in 1989. A few strategies and
advances are examined here in some detail. Each topic could
be the subject of its own review. However, they are worth
noting in the context of protein instability, stabilization and
formulation. They include

➢ Conformational Stabilization in Aqueous Solution
➢ Colloidal Instability
➢ Interfacial Instability
➢ Drying of Proteins
➢ Chemical Modification
➢ Site-Directed Mutagenesis

Conformational Stabilization in Aqueous Solution
by Excluded Solutes (Osmolytes)

The ability of low-molecular-weight additives to increase
the free energy of unfolding was well known in 1989, based
on many publications by Timasheff and coworkers (313–
315,382,383). However, the application of this approach as a
general formulation strategy was only beginning to emerge at
that time. Since then, numerous examples of conformational
stabilization by excluded solutes have been reported. We now
know that osmolytes operate by this general mechanism to
provide increased conformational stability to proteins. Thus,
nearly any sugar or polyol should increase the structural
stability of a protein. In addition, it has also been shown that
most amino acids act as excluded solutes (314,383–385), as do
a number of salts (384,386) and many polymers, including
gelatin (387) and even poloxamers (329).

Beyond increasing the conformational stability of proteins,
another value of excluded solutes is to salt proteins out from
solution. Such an approach has been widely used for enzymes,
which are then sold as ammonium sulfate precipitates. The
proteins that are salted out still retain native structure and
activity (329,330). Recently, highly concentrated precipitates of
native antibodies were prepared by this method (327).

Stabilization by Ligand Binding to the Native State

In contrast to the stabilization afforded by excluded solutes,
it is possible to identify ligands that can bind selectively to the
native state of a protein, resulting in net stabilization through the
Wyman linkage function (388), a concept then elaborated by
Tanford (389). Although this idea was known in 1989, it was not
widely appreciated by pharmaceutical scientists at the time.
Therefore, it is worth highlighting some of the reports that have
beenmade in the last two decades, which demonstrate that many
classes of excipients, including surfactants, buffers, polymers, and
metal ions, all can improve conformational stability by this
mechanism. At the same time, preferential binding to the
denatured state can destabilize the conformation of a protein,
as shown by Miyawaki (390,391). Consequently, while the
Wyman linkage function can explain both conformational
stabilization and destabilization, it affords another approach to
increase structural stability of a protein. In turn, this should lead
to reduced unfolding and subsequent aggregation during storage.

Buffers

The use of buffers to stabilize proteins has often been
thought to be solely due to their ability to modulate changes
in pH. However, for many protein formulations, especially
when the protein concentration is relatively high, the protein,
rather than buffer, provides the majority of the buffering
capacity (392). In addition, other mechanisms for stabilization
from buffers have now been reported (393). They can act as
radical scavengers, a fact that goes back to original observa-
tions by Good et al. (394). These buffers are frequently
referred to as Good’s buffers. Even more important is the fact
that some buffers appear to be able to bind directly to proteins,
thereby increasing conformational stability.

Phosphate has been reported to confer some increased
stabilization. One possible explanation for this, and many of the
observed increases in stability with certain buffers, is direct
binding of the buffer to the native state. According to Wyman,
this should lead to net stabilization of the protein, provided
there is no comparable binding to the unfolded state (388). In
the case of phosphate, being highly charged, it is likely that the
binding site will be at the N-terminus of an α-helix, where the
helix dipole would favor interaction with a negatively charged
ligand. Stabilization by phosphate has been reported (395,396).

More often, the stabilization seems to occur with nitrogen-
based buffers. The preferential stabilization of an antibody by
MES (397) over buffers like citrate has been reported. Similarly,
histidine (His) has been shown to stabilize a monoclonal
antibody (398), interferon-tau (399), and EPO (400). In the
latter case, Tris buffer was also effective. In addition, some
stabilization by citrate has been observed. In the case of
interferon-alpha (IFN-α), citrate provides greater stability than
phosphate or a phosphate–citrate mixture (401). Citrate also
stabilizes antitrypsin (402) and IL-1ra (403) as well.

Surfactant

While surfactants mainly stabilize proteins by preventing
access to and damage at interfaces (342), it has now been
shown that polysorbates can bind to certain proteins, such as
human growth hormone (311,376,404). Since those first

557Stability of Protein Pharmaceuticals: An Update

Petição 870250042425, de 23/05/2025, pág. 94/232



reports, polysorbates have been found to bind to fusion
proteins as well (405). It is also worth noting that there have
been reports of polysorbates not binding to certain proteins,
especially antibodies (406,407). Pluronic F-107, another non-
ionic surfactant, has been found to bind to G-CSF (408). Ionic
surfactants also bind to proteins, conferring stabilization.
Binding of anionic surfactants to proteins has been reported
for a number of systems, including insulin (409), chymotryp-
sin (410), BSA (411), and TMV coat protein (412). In all of
these cases, direct interaction with the native state of the
protein leads to conformational stabilization.

Polymers

There have been a number of reports of anionic polymers
(including biopolymers such as heparin) binding to basic
proteins, resulting in stabilization. This has been seen repeatedly
for aFGF and bFGF proteins (413,414). In these proteins, there
is a highly positively charged cleft where the anionic polymer
can bind. Other examples of anionic polymers (polyanions)
binding to increase protein stability have been reported for
insulin (415) and cytochrome c (416).

Cyclodextrins

Cyclodextrins (CDs) are annulated, bowl-shaped sugars
that are known to bind small molecules, and a number are
now found in approved pharmaceutical products (417). The
binding occurs within the relatively hydrophobic interior of
the CD, allowing the CD to present a more hydrophilic
surface on the outside. In doing so, hydrophobic compounds
can be solubilized (418). In the case of proteins, binding to
the native state should result in net conformational stabiliza-
tion, resulting in improved physical stability.

Addition of β-CDs has been reported to increase the
physical stability of hGH with respect to aggregation
(419,420). In both cases, the CD was shown to bind to the
native state of the protein with a millimolar binding constant.
In the latter study, it was also shown that the CDs did not
improve chemical stability (420). Similar results of improved
stability in the presence of CDs have been reported for
insulin (421). On the other hand, there has also been a report
that CDs decrease protein stability (422). In addition, there is
some evidence that CDs may not stabilize simply by increas-
ing conformational stability but play some role as a surface-
active agent. It is known that hydroxypropyl-β-CD protects
porcine GH from agitation-induced damage (356).

Metal Ions

Many proteins contain metal binding sites. Even a small
cluster of acidic amino acids can allow metal binding. Keep in
mind that even millimolar binding constants can produce an
increase of 1 kcal/mole or more in the free energy of unfolding.
For example, it has been known for some time that the four-helix
bundle protein, human growth hormone (hGH) can bind a
variety of divalent cations (423,424). On the other hand, too
much zinc can lead to aggregation of hGH (425).

Similarly, calcium has been shown to provide significant
stabilization for the marketed enzyme, DNase (426). The
enzyme, fibrolase, contains one mole of zinc. It is not

necessary for catalysis, but the zinc atom is critical for the
conformational stability of the protein (427). Metal ions, such
as calcium, are essential for bridging the two polypeptides
chains of Factor VIII (428).

Anion Binding

Stabilization of proteins by direct binding of anions has
been observed as well. For example, sulfate appears to bind to
endostatin (429) and ribonuclease (430). Ribonuclease has
also been shown to bind two moles of chloride ion, resulting in
significant structural stabilization (∼2–3 kJ/mol) (431). Stabi-
lization of HSA has been observed from binding chloride (432)
and carboxylates, such as formate and acetate (433).

Stabilization of Proteins by Ions

The effects of adding salts to a protein solution are many.
Some of the effects of are due to specific interactions, such as the
binding of cations or anions directly to the protein, as described
above. Some of the effects are due to altering colloidal stability
through charge screening. At the same time, there has
continued to be investigation of the basis for the Hofmeister
effect, which first described how the solubility and stability of
proteins could be affected by ionic species.

Hofmeister Effects

There has continued to be investigation of the basis for
the Hofmeister effect, which first described how the solubility
and stability of proteins could be affected by ionic species
(434). All in all, our understanding of this behavior has
increased since 1989. Therefore, it is worth summarizing what
is known about this important aspect of protein stabilization.

Several models have been devised to explain Hofmeister
effects on proteins, including those based on the hydrophobic
effect (435) and protein-solvent surface tension increments
(436). Recently, Broering and Bommarius have challenged the
validity of using surface tension increments to predict Hofmeis-
ter effects on proteins (437). Instead, the authors suggest that
the B-viscosity coefficient from the Jones-Dole equation serves
as a more accurate predictor of Hofmeister effects. The
B-viscosity term describes the contribution of ion-solvent effects
to solution viscosity (438). For three model enzymes, the
authors demonstrate a strong correlation of kinetic deactivation
constants with B in the presence of anionic chaotropes, whereas
a similar correlation using surface tension increments was not
found. However, a second study found that a similar correlation
did not exist when using chaotropic cations, supporting the claim
that anions dominate salt effects in solution (439,440). The most
recent work from this group has focused on development of a
mathematical model for B-dependent Hofmeister effects (441).
In another interesting publication, Sedlak et al. report a
correlation between change in thermal unfolding midpoint with
ion concentration and water surface/bulk ion partition coef-
ficients (442). Two proteins with very different net charges at pH
7.0 (−19 and +17) were examined, and both showed similar
behavior under the authors’ experimental conditions. This
suggests that Hofmeister effects are not based on ion–protein
electrostatic interaction.
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While various predictive models have been described in
the literature, recent studies on the fundamental mechanisms
behind Hofmeister effects question commonly held views on
the behavior of these ions in solution (443). Bulk properties
of aqueous solutions, such as boiling point and surface
tension, are affected by the presence of ions. Likewise, ionic
kosmotropes (“water structure makers”) and chaotropes
(“water structure breakers”) have traditionally been viewed
as exerting their effects on proteins through changes in bulk
solution properties. To this end, much attention has been
directed towards ion solvation by water. Hribar et al. modeled
ion solvation in a two-dimensional plane using statistical
mechanics and Monte Carlo simulations (444). The model
was in agreement with Hofmeister series effects and Jones-
Dole B-viscosity terms. Collins has argued that ionic charge
density determines the degree and strength of hydration of an
ion and that ion solvation in bulk solution indirectly
influences protein solvation (445,446). Theories about long-
range water-ordering properties of ions were challenged
when Omta et al. used femtosecond pump-probe spectroscopy
to show that dissolved ions do not affect water structure
beyond the first hydrated shell (447). Structuring of water by
ions was further investigated by Batchelor et al., who used
“pressure perturbation” calorimetry to demonstrate a lack of
correlation between protein stability and ion hydration (448).
While the body of literature devoted to understanding the
Hofmeister effect has expanded greatly in the last two
decades, a consensus on the mechanisms of this process has
yet to emerge.

Colloidal Stability

Protein solutions can be characterized as a population or
ensemble of colloidal particles suspended in an aqueous
environment. Thus, colloidal stability is a reflection of the
energetics of protein–protein interaction that can be manifested
in solution properties, such as solubility, viscosity, crystallization
and aggregation (449–451). Importantly, the nature of interac-
tion between protein molecules in solution (i.e., attractive versus
repulsive) can influence the rate of aggregation and the size of
aggregates formed (309,452,453). In these studies, osmotic
second virial coefficient (B22), a thermodynamic parameter
derived from McMillan-Mayer theory, was utilized to provide a
quantitative measure of colloidal stability (454). There is an
increasing amount of evidence which suggests that, in situations
where the structural stability is comparable, reducing the
attractive forces between protein molecules (e.g., through
charge–charge repulsion) leads to greater physical stability with
respect to aggregation (309,450,453,455) For example, Chi et al.
demonstrated that independent of conformational stability,
rhGCSF, a four-helix bundle protein, was maximally stabilized
against aggregation when it is in solution conditions that have
optimized colloidal stability (455).

Stabilization by Drying

One means of improving protein stability is lyophiliza-
tion, also called freeze-drying, although other drying methods
for proteins have been reported (see below). Despite the
increased cost of production of lyophilization, this process can
often provide advantages for shipping, long-term storage

stability, and improved stability to temperature excursions.
However, as with any protein formulation, there must be a
good rationale for the additives that are selected. Since 1989,
our understanding about developing lyophilized formulations
has increased tremendously, so that, by 1997, the rules for
rational design of stable lyophilized protein formulations
were published (456) and then later expanded (457).

Freeze-drying (lyophilization) can produce instability in
proteins at each step of the process. These include cooling,
freezing, primary drying, and secondary drying. Details of
each of these stages of freeze-drying can be found elsewhere
(458–460). In short, lyophilization can be considered a
combination of two distinct stresses: freezing and drying.

During freezing, the protein can be damaged by a variety
of mechanisms, emphasizing the importance of controlling the
freezing stage during lyophilization (461). There is the
possibility that a pH shift can occur during freezing as a
result of selective crystallization of buffer salts. While this was
known for sodium phosphate since 1959, a number of newer
studies have illustrated further how various buffers tend to
crystallize during freezing (462–465), including phosphates,
succinate, and tartrate (466). Citrate has also been shown to
acidify to as low as pH 3 during freezing (467). This
acidification arises due to selective crystallization of one of
the buffer components. In general, the effect is minimized or
eliminated in the presence of additional solutes or by
increasing the protein concentration.

Also, freeze concentration can occur during the freezing
process, especially for larger sample volumes. This is partic-
ularly problematic for large volumes of bulk drug (468,469).
Deleterious effects of freeze concentration can result from the
enormous increase in protein concentration and ionic
strength in the non-ice phase of the formulation. This freeze
concentration will lead to an increase in protein interactions,
potentially leading to an increase in protein aggregation. This
can often be inhibited by use of a preferentially excluded
solute such as sucrose. Sucrose or other disaccharides can
improve the stability of the protein during freeze-concen-
tration by means of preferential exclusion (295,315,470).

Third, during freezing, proteins are exposed to a large
ice–water interface. This presents a challenge for proteins
that are surface labile (371,372). Therefore, many excipients,
such as non-ionic surfactants, are added to the formulation to
prevent surface-induced degradation. Polysorbate 20 and
polysorbate 80 are commonly used for this purpose
(142,295,375,462). Fourth, for many formulations cold dena-
turation could occur, provided the denaturation temperature
is near −25°C or above. This instability was discussed above.

During the subsequent stages of lyophilization are the
water removal processes of primary and secondary drying.
Briefly, during primary drying, the water is removed in the
form of ice in a process of sublimation under vacuum. In
secondary drying, the bound residual water is removed under
vacuum. This requires a higher temperature than for primary
drying, which may be why the stress placed upon a protein is
greater during secondary drying than during primary drying
(373). Nevertheless, during the drying stages of this process,
water is removed from the formulation. These drying stresses
can often lead to dehydration-induced structural changes.
However, these dehydration-induced structural perturbations
can be often minimized by use of formulation additives, such
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as disaccharides (470–472). Many labile proteins are pro-
tected from dehydration-induced degradation by a mecha-
nism referred to as the water replacement mechanism, in
which disaccharides are able to hydrogen bond to the protein,
thus preserving the secondary structure of the protein (470–
472). Hydrogen bonding of additives to polar and charged
groups has been shown to protect proteins in cases of
lysozyme (470), α-lactalbumin (473), and many other exam-
ples (470–472). The maintenance of the secondary structure
of the protein has been shown to be a critical parameter for
the successful development of a freeze-dried formulation, as it
seems to correlate well with storage stability (474–477).

Stability during long-term storage typically requires a
lyoprotectant to replace the hydrogen binding lost with
removal of water and to provide a glassy matrix that limits
mobility. Usually, disaccharides are used, such as sucrose,
trehalose, or maltose. Even though these sugars are similar in
size, they display very different solid-state properties in terms
of molecular mobility and glass transition temperature (Tg)
(478,479). Simply having a higher Tg is not sufficient to
provide increased storage stability (480), although many
studies have found a correlation between Tg and storage
stability (474,477,481). Increasing the Tg by adding high-
molecular-weight polymeric additives is usually ineffective
due to phase separation of the protein and polymer (482).

Numerous studies have examined the differences between
sucrose and trehalose in the stabilization of proteins in the
solid state (483–485). Many reports on lyophilized myoglobin
have shown trehalose to be superior due to greater coupling
between protein and matrix relative to sucrose or maltose
(483,486,487). This may be due to stronger water-mediated
hydrogen bonding between protein and sugar (483) or lack of
nanophase separation (484). More likely, it is due to modu-
lation of β-relaxation processes in the solid state. In recent
years, Cicerone and coworkers have demonstrated that these
higher frequency relaxation processes appear to be critical in
controlling long-term stability (488–490). Interestingly, there
does not appear to be a correlation between lower frequency
modes in the solid state (termed α-relaxation) and storage
stability (491,492).

These concepts of solid-state mobility and structural
relaxation are connected to other emerging ideas for stabili-
zation of lyophilized proteins. First, the work of Cicerone and
coworkers (488), along with observations from other labo-
ratories, has demonstrated that small amounts of low
molecular weight compounds, called plasticizers for their
ability to lower Tg, can provide improved stability despite
compromising Tg. This has been shown for water (115,492),
glycerol (488), and sorbitol (492). The degree to which
plasticization will improve stability may depend on properties
of the protein, such as lack of disulfides and the percentage of
polar groups on the surface (493). Second, it appears
annealing the frozen matrix prior to primary drying can
improve stability as well (494,495). Annealing provides a
number of benefits, including reducing intervial heterogeneity
and possibly reducing primary drying times (496). Overall,
our understanding of the relationship between solid-state
properties, protein stability and structure have increased in
the last 20 years.

A couple other aspects of lyophilization development
should be mentioned. First, it is useful to consider that the

formulation and lyophilization cycle are well matched to
ensure maximal product quality. This means having a cycle
that is not only efficient, but also produces a pharmaceutically
elegant cake, as well as a stable product. Elegant cake
structure is often achieved by the use of bulking agents,
which are additives that crystallize to provide mechanical
rigidity to the cake. These include compounds such as
mannitol or glycine (142,497,498). Amorphous bulking
agents, such as hydroxyethyl starch, have also been reported
(499). Recently, it has been found that bulking agents also
have an impact on stability (477), presumably by having a
small amount remain amorphous and plasticizing the matrix.
Second, there are recent reports of material other than sugars
yielding glassy matrices that might be used for embedding
proteins and achieving stable dosage forms. These include
many of the naturally occurring amino acids (500–502). In
addition, combinations of compounds provide glassy matrices
that have properties superior to the individual components.
These include amino acids and polycarboxylic acids (503), LiCl
and trehalose (504), and Arg in the presence of organic acids
(505). This approach appears to work if there are strong
interactions between the two components, such as electrostatic
attraction or extensive hydrogen bonding (506).

Other Drying Methods

Several other drying methods have been examined for
their ability to stabilize proteins. For bulk powders, there
have been a number of reports using spray drying (507–510).
These include formation of stable powders of IgGs (511,512)
and hGH (513). Another approach is called spray freeze-
drying, where droplets of the protein solution are frozen in
liquid nitrogen and the subsequent particles are freeze-dried
to remove the water (514–518). This approach uses a stand-
ard lyophilizer, but also requires equipment for conducting
the spray-freezing process.

Both air drying (470) and vacuum drying (500,519) have
also been reported for proteins. For example, IFN-α has been
vacuum dried and reconstituted with nearly complete recov-
ery of structure and activity (520). On the other hand, film
drying (air drying of a protein solution, forming a film) has
been reported for hGH (521). Also, supercritical fluid drying
has been widely reported (522–525). A comparison of the
various drying methods that have been used for protein
formulation has been published (526).

Site-Directed Mutagenesis

Current recombinant DNA technology enables scientists
to make specific and rational changes to the primary
sequence by means of site-directed mutagenesis (527,528).
Certainly, mutagenesis can be used to improve the solubility
of the protein. For example, using portions of the hGH
sequence, the solubility properties of bovine growth hormone
(bGH) were improved by site-directed mutagenesis (529,530).
Another example of site-directed mutagenesis to enhance the
physical stability of a protein is the in the case of leptin. In
these studies, Ricci and coworkers examined several muta-
tions aimed at minimizing aggregation and precipitation
occurring near neutral pH (531). One of the driving forces
for the aggregation of leptin is believed to be one or both of
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the surface-exposed tryptophans. By making numerous
mutations to enhance the physical stability of leptin, making
mutants with increased neutral pH solubility was achieved. It
has also been shown that improving the stability of beta-turns
through mutagenesis increased the conformational stability of
proteins (532).

Mutagenesis has been used to improve the chemical
stability of proteins as well. The IgG-binding domain of
streptococcal protein G was modified by mutagenesis. Here,
the investigators were able to enhance the protein’s stability
in alkaline conditions by replacing amino acids susceptible to
high pH, asparagines and glutamine, with amino acids that
are less susceptible to degradation under basic conditions
(79). As with the mutation of a labile residue such as Asn for
a protein under alkaline conditions, similar mutations could
be considered for the enhancement of stability of a protein
susceptible to oxidation. Lu et al. elegantly demonstrated the
use of site-directed mutagenesis of methionine residues of
GCSF to investigate the impact of oxidation on the stability
and activity of G-CSF (204). In addition, Kim et al. reported
an example where mutations were made to staphylococcal
nuclease in order to decrease its lability to oxidation (207).
However, these investigators not only studied the effects of
methionine mutations on protein oxidation, but also to the
conformational stability determined by guanidine unfolding
between oxidized, non-oxidized, and the various mutations.

Finally, mutagenesis has been widely employed to
improve the physical stability of proteins, especially with
respect to aggregation. A few examples will suffice to
demonstrate this point. Numerous studies on the use of
mutagenesis to stabilize antibodies have appeared. Using an
aggregation propensity mapping algorithm, a number of more
stable mutants of full-length antibodies were designed and
prepared (533–536).

Computational Methods and Protein Stability

In the past two decades, numerous algorithms have been
developed to predict the aggregation behavior of proteins. A
recent book chapter summarizes these methods (537) and the
current advances in this area. In general, there are numerous
algorithms available to predict aggregation propensity from the
primary sequence. There are also methods to make predictions
based on the overall properties of the protein (e.g., hydro-
phobicity, pI, etc.) (e.g., references 538 and 539).

In addition, researchers are continuing to advance our
knowledge of protein stability by combining tools from
computational chemistry and structural biology to design
proteins that have specific characteristics, such as decreased
immunogenicity (540,541), improved activity (542), and
enhanced stability (534,543). Additionally, computational
methods have the potential to play a large role in protein
stabilization, such as optimizing the electrostatic field on the
surface (544). In addition, Dahiyat has eloquently described
other such examples of in silico design of protein surfaces and
mutations occurring in the boundary between the core and
surface (545). Space limitations do not permit a full descrip-
tion of all of the activities in this field. The use of computa-
tional methods is certain to improve the design of
stabilization studies as well as provide greater mechanistic
insight into the stability of proteins.

Chemical Modification

In many cases, the specific protein may not be amenable to
changes in the primary sequence due to decreased activity or
other significant manifestations of the behavior of the protein.
Moreover, post-translational modifications, many of which
occur in vivo, can alter the properties of proteins in profound
ways (546). Therefore, controlling the extent of modification,
such as with glycosylation, can provide a means of modulating
the chemical and physical stability of a protein. These mod-
ifications can be accomplished in vivo (by controlling fermenta-
tion and using molecular biology methods) or in vitro.

Among synthetic methods, the most common method to
modify proteins is by the addition of polyethylene glycol (PEG)
groups (547) in a process referred to as pegylation. While the
initial intent was to extend the half-life of a protein in vivo, it is
now known that pegylation can improve the conformational and
physical stability of a protein. For example, interferon-α1b was
stabilized by the addition of PEG groups in a site-specific
manner (548). Similarly, pegylation has been found to stabilize
trypsin (549), chymotrypsin (550), endostatin (551), and single
chain antibody fragments (552).

There is certainly a strong rationale for employing glyco-
sylation of proteins based upon lessons learned from nature.
Glycosylated proteins are certainly very prevalent in biological
systems. It has been reported that close to half of all proteins are
glycosylated (553). The role of glycosylation in the stabilization
of proteins was recently reviewed by Solá and Griebenow (554).
Their review contains a detailed summary of how protein
glycosylation affects the physical stability of proteins, many of
pharmaceutical relevance. In the case of protein solubility, it has
been proposed that the addition of glycans to the protein via
chemical glycosylation can enhance the solubility by increasing
the degree of glycosylation and by increasing the surface-
accessible surface area (555,556). Glycosylation can also
improve chemical stability. In the case of erythropoietin (557),
the glycosylated form displayed an enhanced stability with
respect to tryptophan degradation compared to non-glycosy-
lated erythropoietin. Even the attachment of a sugar via
glycation can improve the physical stability of a protein. It has
been shown that the glycation of proteases (trypsin, chymo-
trypsin) improves its thermostability (558).

A variety of approaches for stabilization of enzymes have
been summarized by Fagain (559). This included a number of
cross-linking studies and even chemical modification of Lys
residues (560), which presumably increased solvation and
colloidal stability. The crosslinking could involve introduction
of a disulfide bond or could be accomplished by chemical
reaction of surface acidic and basic groups using linkers.

INTERRELATIONSHIP BETWEEN CHEMICAL
AND PHYSICAL INSTABILITY

Although it is convenient to distinguish chemical from
physical instabilities for purposes of discussion and mecha-
nism, the fact remains that chemical and physical instabilities
are interrelated. Our understanding of this has continued to
improve. This section describes how certain chemical degra-
dation processes make a protein more prone to aggregation.
Likewise, there are examples of denaturation increasing the
chemical reactivity of a protein.
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Connection Between Deamidation and Aggregation

Deamidation has been found to produce species that are
more prone to aggregate than the unmodified protein. For
example, deamidation of βA3-cystallin leads to destabiliza-
tion of the native structure and increased aggregation
(561,562). Deamidation has also been linked with decreased
solubility of lens crystallins (563) and to a lower kinetic
barrier for unfolding (100). The collagen-to-gelatin transition
appears to be affected by deamidation (564).

Aggregation of βB1-crystallin is accelerated by deamida-
tion at both Asn and Gln residues (565). The stability in urea,
with respect to deamidation, is decreased as well (566,567).
Deamidation appears to lead to increased fibril formation in
Aβ peptides (568,569). Also, deamidation may lead to
increased amyloid propensity in β2-microglobulin (570).

Connection Between Glycation and Physical Stability

Recently, it has been shown that glycation can increase
thermostability (558). Whether this is a general phenomenon
is not clear. Rearrangement of the initial Schiff base leads to
what are referred to as advanced glycation end products
(AGEs). These materials have been shown to exhibit
increased aggregation propensity in some cases (571).

Correlation Between Oxidation and Physical Stability

It is important to note that oxidation can lead to increased
propensity for physical instability, such as aggregation. This has
been seen for an IgG1 (210), α-synuclein (572), calcitonin (573),
trypsin inhibitor (574) and fumarase (575). Moreover, it has
been shown that oxidation can reduce the conformational
stability of a protein, as with glutamine synthetase (576),
calmodulin (577), and a Fc fragment from an IgG1 (210).

SUMMARY

The field of protein stabilization and formulation has
made tremendous progress in the past 20 years, and this
review only contains a portion of the relevant studies. Our
increased understanding of chemical instability pathways now
allows us to adjust solution conditions to minimize degrada-
tion. Stabilization by excipients seems to be due to the
mechanisms first espoused by Timasheff and Wyman. Now we
have a large number of examples of how proteins can be
stabilized in aqueous solution using these general approaches.
Our understanding of stabilization of proteins in dried solids
has evolved as well, with attention now turning to the
molecular details of interactions in the solid state. Interfacial
damage continues to be a challenge, and we are just
beginning to appreciate how various excipients can modulate
behavior at interfaces. Finally, it is clear that chemical and
physical instability are linked in many systems. Overall, this
field has advanced so that rational design of dried and liquid
formulations is more possible than ever before. Yet, we
continue to find new facets of protein behavior as we apply
the tools of computational chemistry, biophysics, and molec-
ular biology. This suggests that the next 20 years will continue
to provide improved insight and knowledge regarding the
stability of pharmaceutical proteins.
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Abstract 0 Recombinant humanized monoclonal antibody HER2, rhuMAb
HER2, in liquid formulations undergoes oxidation when exposed to intense
light and elevated temperatures (30 & 40 °C). Met-255 in the heavy
chain of the Fc region of the antibody is the primary site of oxidation.
Met-431 of the Fc fragment can also be oxidized under extreme conditions.
The amount of oxidation was determined by cleaving the Fab and Fc
fragments by papain digestion, and the oxidized Fc fragment was detected
by hydrophobic interaction chromatography. Oxidation of rhuMAb HER2
was also formulation dependent. The presence of NaCl in the rhuMAb
HER2 formulation caused an increase in oxidation at higher temperatures
after contact with stainless steel containers or stainless steel components
in the filling process. The corrosion of stainless steel by chloride ions at
the low pH of the formulation buffer generated iron ions that catalyzed
methionine oxidation in rhuMAb HER2. Temperature-induced oxidation
of rhuMAb HER2 occurred by the formation of free radicals, and light-
induced oxidation of rhuMAb HER2 occurred via singlet oxygen pathway.
Antioxidants, such as methionine, sodium thiosulfate, catalase, or platinum,
prevented Met oxidation in rhuMAb HER2, presumably as free radicals
or oxygen scavengers. The minimum effective levels (molar ratios of
protein to antioxidant) required to inhibit temperature-induced oxidation
were 1:5 and 1:25 for methionine and thiosulfate, respectively. A
thiosulfate adduct of rhuMAb HER2 was observed by cation-exchange
chromatography. These studies demonstrate that stoichiometric amounts
of methionine and thiosulfate are sufficient to eliminate temperature-
induced oxidation of rhuMAb HER2 caused by free radicals that were
generated by the presence of metal ions and peroxide impurities in the
formulation.

Introduction
Oxidation of methionine is one of the major degradation

pathways in many protein pharmaceuticals, including inter-
leukin-2, relaxin, parathyroid hormone, and human growth
hormone.1-7 Methionine residues in proteins are susceptible
to oxidation, resulting in the formation of methionine sulfoxide
and, under extreme conditions, sulfones. Methionine sulfoxide
formation can occur during synthesis, purification, formula-
tion, manufacturing, and storage of protein pharmaceuticals.
During formulation and storage, oxidation of methionine-
containing proteins can be caused by the presence of certain
formulation excipients, including polyethylene glycols and
nonionic polyether surfactants; these compounds can undergo
autooxidation to form peroxides.8 In fact, peroxides such as
hydrogen peroxide have been widely used for studying the
kinetics and mechanisms of methionine oxidation in pro-
teins.9-11 Peroxides react with metal ions to form free radi-
cals that can initiate oxidation of proteins.12,13 Methionine
can also be photooxidized by a free radical pathway,14 or via
singlet oxygen intermediate formation.15 For instance, pho-
tosensitizers can absorb radiation energy to form excited
species that initiate the formation of free radicals for me-
thionine oxidation. The excited species can also react with

oxygen to form singlet oxygen, which in turn oxidizes me-
thionine to yield methionine sulfoxide. Photolytic degradation
of protein drug products can be influenced by many factors,
including the buffer and its concentration, excipients, and
formulation pH. Storage conditions, such as radiation inten-
sity and duration and temperature, can also affect the rate of
photolytic degradation.
The use of antioxidants in pharmaceutical products is one

of the common ways to protect the drugs from oxidative deg-
radation.16,17 The unknown toxicity of many antioxidants and
their incompatibility with proteins and/or excipients in paren-
teral formulations has hampered their use in protein phar-
maceuticals. Nevertheless, several antioxidants have been
identified for the prevention of methionine oxidation in re-
combinant human proteins,18 including chelating agents, re-
ducing agents, oxygen scavengers, and chain terminators.19
Chelating agents bind to metal ions that catalyze oxidative
reactions. Metal ions can react with peroxide impurities or
the protein itself in the formulation to form free radicals that
initiate oxidative degradation. Reducing agents reduce an oxi-
dized drug product. For instance, the oxidized form of methio-
nine, methionine sulfoxide, can be reduced to methionine by
a reducing agent. Oxygen scavengers are substances that are
more susceptible to oxidation than the drugs they are protect-
ing. These substances are reducing agents that can react with
oxygen by preferential oxidation, and thus remove the source
of oxidation. Chain terminators are substances that can react
with free radicals to produce intermediates that terminate the
oxidation reactions via free radical pathways.
The overexpression of a 185 kDa glycoprotein (p185HER2)

has been found in tumor cells of breast and ovarian cancer,
and rhuMAb HER2 binds to the extracellular domain of the
glycoprotein to inhibit the growth of human breast carcinoma
cells.20,21 In the initial development of a liquid formulation
for rhuMAb HER2 used in the treatment of breast cancer
patients, methionine sulfoxide formation was detected using
tert-butylhydroperoxide oxidant.22 The goals of this study
were to investigate the effect of temperature and light on
oxidation of rhuMAb HER2 in liquid formulations, to deter-
mine the mechanisms of methionine oxidation, and to identify
antioxidants for their prevention.

Experimental Section

Materialss rhuMAb HER2, expressed in Chinese hamster ovary
cells, was purified by Process Recovery Operations at Genentech, Inc.
All chemicals and reagents used were reagent grade. Solvents used
for hydrophobic interaction and cation-exchange chromatography
(HPLC) assays were filtered before use. L-Methionine, sodium
thiosulfate, and catalase were purchased from Sigma Chemical
Company (St. Louis, MO). Platinum was purchased from Aldrich
Chemical Company (Milwaukee, WI). Carboxypetidase B and papain
(from Carcia papaya) were obtained from Boehringer Mannheim
Biochemicals (Indianapolis, IN).
rhuMAb HER2 FormulationssThe thermal stability and pho-

tostability studies of rhuMAb HER2 were assessed for the single and
multiple dose formulations listed in Table 1. Formulation A was
designed for use in single dosing, and Formulations B-D wereX Abstract published in Advance ACS Abstracts, October 1, 1997.
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designed for multiple does and therefore contain preservatives. All
formulations were filled under aseptic conditions into 10-mL glass
vials with a fill volume of 10 mL.
HPLC AssayssA Hewelett Packard HP-1090L HPLC instrument

equipped with a diode array detector and solvent delivery system was
used to assess the stability of rhuMAb HER2 by hydrophobic
interaction, size exclusion, and cation-exchange chromatography
methods.
Hydrophobic interaction HPLC (HIC) was employed to quantify

the amount of oxidized Fc in rhuMAb HER2. For separating the Fc
domain from the Fab fragment of the monoclonal antibody, rhuMAb
HER2 samples were first digested with carboxypeptidase B at a
concentration of 1:100 (w/w; carboxypeptidase B: rhuMAb HER2) at
37 °C for 20 min, followed by papain digestion at a concentration of
1:200 (w/w; papain: rhuMAb HER2) at 37 °C for 2 h. Digested
samples were injected directly onto a TSK Butyl-NPR column (4.6 ×
35 mm, Tosohaas) and eluted at 0.5 mL/min with a mobile phase
consisting of buffer A (20 mM Tris at pH 7.0) and buffer B (2 M
ammonium sulfate in buffer A). A linear gradient from 10 to 100%
buffer A was performed over 37 min at ambient temperature. Peak
detection was performed at 214 nm.
Native size exclusion chromatography (SEC) was used to determine

the amount of soluble aggregates and monomer present in the
rhuMAb HER2 formulations. Samples were eluted isocratically at
ambient temperature using a TSK G3000SWXL column (7.8 × 300
mm, Tosohaas) at 1 mL/min with phosphate buffered saline (PBS) at
pH 7.2 as mobile phase. The runtime was 20 min, and peaks were
detected at 280 nm.
Ion exchange HPLC (IEC) was employed with a Bakerbond WP

Carboxy Sulfon column (4.6 × 250 mm, J. T. Baker) to characterize
deamidation of rhuMAb HER2 in the formulations. Samples were
eluted at 1 mL/min with mobile phase consisting of buffer A (20 mM
sodium phosphate at pH 6.9) and buffer B (0.2 M sodium chloride in
buffer A). A linear gradient from 10 to 45% buffer B was performed
over 55 min. The column was maintained at 40 °C, and peaks were
detected at 214 nm.
Extracellular Domain (ECD) Plate Binding AssaysThis assay

assessed the ability of rhuMAb HER2 to bind to the ECD of the
p185HER2 glycoprotein. rhuMAb HER2 samples were diluted into
assay buffer to concentrations within the linear range (10-70 ng/
mL) of the standard curve for the assay. Diluted samples were
incubated with recombinant p185HER2 ECD protein in 96 wells of a
microtiter plate for 1 h at ambient temperature. After incubation,
the wells were washed with assay buffer, and a HRP-conjugated anti-
human Fc goat antibody was added. After additional washing, a
substrate of o-phenylenediamine was added for a 10 min incubation

at ambient temperature in the dark. Absorbances at 490-492 nm
were read, and sample concentrations were determined from a
standard curve using a four-parameter logistic curve fitting program.
BioassaysThis assay quantitated the bioactivity of rhuMAb HER2

by measuring the antiproliferative effects of the antibody on BT-474
cells derived from human breast ductal carcinoma. rhuMAb HER2
samples were diluted into assay buffer to a concentration of 0.25 µg/
mL. Diluted samples (100 µL) were incubated with BT-474 cells in
a 96-well tissue culture plate at 37 °C for 96 h. After incubation,
medium was removed and the plate was stained with Crystal Violet
stain. Bioactivity of rhuMAb HER2 was quantitated by measuring
the absorbance at 540 nm. Sample concentrations were determined
from a four-parameter fit equation generated from the standard curve
data. The range for sample quantitation was 20% from the low and
high asymptote of the curve generated.
Thermal Stability StudiessThe effect of temperature on oxida-

tion of rhuMAb HER2 was studied by incubating samples of Formula-
tion A (single dose) and Formulation B (multiple dose) at 5, 30, and
40 °C for 2 weeks. At each timepoint, samples were analyzed for
oxidation by HIC, aggregation by SEC, deamidation by IEC, and
activity by ECD plate binding assay and bioassay.
Photostability StudiessTwo vials of each liquid formulation (A-

D) were stored in a light box (Forma Scientific, model 3890) under
high intensity fluorescent light maintained at 20 000 lux, which is
∼15-20 times that of indoor fluorescent light. Another two vials
wrapped with aluminum foil were also stored in the light box as
controls for the same period of time. The temperature of the light
box was at 27 °C. After 2 weeks, samples were assayed by the same
analytical methods as those used for the thermal stability studies.
Antioxidant StudiessTo study the inhibitory effect of antioxi-

dants on light-induced oxidation of rhuMAb HER2, methionine and
sodium thiosulfate were added to formulation A at final concentrations
of 3.5 mM (0.05% w/v) and 6.3 mM (0.1% w/v), respectively. The
antioxidant-containing formulations were filtered into 10-mL glass
vials with a fill volume of 10 mL, and two vials from each formulation
were kept in the light box. As controls, two other vials were shielded
from light by wrapping with aluminum foil and stored in the same
light box. At 2 weeks, samples were analyzed for oxidation by the
HIC assay.
The inhibitory effect of antioxidants on temperature-induced

oxidation of rhuMAb HER2 was evaluated by adding 3.5 mM
methionine (0.05%), 6.3 mM sodium thiosulfate (0.1%), catalase
(0.002%), and platinum (0.005%) to Formulation A before filling into
10-mL glass vials. Samples were stored at 40 °C for 2 weeks and
then assayed by the HIC method. The effect of molecular oxygen on
oxidation of rhuMAbHER2 was also examined by replacing headspace
oxygen from two 10-mL filled vials of Formulation A with nitrogen
before they were stored at 40 °C for 2 weeks. Samples were analyzed
by the HIC assay.
To determine the minimum effective levels required to inhibit

rhuMAb HER2 oxidation, methionine and sodium thiosulfate at molar
ratios between 1:1 and 1:180 (protein: antioxidant) were added to
Formulation A. Antioxidant-containing rhuMAb HER2 material was
then filled into 10-mL glass vials. Samples were stored at 40 °C for
2 weeks, and then assayed for oxidation by the HIC method.

Results and Discussion
Thermal Stability of rhuMAb HER2sThe effect of

temperature on oxidation of rhuMAb HER2 was studied in
Formulation A (single dose) and Formulation B (multiple dose)
at 5, 30, and 40 °C. As shown in Figure 1, the increase in
oxidation of rhuMAb HER2 was temperature and formulation
dependent. After incubation for 2 weeks, the rhuMAb HER2
in Formulation A (5 mg/mL protein in 5 mM sodium acetate,
147 mM NaCl, 0.01% polysorbate 20, pH 5.0) had 10, 17, and
52% oxidized Fc at 5, 30, and 40 °C, respectively. The
percentage of oxidized Fc analyzed by HIC at each timepoint
was defined as the sum of the peak areas of the two oxidized
peaks (1 & 2) divided by the total peak areas of the Fc peaks
(Figure 2). Previous studies demonstrated that peak 1
contained oxidized Met-255 and peak 2 consisted of rhuMAb
HER2 oxidized at both Met-255 and Met-431 in the Fc.22
Although these two methionine residues located on the surface

Table 1sList of rhuMAb HER2 Liquid Formulations

Formulation Usage

Protein
Concentration,

mg/mL Buffer Excipients

A Single dose 5 5 mM sodium acetate,
pH 5.0

147 mM NaCl
0.01% polysorbate 20

B Multiple dose 21 5 mM sodium acetate,
pH 5.0

4% mannitol
0.01% polysorbate 20
1% benzyl alcohol

C Multiple dose 21 5 mM sodium acetate,
pH 5.0

4% mannitol
0.01% polysorbate 20
1% benzyl alcohol
14.5 mM methionine

D Multiple dose 21 5 mM sodium acetate,
pH 5.0

4% mannitol
0.01% polysorbate 20
0.01% benzethonium

chloride
14.5 mM methionine
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of the antibody are more susceptible to oxidation than other
methionine sites that are buried in the variable domains, they
are neither within the Fcγ receptor region nor the complement
C1q epitopes in the Fc of the heavy chain. In Formulation A,
oxidation of these two methionine residues increased with
temperature. In contrast, Formulation B (multiple dose),
which consisted of different excipients, did not exhibit an
increase in methionine oxidation at high temperatures (30 &
40 °C) after 2 weeks of incubation. In addition, when the
surfactant (polysorbate 20) was not added in Formulaiton A,
<10% oxidized Fc was detected in the samples that were
strored at 30-40 °C. These results indicate that oxidation of
rhuMAb HER2 was also formulation dependent.
The difference in the degree of oxidation of rhuMAb HER2

in Formulations A and B at high temperatures was also
process related. The NaCl-containing rhuMAb HER2 For-
mulation A had 52% oxidized Fc at 40 °C for 2 weeks when it
was filled into 10-mL glass vials by a stainless steel filler, as
compared with 18% oxidized Fc when filled by a nonstainless
steel filler. The replacement of NaCl by mannitol as a
tonicifier yielded Formulation B that did not induce rhuMAb
HER2 oxidation at high temperatures, even though it was

filled by the same stainless steel filler. These results reveal
that the excipient, NaCl, in Formulation A played an impor-
tant role in rhuMAb HER2 oxidation. One hypothesis for the
role of salt in the oxidation of rhuMAb HER2 was the
corrosion of the stainless steel components of the filler by
chloride ions at low pH, generating metal ions such as iron
that catalyzed oxidation. When rhuMAb HER2 in Formula-
tion A was tested for metal ions by induced coupled plasma
(ICP) spectrophotometry, the amount of iron increased from
<0.1 ppm in the control sample (glass vial) to 3.1 ppm in a
sample stored at 5 °C for 3 months in a 30-mL stainless steel
container (Type 316L, Fluid Line Technology). Furthermore,
when the NaCl-containing rhuMAb HER2 Formulation A was
prepared by diluting its concentrated bulk with a formulation
buffer that had been made in a stainless steel tank, the protein
had a 26% increase in oxidation after 2 weeks at 40 °C. No
increase in oxidation was observed for the formulation buffer
prepared in glass container. These results further reveal that
the presence of NaCl in a formulation and contact with stain-
less steel both contributed to the increase in rhuMAb HER2
oxidation, probably through the generation of metal ions.
To further confirm that the formation of iron ions as a result

of corrosion of stainless steel by the salt was the major cause
for the oxidation of rhuMAb HER2 at high temperatures, a
metal chelating agent (EDTA) was added to the sample vials
filled by stainless steel filler prior to incubation. After
incubation at 40 °C for 2 weeks, samples containing either
0.02 or 0.05 mMEDTA did not show an increase in methionine
oxidation, as compared with a 42% increase in the control
sample without the chelating agent. This result suggests that
the formation of iron ions in the rhuMAb HER2 Formulation
A due to the contact with stainless steel was responsible for
the oxidation of the protein at high temperatures.
The oxidation of methionine residues in peptides and

proteins is often initiated through the generation of reactive
oxygen species,23 and the rate and amount of methionine
sulfoxide formation are affected by exogenous factors such as
metal ions.24 Although many oxidative pathways are possible
for methionine, the mechanism for the temperature-induced
oxidation of methionine residues of rhuMAb HER2 in the
NaCl-containing Formulation A may involve metal-ion-
catalyzed free radical formation. The formulation contained
polysorbate 20, a nonionic polyether surfactant that can
undergo autooxidation upon storage to form alkyl hydroper-
oxides. These peroxide impurities can be further decomposed
by the presence of heavy metal ions, such as iron formed by
the contact between stainless steel, and chloride ion at low
pH to initiate alkoxyl free radical (RO•). This alkoxyl free
radical can then react with methionine residues of rhuMAb
HER2 to form a positively charged methionine free radical
that can further react with the hydroxide ion to generate
hydroxyl methionine free radical in the propagation phase.
The alkoxyl free radical can also react with molecular oxygen
to generate hydroxyl radical (HO2

•), which can be terminated
by reacting with the hydroxyl methionine free radical to form
methionine sulfoxide, as shown in the following proposed
mechanism:

Figure 1sEffect of temperature on oxidation of rhuMAb HER2 in Formulations A
and B. Samples were analyzed for methionine oxidation by HIC after 2 weeks of
incubation at 5 °C (black), 30 °C (gray), and 40 °C (striped).

Figure 2sHIC chromatograms showing the effect of temperature on oxidation of
the two methionine residues on the Fc domain of rhuMAb HER2 (Formulation A).
Samples were incubated at 5 °C (solid line), 30 °C (dashed line), and 40 °C
(dotted line) for 2 weeks. The three main peaks of the rhuMAb HER2 Fc domain
are non-oxidized Fc (peak 0), Fc fragment with oxidized Met-255 (peak 1), and
Fc fragment with oxidized Met-255 and Met-431 (peak 2). After incubation, the 5,
30, and 40 °C samples contained 10, 17, and 52% oxidized Fc (peaks 1 & 2),
respectively.

Initiation ROOH + Fe2+ f RO• + Fe3+ + OH- (1)

Propagation RO• + R′-S-CH3 f R′-S+
• -CH3 + RO-

R′-S+
• -CH3 + OH- f R-S•(OH)-CH3 (2)

RO• + O2 + H2O f HO2
• + ROOH

Termination R-S•(OH)-CH3 + HO2
• f

R-S (O)-CH3 + H2O2 (3)
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The polysorbate 20 was necessary to prevent agitation-
induced aggregation of the protein, so it could not be excluded
so as to eliminate oxidation by the pathways described in
eqs 1-3. Although temperature and excipient in the form-
ulation could cause methionine oxidation of rhuMAb HER2,
they had no significant effect on aggregation, deamidation,
and biological activity of the protein (Table 2). In fact,
rhuMAb HER2 in Formulation A, which contained 52%
oxidized Fc, still retained >90% of its binding activity and
bioactivity, as determined by the plate binding assay and
bioassay, respectively. This result is probably due to the fact
that the potential oxidation sites are neither within the
complementarity-determining regions (CDRs) nor the Fc
receptor binding sites of the antibody. The major concern
about methionine oxidation in rhuMAb HER2 is related to
regulatory issue. To fulfill the FDA requirement for a stable
formulation, one must demonstrate that the pharmaceutical
product is not >10% degraded and that the degradation
products do not have any adverse effects on the safety and
efficacy of the drug.
Photostability StudiessTo study an alternative oxidation

pathway for rhuMAb HER2, the effect of light on methionine
oxidation in rhuMAb HER2 was assessed in various formula-
tions. The results are shown in Figure 3. After 2 weeks of
storage in the light box, the unwrapped vials of rhuMAb HER2
in formulations B, C, and D all had a slight increase in
oxidized Fc (17-22%) as compared with ∼12% in their
wrapped control vials. However, the amount of oxidation
induced by light in these formulations was still much less than
that observed in Formulation A (48% oxidized Fc in the
unwrapped vials and 16.5% in the wrapped control vials).
These results suggest that rhuMAb HER2 was susceptible to
photooxidation in all formulations tested, and that the greater
extent of methionine oxidation in Formulation A was probably
due to the combined effects of light and the increase in
temperature of the light box (27 °C).

Photolytic oxidation of rhuMAb HER2 can occur when the
protein itself absorbs energy from the radiation source
(fluorescence light in the light box). This absorbed energy can
be dissipated in the form of thermal energy, which produces
an increase in temperature for inducing methionine oxidation
of rhuMAb HER2. This sequence may also be an explanation
for the greater increase in methionine oxidation in Formula-
tion A than in Formulations B, C, and D after light exposure,
because Formulation A was shown to be temperature sensitive
(Figure 1). Another mechanism for photolytic degradation of
rhuMAb HER2 in these formulations may involve the forma-
tion of singlet oxygen, which has shown to be one of the
photooxidation pathways for methionine-containing com-
pounds.15 The formation of singlet oxygen was probably due
to the presence of polysorbate 20, a photosensitive agent, in
the rhuMAb HER2 formulations. After the absorption of
radiation energy from the light box, polysorbate may dissipate
its energy by reacting with molecular oxygen to generate
singlet oxygen. This singlet oxygen can react with methionine
to form an intermediate that oxidizes a second methionine
molecule to form sulfoxide, as shown in the following equa-
tions:

The photo-induced oxidation of rhuMAb HER2 was pre-
vented by the presence of methionine in the formulation. As
shown in Figure 3, Formulation B (21 mg/mL rhuMAb HER2
in 5 mM sodium acetate, pH 5.0, 4% mannitol, 0.01% polysor-
bate 20, and 1% benzyl alcohol) contained 22% oxidized Fc
after 2 weeks of light exposure as compared with 17% in
Formulation C, which consisted of the excipients used in
Formulation B plus 14.5 mM methionine. Formulation D,
which contained 0.01% benzethonium chloride as preservative,
photo-oxidized at a similar rate as Formulation C, which
contained 1% benzyl alcohol. Thus, the preservative did not
affect the rate or extent of oxidation. These results suggest
that the presence of a reducing agent such as methionine can
act as an antioxidant to reduce photooxidation of methionine
in the protein. In fact, methionine has been shown to be
effective in reducing methionine sulfoxide formation in peroxide-
mediated oxidation of recombinant human ciliary neurotrophic
factor and nerve growth factor.18
In summary, methionine oxidation was the major degrada-

tion pathway of rhuMAb HER2 caused by light. The oxidized
rhuMAb HER2 (light-induced) appeared to retain its full
binding activity and bioactivity in the plate binding assay and
bioassay, respectively. Light had no significant effect on

Table 2sEffect of Temperature on Stability of rhuMAb HER2 Liquid Formulations

Temp (°C) Days Formulation
% Monomer

(SEC)
% Deamidation

(IEC)
% Specific Activity
(ECD Assay)

% Specific Activity
(Bioasay)

5 0 A 100 9.4 104.6 ± 2.4 94.9 ± 10.6
B 100 12.0 94.8 ± 2.1 113.0 ± 18.1

30 14 A 99.4 8.6 98.0 ± 3.1 93.5 ± 6.1
B 99.4 8.3 107.7 ± 3.2 104.0 ± 4.5

40 14 A 99.0 8.4 91.9 ± 3.9 96.8 ± 3.0
B 99.6 6.7 98.5 ± 0.1 97.5 ± 8.3

Figure 3sEffect of light on oxidation of rhuMAb HER2 in various formulations.
Wrapped (black) and unwrapped (striped) samples were stored in a ligth box
with light intensity of 20 000 lux for 2 weeks. The light box temperature was 27
°C. After light exposure, samples were analyzed for methionine oxidation by HIC.

Polysorbate98
hν

Polysorbate* (4)

Polysorbate* + O2 f Polysorbate + 1O2 (5)

R-S-CH3 + 1O2 f R-S(OO)-CH3 (6)

R-S(OO)-CH3 + R-S-CH3 f R-S(O)-CH3 + R-S(O)-CH3

(7)
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aggregate formation and deamidation of the protein as
determined by native SEC and IEC (Table 3).
Mechanisms for Prevention of Methionine Oxidation

by AntioxidantssAlthough methionine oxidation did not
affect the activity of rhuMAb HER2, it may impact its
immunogenicity or shelf-life. Potential methods to reduce
temperature-induced methionine oxidation of rhuMAb HER2
were investigated to select inhibitors of oxidation and under-
stand the mechanism of oxidation. As shown in Figure 4,
rhuMAb HER2 in Formulation A containing added antioxi-

dants, such as methionine, sodium thiosulfate, catalase, or
platinum, did not oxidize after 2 weeks at 40 °C. In contrast,
the control sample without antioxidant consisted of 52%
oxidized Fc under the same storage conditions. Interestingly,
removal of oxygen in the sample vials by repeated pulling
vacuum and replacing with nitrogen was also effective in
reducing rhuMAb HER2 oxidation. These results support the
proposed mechanism that temperature-induced methionine
oxidation of rhuMAb HER2 in the NaCl-containing Formula-
tion A occurred by free radical formation in the presence of
molecular oxygen. Methionine and thiosulfate can either
inhibit free radical-induced oxidation by terminating the chain
reaction or simply by competing with the methionine residues
in rhuMAb HER2 for reaction with the free hydroxyl radicals.
The free radical scavengers, catalase and platinum, also
prevented methionine oxidation in rhuMAb HER2.

Table 3sEffect of Light on Stability of rhuMAb HER2 Liquid Formulations

Condition Days Formulation
% Monomer

(SEC)
% Deamidation

(IEC)
% Specific Activity
(ECD Assay)

% Specific Activity
(Bioasay)

Dark 14 A 99.4 8.3 118.0 ± 6.8 NTa
B 100 9.4 93.1 ± 9.5 104.7 ± 4.5
C 100 9.8 88.7 ± 5.4 106.4 ± 4.7
D 100 9.6 90.1 ± 0.9 111.7 ± 5.8

Light 14 A 98.6 8.0 113.7 ± 5.2 NT
B 100 8.2 95.0 ± 7.6 93.2± 6.3
C 100 8.2 100.6 ± 1.4 98.8 ± 4.6
D 100 8.2 98.6 ± 6.9 95.0 ± 0.7

a NT ) not tested.

Figure 4sMethods to prevent temperature-induced oxidation of rhuMAb HER2
in Formulation A. Antioxidants were added to the formulation before filling into
sample vials for incubation at 40 °C for 2 weeks. After incubation, samples were
assayed by HIC to assess methionine oxidation. The amount of oxidation was
compared with a control sample containing no antioxidant stored under the same
conditions.

Figure 5sEffect of antioxidants on light-induced oxidation of rhuMAb HER2
Formulation A. Antioxidants were added to the formulation before filling into sample
vials. Sample containing no antioxidant (black), 6.3 mM sodium thiosulfate (gray),
and 3.5 mM methionine (striped) were stored wrapped (Dark) and unwrapped
(Light) in a light box with light intensity of 20 000 lux for 2 weeks. The light box
temperature was 27 °C. After light exposure, samples were assessed for
methionine oxidation of rhuMAb HER2 by HIC. Results were also compared with
the control samples stored in the dark at 5 °C for 2 week.

Figure 6s(A) Determination of the minimum effective level of methionine required
to prevent oxidation of rhuMAb HER2. (B) Determination of the minimum effective
level of sodium thiosulfate required to prevent oxidation of rhuMAb HER2.
Methionine or thiosulfate was added to the rhuMAb HER2 Formulation A at different
protein-to-antioxidant molar ratios before filling. Samples were stored at 40 °C
for 1 week (black), 2 weeks (striped), 3 weeks (gray), and 4 weeks (white) and
analyzed for oxidation of rhuMAb HER2 by HIC at the end of each storage period.
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The effect of antioxidants on light-induced methionine
oxidation in rhuMAb HER2 Formulation A was also studied
(Figure 5). Unwrapped sample vials, containing either 6.3
mM sodium thiosulfate or 3.5 mMmethionine (concentrations
commonly used in parenteral pharmaceuticals), did not show
an increase in oxidation when stored in a light box for 2 weeks.
In contrast, oxidized Fc was increased to 48% for the un-
wrapped sample without antioxidants. These results suggest
that methionine and sodium thiosulfate can be used for
inhibiting photolytic oxidation in addition to temperature-
induced oxidation of rhuMAb HER2. These antioxidants may
prevent photolytic oxidation of rhuMAb HER2 by competing
with methionine residues on the protein to react with molec-
ular oxygen or singlet oxygen.
Different concentrations of methionine and thiosulfate were

added to the rhuMAb HER2 Formulation A to determine the
minimum effective level required to inhibit protein oxidation.
Methionine at a final concentration of 0.175 mM, equivalent
to a protein-to-methionine molar ratio of 1:5, was the mini-
mum effective level for reduction of rhuMAb HER2 oxidation
caused by temperature (Figure 6a). Thiosulfate at a minimum
concentration of 0.8 mM, protein-to-thiosulfate molar ratio of
1:25, was required to inhibit rhuMAb HER2 oxidation in
Formulation A (Figure 6b). Unlike methionine, thiosulfate
reacted with rhuMAb HER2 as detected by cation-exchange
chromatography (Figure 7). At a 1:100 molar ratio of protein-
to-thiosulfate, an unknown degradation species (peak a) was
observed in the sample. This peak may be an adduct be-
tween rhuMAb HER2 and thiosulfate yielding a new charged
species. This species was more acidic than the native rhuMAb
HER2 and eluted before the main peak of the native pro-
tein (peak 3). These data demonstrate that methionine is
the preferred antioxidant for preventing rhuMAb HER2 oxi-
dation.
ConclusionssBased on these studies, we conclude that

temperature and light induce methionine oxidation of rhuMAb
HER2. The rate of oxidation increases with temperature and

is formulation dependent. The corrosion of stainless steel by
sodium chloride present in rhuMAb HER2 liquid formulation
to generate iron ions was the major catalyst for the protein
oxidation at high temperatures. Temperature-induced oxida-
tion of rhuMAb HER2 may occur by the formation of free
radicals, and photo-induced oxidation may occur via singlet
oxygen pathway. Methionine oxidation of rhuMAb HER2
either caused by temperature or light can be reduced by
adding a stoichiometric amount of methionine or thiosulfate
(antioxidants) to the formulation, but thiosulfate reacted with
the protein. A protein-to-methionine molar ratio of 1:5 can
inhibit rhuMAb HER2 oxidation.
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Figure 7sInteraction of sodium thiosulfate with rhuMAb HER2 detected by cation-
exchange chromatography (IEC). After storage in a light box for 2 weeks, a
degradation species (peak a) was observed in samples containing 6.3 mM
thiosulfate (dotted line) as compared with the samples containing 3.5 mM
methionine (dashed line) or no antioxidant (solid line). Peaks 1−5 are the five
major isoforms of rhuMAb HER2 analyzed by IEC.
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ABSTRACT: Recent oxidation events on monoclonal antibody candidates prompted us to
investigate the mechanism of oxidation of Met, Trp, and His residues and to search for
suitable stabilizers. By using parathyroid hormone (1–34), PTH, as a model protein and
various oxidants, aided by liquid chromatography, peptide mapping, and mass spectro-
metry, we identified and quantified the oxidation of these vulnerable residues.
Whereas H2O2 and t-butyl hydroperoxide (t-BHP) primarily oxidized the two Met
residues, 2,20-azobis(2-amidinopropane) dihydrochloride (AAPH), and H2O2þFe(II)
oxidized Met and Trp residues, with AAPH more capable of generating oxidized Trp
species than the latter. H2O2þFe(III) generated results comparable to those
with H2O2þFe(II), except that there was a lesser amount of hydroxylated Phe. Oxida-
tion of the His residue in PTH occurred when copper was used instead of iron. AAPH,
a free-radical generator, produced alkylperoxides, which simulated the oxidizing
species from degraded polysorbate, commonly found in protein formulations. It is
prudent to screen stabilizers by using H2O2, H2O2þFe(II), and AAPH because these
agents represent potential assaults from the H2O2 commonly present in degraded
polysorbate, the residue of aseptic agents and the metal from stainless steel surfaces,
and alkylperoxides from degraded polysorbate, respectively. Free Met protected the Met
residues in PTH from oxidation by H2O2 and H2O2þFe(II). Mannitol and EDTA were
effective against H2O2þFe(II). Free Trp protected only the Trp residue in PTH from
oxidation by AAPH, the combination of Trp and Met was effective against all three
oxidant conditions. By using AAPH to generate oxidant, Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) and pyridoxine were also found to exhibit
good free-radical scavenging activity and thus protected Trp in PTH against oxidation.
� 2009 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci
98:4485–4500, 2009
Keywords: proteins; oxidation; HPLC; mass spectrometry; free radicals; stabiliza-
tion; excipients; PTH; tryptophan; Trolox; pyridoxine

INTRODUCTION

Oxidation is one of the major chemical degrada-
tion pathways for proteins in pharmaceutical
products. This topic has been reviewed by
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Nguyen,1 Li et al.,2 and Hovorka and Schöneich.3

Side chains of cysteine (Cys), methionine (Met),
tryptophan (Trp), histidine (His), and tyrosine
(Tyr) residues are prone to oxidation, in that
order. The thiol group in Cys is the most reactive
functional group; hence, very few pharmaceutical
proteins contain free Cys. In this report, Cys
oxidation will not be addressed; instead, we intend
to focus on the oxidation of Met, His, and Trp.
Another aspect of oxidation, photo-oxidation, will
also be excluded from this discussion.

Met Oxidation

Met oxidation forms Met sulfoxide (Met[O])
and, under extreme conditions, sulfone. Examples
of pharmaceutical proteins exhibiting Met oxida-
tion are listed below, along with the associated
studies (in chronological order) and the oxidants
used:

� Growth hormone (Teh et al.,4 using H2O2;
Pearlman and Bewley,5 and Zhao et al.,6

using ascorbate/Cu(II)/O2 [Asc/Cu(II)/O2]).
� Interleukin-2 (Sasaoki et al.,7 using

100� H2O2; Cadée et al.,8 using peroxodisul-
fate; and Ha et al.,9 using polysorbate).

� Murine antibody (Orthoclone OKT3) (Kroon
et al.,10 using no oxidant).

� Relaxin (Nguyen et al.11 and Nguyen and
Shire,12 using 2000� H2O2; Li et al.,13,14

using Asc/Cu(II) or Fe(III)).
� Small peptides (Li et al.15).
� Insulin-like growth factor I (Fransson,16

using dissolved O2, Fe(III), and EDTA).
� Recombinant human ciliary neurotrophic fac-

tor and recombinant human nerve growth
factor (Knepp et al.,17 using H2O2).

� Herceptin1 (trastuzumab) (Shen et al.,18

using t-butyl hydroperoxide [t-BHP]; Lam
et al.,19 using heat, light, and stainless steel).

� Recombinant interferon gamma (Actim-
mune) and recombinant tissue plasminogen
activator (alteplase, Activase1) (Keck,20

using t-BHP).
� Recombinant human granulocyte colony-sti-

mulating factor (Herman et al.21 and Yin
et al.,22,23 using H2O2; Lu et al.,24 using
H2O2 and t-BHP).

� Recombinant human leptin (Liu et al.,25

using t-BHP and H2O2).
� Brain-derived neurotrophic factor (Jensen

et al.,26 using Asc/Cu(II)/O2).

� Recombinant human vascular endothelial
growth factor (rhVEGF) (Duenas et al.,27

using H2O2 and t-BHP).
� Parathyroid hormone (PTH) (Yin et al.22 and

Chu et al.,28,29 using H2O2).
� Two different monoclonal antibodies (Wei

et al.,30 using t-BHP, UV irradiation, and
ozone, Chumsae et al.,31 using t-BHP and
heat).

It is noteworthy that in the past 20 years, a
great variety of oxidants have been used to study
the oxidation of proteins, with t-BHP and H2O2

used predominantly. These peroxides were tested
without addition of metal. Only when ascorbate
was used, either copper or iron was included.
Methionine oxidation certainly drew the greatest
attention in the past by various investigators as it
is most easily oxidized except cysteine, and readily
detected.

His Oxidation

His oxidation predominantly forms oxo-histidine
but also forms a variety of other oxidation
products, depending on the oxidation conditions.
By using Asc/Cu(II)/O2, Li et al.13,14 observed
oxidation of the His residues in relaxin. With
human growth hormone, Zhao et al.6 observed
oxo-histidine when the same oxidizing system was
used to simulate metal-catalyzed oxidation at the
metal-binding site. Aspartic acid and asparagine
as oxidation products of His were also detected in
b-amyloid peptide in the presence of Cu(II)/
H2O2.32 Better understanding of His oxidation
in a pharmaceutical preparation is needed.

Trp Oxidation

Multiple products are formed by way of Trp
oxidation. Stability studies of Trp alone in
aqueous solution33 and Trp residues in small
peptides and lysozyme34 and in bovine a-crystal-
lin35 clearly identified the main degradants as
5-hydroxy-Trp, oxy-indole alanine, kynurenine,
and N-formylkynurenine. There are very few
articles on the oxidation of Trp in pharma-
ceutical proteins. Davies et al.36 oxidized bovine
serum albumin with oxygen radicals generated
from cobalt radiation; Uchida et al.37 stressed
albumin with Fe(II)/EDTA/Asc and detected
selective oxidation of Trp and His. Trp oxidation
in monoclonal antibodies was reported recently
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by Yang et al.38 and Wei et al.,30 who used
ozone and UV irradiation as stress conditions).
The reason that Trp oxidation has not been
studied in depth perhaps was due in fact that
no model oxidizing condition has been adopted
and system that promotes Trp oxidation is not
easy to handle or reproduce. In the case of Met
oxidation, t-BHP, and H2O2 are easy to handle.

Comparison of Met, His, and Trp Oxidation

The fact that Met[O] is readily detected in
numerous pharmaceutical proteins may be attrib-
uted to its susceptibility to various oxidizing
agents in addition to H2O2 alone. Light, t-BHP,
and peroxodisulfate have been used by various
laboratories to generate Met[O]. The oxidation of
Trp or His in pharmaceutical proteins under
normal storage conditions can be very slow. To
expedite oxidation, one or more stress models are
needed. Trp or His oxidation is considered metal-
catalyzed or free-radical-mediated oxidation.36,39

Model Stress Conditions: H2O2

Many protein formulations contain polysorbate
20 or polysorbate 80. It has been reported that the
oxidants present in aged polysorbate consist
predominantly of H2O2 (up to 75%).40 Ha et al.9

reported increased oxidation of an interleukin-2
mutant by aged polysorbate. Since polysorbate is
the source of oxidant in protein drug product,
the use of H2O2 may be a way to simulate the
oxidative reaction in surfactant-containing for-
mulations. In addition, H2O2 has been used as an
aseptic agent for the isolators used in the filling of
sterile products; consequently, residual H2O2 can
be found in the drug product. For this reason, it is
important to determine the sensitivity of the
protein to oxidation by H2O2.

Model Stress Conditions: H2O2 R Fe(II)

Theoretically, metal is ubiquitous and should be
included in experimental stress conditions; how-
ever, it may be difficult to select a metal, whether
iron or copper, and to determine whether to use a
chelating agent (e.g., EDTA). These factors have a
profound effect on the outcome of the experi-
mental results. The following examples illustrate
the complicated results of oxidation involving
metal. With relaxin, two Met and one His

residues, but neither of two Trp residues, were
oxidized when metal was used in the oxidizing
system, such as Asc/Cu(II)/O2. With bovine serum
albumin, free radicals generated from an Fe(II)/
EDTA/Asc system preferred Trp, whereas Cu(II)/
Asc (without EDTA) preferred His.37 The use of
ascorbate has frequently been cited in the
literature; however, since ascorbate will not be
included in our formulation, it will not be
considered. H2O2/Fe(II)/EDTA and H2O2/Cu(II)
generated different patterns of albumin degrada-
tion.41 Metal-catalyzed oxidation of Trp and Met
residues in a-crystallin was observed with H2O2/
Fe(II)/EDTA.35 Whether EDTA promotes or inhi-
bits metal catalyzed reaction, or what would be
the preferred oxidation site, Trp or His, no clear
trend emerges from these results.

During pharmaceutical production, recombi-
nant proteins are necessarily exposed to stainless
steel; thus, protein solutions may contain trace
amounts of iron or other metals. In addition,
common excipients such as sucrose, amino acids,
and buffers, and leachables from plastic or glass
containers may also contribute minute quantity of
metals. Therefore, we chose H2O2 with Fe(II)—
the commonly known Fenton reaction—as a
stress condition to evaluate the oxidation poten-
tial of our drug candidates. The Fenton reaction
involves several oxidizing species, the best char-
acterized being hydroxyl radicals which is the
most reactive free radical. Fe(III), as added
species or derived from oxidation of Fe(II) by
H2O2, might be able to react further with H2O2 to
generate superoxide radical which is far less
reactive than hydroxyl radical.

Model Stress Conditions: AAPH

As discussed above, the presence of metal
increases the complexity of oxidation studies.
2,20-Azobis(2-amidinopropane) dihydrochloride
(AAPH) is a metal-ion-independent, reactive-
oxygen-species-generating system.42 At a defined
rate, it decomposes in aqueous, aerobic solutions
to yield alkyl radicals that immediately add
oxygen to yield alkylperoxides. The chemical
structure and generation of alkylperoxides are
shown in Scheme 1. Strictly speaking, AAPH is
not an oxidant; rather, it reacts with oxygen to
generate the oxidant, an alkyperoxyl radical. In
this report we group it with t-BHP and H2O2 and
refer to them together as oxidants. Treatment
with AAPH led to the oxidation of Met, Tyr, and
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Trp residues in liver proteins.43 In the same study,
another amino acid derivative from oxidation,
dityrosine, was also detected. When glutamine
synthetase was exposed to AAPH for 4 h, both Trp
residues, 2 of 16 His residues, 6 of 17 Tyr residues,
and 5 of 16 Met residues were lost.44 Anraku
et al.45 used AAPH on albumin; the degree of
oxidation was determined by the number of
carbonyl groups formed. These reports indicated
that AAPH led to the oxidation of a wide range of
amino acids in addition to Met. More recently,
with respect to small molecule drugs, 2,20-azobis-
isobutyronitrile and 4,40-azobis-4-cyanovaleric
acid, both azo compounds similar to AAPH, were
evaluated for use in oxidative forced-degradation
studies.46 Because azo compounds can generate
reproducible amounts of radicals, independently
of metal, AAPH was used as a model oxidant for
its ability specifically to generate Trp-oxidized
protein.

Selection of a Model Protein

PTH (1–34) was chosen because of its minimal
tertiary structure47 and its sequence, which
contains all three desirable amino acids (one
Trp, two Met, and three His); the ease with which
it can be assayed by reversed-phase high-perfor-
mance liquid chromatography (rp-HPLC); and its
availability. When Chu et al.28,29 studied Met
oxidation in PTH stressed only by H2O2, the
different oxidation rates of Met8 and Met18 were
found to correlate to the 2-shell water coordina-
tion number. The difference, <1.5-fold, was not
sufficiently significant to influence the conclusion
that we would draw from our study. The oxidation
rates of different Met residues in growth hormone
(Teh et al.4) and rhVEGF (Duenas et al.27) were
attributed primarily to different degrees of solvent
exposure. We would expect the oxidation rate of
the fully solvent-exposed Met in PTH, growth
hormone, and rhVEGF to be comparable. There-
fore, the two Met residues on PTH can simulate
solvent-exposed Met in all proteins. Ease of
analysis by LC/MS because of the presence of
only one Trp made PTH a good model protein for
our study. One should recognize that the results

from PTH cannot fully simulate the oxidation in a
complex protein such as a MAb where protein
structure exerts influence on the rate and extent
of residues. This study differs from the prior work
on PTH,28,29 in the use of oxidizing conditions.
Prior studies employed only hydrogen peroxide
whereas the conditions used in this study allowed
the Trp, His, and Phe to be oxidized and observed.

Antioxidants Used in Protein Products

A key objective of this study was to screen
stabilizers. It is anticipated that the information
generated by these stress studies might lead us to
a novel stabilizer. Prior to the screening study,
however, it is useful to review anti-oxidants that
have already been incorporated into marketed
protein or peptide products. As an antioxidant,
free Met was cited in US Patent 5849700 (by
Takruri48) and subsequently in a patent applica-
tion from Amgen (by Li et al.49). Met was described
as a potential stabilizer for relaxin gel (by
Nguyen1). As cited in package insert of the
following parenteral products, free Met can be
found in depo-subQ Provera, Follistim AQ, Gonal-
f RFF, and lutropin alfa. Other agents that may
control the oxidation of protein include EDTA
(a metal-chelating agent) and mannitol (a free-
radical scavenger and metal-binding reagent),
which have been widely cited (e.g., by Wang and
Hanson50 and Nema et al.51). N-Acetyl tryptophan
has been used along with octanoates as ligands
that bind to specific sites to stabilize human serum
albumin during pasteurization (by Anraku et al.45

and Peters52).
Most of prior literature focused on the oxidation

of one, and seldom two or more amino acids. We
believe our study is among selected few that
studied and compared the oxidation of all
potentially oxidizable amino acids, Met, Trp,
His, and Phe in one protein. In prior studies,
typically one oxidizing condition was employed;
we compared all three different conditions side-
by-side. Results from this study will be valuable in
comparing the vulnerability of these amino acids
under various conditions.

MATERIALS AND METHODS

Materials

PTH (1–34) (SVSEIQLMHNLGKHLNSMERVE
WLRKKLQDVHNF, mol wt: 4117.72 Da) was

Scheme 1. Structure of AAPH. Upon heating,
AAPH, an azo compound, releases nitrogen gas and
generates alkyl radical, which combines with oxygen
to form alkylperoxide.
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purchased from American Peptide Company
(Sunnyvale, CA). In this report, this 1–34 version
is simply referred to as PTH. AAPH was
purchased from Calbiochem (La Jolla, CA).

L-Methionine and EDTA disodium were pur-
chased from J.T. Baker (Phillipsburg, NJ).
Sodium acetate, ammonium acetate, H2O2,
t-BHP, copper acetate, and ferric chloride hex-
ahydrate were purchased from Sigma–Aldrich
(St. Louis, MO). Ferrous chloride tetrahydrate
was purchased from EMD (Gibbstown, NJ).
Mannitol and sucrose were obtained from Ferro
Pfanstiehl. L-Tryptophan and Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid, a
water soluble vitamin E) were obtained from
Fluka (Buchs, Switzerland). Pyridoxine was
obtained from Spectrum (Gardena, CA). Trypsin
(sequencing grade, N-tosyl-L-phenylalanine chlor-
omethyl ketone-treated) was purchased from
Promega (Madison, WI). HPLC-grade acetonitrile
and water were purchased from Fisher Scientific
(Fairlawn, NJ). Water used in sample-prepara-
tion experiments was obtained from a Milli-Q Plus
purification system (Millipore, Bedford, MA).

Sample Preparation

PTH (0.1 mg/mL, 0.024 mM) was mixed
with H2O2, H2O2/Fe(II), t-BHP, t-BHP/Fe(II), or
AAPH. In each case the oxidant concentration was
1 mM, at a molar ratio of 1:42 (protein:oxidant) in
20 mM ammonium acetate buffer at pH 5.0. The
concentration of Fe(II) was 0.2 mM. The composi-
tions are presented in detail in Table 1. Mannitol
(15%, w/v), sucrose (6%), EDTA (0.04%, w/v), Trp,
Met, Trolox, and pyridoxine (where the final
concentration in the test samples is shown in
parentheses) were added to the reaction solution
at 2 mg/mL as stabilizers at their respective
concentrations. After incubation at 408C for 6 and
24 h, all without exposure to light, aliquots of the
samples were mixed with methanol and Met to
quench the reaction prior to rp-HPLC analysis,
peptide mapping, and liquid chromatography/
mass spectrometry/mass spectrometry (LC/MS/
MS). All experiments and analyses were done
without replication.

rp-HPLC

Analysis of oxidized and intact PTH was carried
out on a Waters HPLC instrument using a C4
(Vydac, 214TP, 5 mm, 2.1 mm� 250 mm) column.

Solvent A was 0.1% trifluoracetic acid (TFA)
in H2O, and solvent B was 0.08% TFA in aceto-
nitrile. The samples were analyzed with a linear
gradient from 20% B to 80% B at a flow rate of
0.2 mL/min in 45 min. The column temperature
was set at 308C. UV detection was set at 214 nm.

Trypsin Digestion

The pH of the samples was adjusted to 7.5 by
adding 1 M ammonium bicarbonate. Five micro-
liters of 0.5 mg/mL trypsin was added to 200 mL
samples, which were then incubated at 378C for
3–4 h. The digestion was quenched with 0.1%
TFA.

LC/MS/MS Characterization of the Tryptic
Peptide Map

PTH samples after tryptic digestion were sepa-
rated with an Agilent 1200 Series HPLC system,
and the masses and sequences of the peptides
were determined with an online-coupled LTQ
linear ion-trap mass spectrometer (Thermo
Fisher Scientific, San Jose, CA). A Jupiter Proteo
1.0 mm� 150 mm column (particle size 4 mm, pore
size 90 Å; Phenomenex, Torrance, CA) was used;
its temperature was controlled at 308C, and the
column effluent was monitored at 214 nm. The
flow rate was controlled at 150 mL/min, and the
mobile phases used were 0.1% TFA in water (A)
and 0.1% TFA in acetonitrile (B). A 100 mL volume
of the sample was injected. The optimized
gradients (expressed as min/per %B) were 0/2%,
3/2%, 10/8%, 15/8%, 60/40%, 61/95%, 65/95%, 66/
2%, and 76/2%. The effluent from the HPLC was
directly infused into the LTQ electrospray ioniza-
tion source. Electrospray ionization in positive-ion
mode was achieved by using a needle spray
voltage of 4.5 kV and a capillary voltage of
44 V. In the LC/MS/MS experiments, nine scan
events, including a full scan in the range of 300–
2000 m/z, were followed by four cycles of zoom
scans and MS/MS scans on the four most intense
ions.

MS/MS spectra interpretation and peptide
assignments were accomplished with an auto-
matic database search with a SEQUEST algo-
rithm using BioWorks Browser version 3.2
software (Thermo Fisher Scientific) and manual
investigation of each matched product ion spec-
trum. A FASTA single-protein database of PTH
was created and used as the searching target. For
the identification of oxidation products, oxidation-
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related modifications were defined as variable
ones (þ4, þ16, and þ32 Da for Trp; þ16 and þ32
Da for Met; and þ16, �22, and �23 Da for His).
Peptide matches with satisfied correlation-factor
(Xc) values (Xc� 1.5 for singly charged, �2.0 for
doubly charged, and �2.5 for triply charged
peptide ions) were selected as potentially sig-
nificant matches for an oxidation-modified pep-
tide. Subsequently, manual investigation of zoom-
scan mass spectra and MS/MS spectra of the
matched peptide ions was performed to eliminate
false positive identifications. Zoom-scan MS pro-
files were examined to confirm the charge state
and monoisotopic mass of matched peptides. To
estimate the oxidation level for each oxidation
site, the extracted ion chromatograms of corre-
sponding peptides were manually integrated
using an Xcalibur Qual Browser. The relative
percentage of oxidation was subsequently calcu-
lated by dividing the peak area of the oxidized
peptide ion by the sum of the peak areas of
oxidized and nonoxidized peptides.

RESULTS AND DISCUSSION

Met and Trp Oxidation in PTH

Figure 1 shows the rp-HPLC chromatograms of
PTH reacted with H2O2, in which Met18[O]-PTH,
Met8[O]-PTH, and doubly oxidized PTH species
were detected; their identities were confirmed by
LC/MS. Reaction conditions, pH 5 and 408C were
chosen because most peptide and protein formula-

tions are in the pH range of 5–6, thus pH 5 is a
representative pH for this range, and most of the
stability studies carried out in the industry were
using 408C as the highest temperature tested.
This trend is consistent with data generated by
Chu et al.,28,29 who reported the three Met-
oxidized species detected by rp-HPLC, with
Met18 oxidized more than Met8, followed by the
doubly oxidized species. Figure 2 shows the rp-
HPLC chromatograms of PTH reacted with AAPH
and reveals a pattern very different from that
shown in Figure 1. Two sets of triplet peaks
appeared at retention times between the PTH and
Met[O] peaks. Although the individual peaks
were not fully characterized, it was later con-
firmed by tryptic digestion, followed by LC/MS/
MS, that these new peaks were Trp[O]-modified
PTH species. Tryptic peptide mapping of the PTH
digests showed that, in addition to the Met
oxidation products, three tryptic peptide species
with molecular masses of Mþ4, Mþ32, and Mþ16
(where M is the mass of tryptic peptide VGWLR of
PTH) were produced when PTH was treated with
AAPH. Analysis of MS/MS spectra of the peptide
species resulted in their assignment as three
Trp oxidation derivatives—namely, kynurenine
(Mþ4), N-formylkynurenine (Mþ32), and 5-
hydroxytryptophan, or ox-indole alanine (Mþ16).
Their chemical structures are shown in Figure 3.

PTH was oxidized by three model oxidants
(H2O2, H2O2þFe(II), and AAPH). Table 1 sum-
marizes the overall oxidation of Met8 and Trp23
of PTH in these degraded samples. Altogether,
43% and 84% of the Trp residues of PTH were

Figure 1. rp-HPLC chromatogram of 0.1 mg/mL
PTH in 20 mM ammonium acetate buffer at pH 5.0,
degraded by 34 ppm H2O2. The reaction was conducted
at 408C, and samples were removed at 2, 4, and 6 h. The
increased peak height of mono-oxidized PTH and diox-
idized PTH is shown.

Figure 2. rp-HPLC chromatograms of 0.1 mg/mL
PTH in 20 mM ammonium acetate buffer at pH 5.0,
treated with AAPH. Trp[O]-PTH peaks were predomi-
nantly observed. The reaction was conducted at 408C,
and samples were removed at 2, 4, and 6 h.
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oxidized by APPH when treated for 6 and 24 h,
respectively. Hence, the new peaks shown in
Figure 2 were identified as Trp[O]-modified PTH
species. Oxidized Met18 containing tryptic pep-
tide was not retained on the reversed-phase
column; therefore, no data related to Met18
oxidation are provided.

The key observations are as follows:

1. Three conditions—t-BHP with iron, t-BHP
without iron, and H2O2—resulted in a mini-
mal amount of Trp oxidation.

2. None of the three His residues was affected.
3. Only AAPH and the Fenton reaction,

H2O2þFe(II), generated Trp oxidation.
4. More Mþ16 Trp[O] than other species (Mþ4

and Mþ32) was generated.
5. To reach a comparable degree of Trp oxida-

tion, AAPH treatment for 6 h generated 43%
Trp[O] and 29% Met[O] at Met8, whereas
H2O2/Fe(II) treatment for 24 h generated

35% Trp[O] but a much larger amount (91%)
of Met[O] at Met8. This comparison shows
that AAPH treatment is more specific for Trp
oxidation than is the Fenton reaction.

The mechanism of thioether (Met) oxidation by
peroxides (H2O2, t-BHP, or other ROOH species)
is a one-step nucleophilic attack of sulfide on a
peroxide–protic solvent complex, followed by a
series of concerted electronic displacements that
leads to the transfer of oxygen to the sulfur atom,
resulting in Met[O].2 The fact that the oxidation
level of Met was not affected by the addition of
Fe(II) to the H2O2, as shown in Table 1, is evidence
that Met oxidation is a nucleophilic reaction and
that it does not involve free radical. This reaction
mechanism implies that the opposite reactant,
peroxide oxygen, is electrophilic. Thus, electron-
donating groups such as t-butyl decelerate the
reaction by decreasing the electrophilicity of
oxygen. For this reason, the fact that t-BHP

Table 1. Quantitation of PTH Oxidation (Trp23 and Met8) in 20 mM Ammonium
Acetate Buffer at pH 5.0, by Peptide Mapping

Oxidants/Reaction
Time

% Residue Oxidized

Met8[O] Trp[O] Total Trpþ16 Trpþ32 Trpþ4

AAPH
6 h 29 42 35 6 1
24 h 58 84 61 20 3

H2O2

6 h 41 1 0.6 0.5 0.1
24 h 83 2 0.8 0.5 0.2

H2O2þFe(II)
6 h 55 17 11 5 1
24 h 91 35 22 11 2

H2O2þFe(III)
6 h 47 19 11 6 2
24 h 97 50 21 24 5

H2O2þCu
6 h 99 69 16 39 14
24 h 100 96 15 65 16

t-BHP
6 h 9 0 0 0 0
24 h 18 0 0 0 0

t-BHPþFe(II)
6 h 10 3 2 0.8 0.2
24 h 22 3 2 0.6 0.2

Control
6 h 0 0 0 0 0
24 h 1 0 0 0 0

AAPH is more specific toward Trp than is the Fenton reaction. His residues were not
affected by these oxidants. The reaction was conducted at 408C for 6 and 24 h. PTH was at
0.1 mg/mL, all oxidants (AAPH and peroxides) were at 1 mM; Fe (II), Fe(III), and Cu (II) were at
0.2 mM.
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was associated with less oxidation (Tab. 1)
than H2O2 is not surprising. It should be pointed
out that t-BHP offers the advantage of oxidizing
only the exposed Met, as Keck20 reported when
recombinant interferon gamma (Actimmune)
and recombinant tissue plasminogen activator
(alteplase, Activase1) were investigated. Since
there is little tertiary structure in PTH, we do not
expect any Met in PTH to be selectively oxidized
by t-BHP.

Although the mechanism of nucleophilic attack
predicts a specific acid catalysis component, the
reaction rate does not vary significantly within a
pH range of 2–8, as shown with PTH.28 For this
reason, data generated using pH 5 in acetate
buffer would be applicable to the typical pH range,
pH 5–7, found in protein formulations.

Only AAPH and the Fenton reaction resulted in
Trp oxidation. This finding supports the notion
that nucleophilic reaction of H2O2 alone cannot
cause oxidation of Trp.

Fe(II) Versus Fe(III) and Hydroxylation of Phe

During pharmaceutical manufacturing, dissolved
iron is probably in a Fe(III) state. A separate

experiment using the same molar concentrations
of PTH, metal, and H2O2 was conducted with
Fe(III) added instead of Fe(II). The results are
shown in Table 1. For both Trp and Met, the
extent of oxidation with Fe(III) was similar to
that with Fe(II). The similarity in the extent of
oxidation by Fe(II) or Fe(III) suggests that the
added Fe(II) was quickly oxidized to Fe(III) by the
fivefold molar excess of H2O2. Equilibrium
between Fe(II) and Fe(III) was rapidly estab-
lished, and the amount of reactive oxygen species
generated within the 6 and 24 h intervals are
comparable.

Automatic data mining of the tandem mass
spectra of the tryptic digested peptides of PTH
revealed the presence of a modified LQDVHNF
with þ16 Da on Phe at the C-terminus. Further
manual investigation of the MS2 spectrum, shown
in Figure 4, confirmed that the þ16 Da increase in
mass, probably hydroxylation caused by the
hydroxyl radical, is on the Phe residue: the
fragment ions of y1 to y6 have masses of þ16
Da, whereas the b2 to b6 series do not. About 2.2%
and 1.1% of the Phe was hydroxylated at the 24-h
time point by H2O2þFe(II) and H2O2þFe(III),
respectively. Although the percent modification is
small relative to that exhibited by Trp and Met,
this hydroxylation is direct evidence that a highly
reactive hydroxyl free radical was generated by
the Fenton reaction. The difference in the amount
of hydroxylation suggests that H2O2þFe(II) was
a more effective hydroxyl radical generator than
was H2O2þFe(III). Harmon et al.53 studied the
oxidation of a model compound using 10%
polysorbate solution (a source of H2O2) and iron.
They observed that within 4 h after the start of the
reaction, the oxidation rate with Fe(II) was about
twice that with Fe(III). The results of the current
study are similar to theirs. On the contrary, PTH
exposed to AAPH showed no hydroxylation on the
C-terminal Phe. The absence of hydroxylation by
AAPH further supports the idea that AAPH
generates only peroxyl radicals and no hydroxyl
free radicals.

H2O2 R Cu(II) and His Oxidation

Under the current experimental conditions for
AAPH and H2O2þFe(II), we observed no His
oxidation. When bovine serum albumin reacted
with Fe(II)/EDTA/Asc or Cu(II)/Asc, the former
caused more oxidation of Trp, whereas the latter
caused more His oxidation.37 In another study,

Figure 3. Chemical structures of degraded (oxidized)
Trp. The additional masses of these products are noted
(þ4, þ16, and þ32 Da).
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Figure 5. MS2 spectrum of precursor ion 752.74 at a retention time of 35.6 min on the
tryptic peptide map. An automatic SEQUEST search suggested this is the product ion
mass spectrum of modified SVSEIQLMHNLGK peptide with double oxidation (þ32 Da)
on the Met and single oxidation (þ16 Da) on the adjacent His residue. The MS2 spectrum
was acquired on an LTQ mass spectrometer.

Figure 4. MS2 spectrum of precursor ion 444.61 at a retention time of 24.6 min on the
tryptic peptide map. An automatic SEQUEST search suggested that this is the product
ion mass spectrum of modified LQDVHNF peptide with hydroxylation (þ16 Da) on the
Phe residue at the C-terminus. The MS2 spectrum was acquired on an LTQ mass
spectrometer.
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relaxin oxidation by AscA/Cu(II) resulted in a
significant amount, and AscA/Fe(III) in a small
amount, of His oxidation, whereas Trp oxidation
was not observed.13,14 Both sets of results differ
from our observation of a total absence of His
oxidation in PTH when H2O2þFe(II) was used. It
is possible that His oxidation depends on the
presence of copper. Inclusion of imidozole favors
the coordination of the copper binding and
subsequently facilitates His oxidation.54 It is
prudent to examine the influence of copper on
the oxidation of the three His residues in PTH.

The same molar ratios of PTH, H2O2, and Cu(II)
as those in the aforementioned experiment with
Fe(II) were used—namely, 0.1 mg/mL, 1 mM (34
ppm), and 0.2 mM, respectively. Higher amounts
of Trp and Met were oxidized, with greater
amount of sulfones, when compared with the
amounts generated with Fe(II), as shown in
Table 1. With respect to the hydroxylation of
Phe, about 3.2% and 5.0% of Phe residue were
hydroxylated at the 6 and 24 h time points (data
not shown). At the same molar ratio of oxidants to
metal, Cu(II) appeared to cause more oxidation
than iron.

Among the three His residues in PTH molecule,
only His9 oxidation was observed in the presence
of H2O2/Cu (II) by LC-MS/MS analysis. Figure 5
shows the His9 oxidation in the tryptic peptide of
SVSEIQLMHNLGK. It is noteworthy that this
His residue is adjacent to Met8, which was almost
completely oxidized by H2O2 and Cu(II), yielding
both Met sulfoxide and sulfone. Two other His
residues, without adjacent Met or Trp, were not
oxidized at all. This preferential oxidation of His9
and extensive oxidation of the Met8 can be
attributed to the formation of the Cu(II) coordina-
tion sphere on PTH protein in the vicinity of
imidozole and thio moieties. The catalysis by
coordination sphere is consistent with the obser-
vation by Kowalik-Jankowska et al.55 of site-
directed oxidation of alpha-synuclein fragments
by a Cu(II)/H2O2 system.

Stabilizer Screening Using PTH as a Model Protein

Based on the analysis described above, we propose
that protein may be susceptible to oxidative attack
via any or all three of the degradation mechan-
isms shown in Scheme 2. A nucleophilic reaction
with H2O2 (and no metal) may be the oxidation
reaction observed when the protein product is
exposed to the vapor H2O2 used as an aseptic

agent in an isolator When trace metal (iron,
copper, or chromium) is introduced into the
formulation solution as a result of contact with
stainless steel, the Fenton reaction—H2O2 with
Fe(II)—is operative. The third mechanism is via
alkylperoxides, which could come from degraded
polysorbate.40 AAPH, capable of generating
alkylperoxyl radicals, can be a good model system
to simulate degraded polysorbate. In the current
study, we used AAPH to generate reactive oxygen
species, such as alkylperoxides (Scheme 1).

Methionine

Free Met neutralized the effect of the oxidant
H2O2, as expected, whether iron was present or
not. Free Met significantly reduced the oxidation
of Met residues in PTH, as the peaks correspond-
ing to Met[O]-PTH did not appear (Fig. 6). Free
Met had no effect on the oxidation of Trp, as the
Trp[O] peak persisted.

Figure 6. rp-HPLC chromatograms of PTH solution
in 20 mM ammonium acetate buffer at pH 5.0 oxidized
by AAPH, H2O2þ iron, or H2O2. The reaction was con-
ducted at 408C for 6 h. Samples were prepared either
with or without the addition of free Met (2 mg/mL). The
arrow is pointing the Trp[O]-PTH species.

Scheme 2. The three possible routes of oxidation of
Met, Trp, and His. VHP, vapor hydrogen peroxide; SS,
stainless steel.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 12, DECEMBER 2009 DOI 10.1002/jps

4494 JI ET AL.

Petição 870250042425, de 23/05/2025, pág. 128/232



Mannitol and Sucrose

Mannitol is a well-known hydroxyl free-radical
scavenger. Figure 7 shows complete protection
from the Fenton reaction by mannitol, as evi-
denced by the absence of any Met[O]- or Trp[O]-
derived PTH when it was stressed with H2O2/
Fe(II). However, when stressed with AAPH
or H2O2, PTH was not protected by mannitol at
all, because mannitol does not react with alkyl-
peroxides or H2O2. Sucrose generated similar
results, except it was less effective than mannitol
when protecting PTH against a hydroxyl free
radical. Polyols are considered a universal stabi-
lizer against both physical and chemical degrada-
tion. As noted in a review by Li et al.,2 hemoglobin
can be lyophilized without oxidation with the use
of certain sugars. Results from our model using
AAPH suggest that protein with polyols may be
left unprotected when faced with alkylperoxides.

EDTA

As shown in Figure 8, EDTA completely protected
PTH when it was stressed with H2O2/Fe(II). In
this instance, EDTA mitigated not just the
generation of free radical, but also the oxidative
effect of the H2O2. EDTA did not protect PTH
when it was stressed with H2O2 alone. EDTA
seemed to exacerbate AAPH oxidation, given that
there were abundant Met[O]- and Trp[O]-PTH
peaks. Reports of the effect of EDTA or other

metal chelators (such as EGTA) have been mixed.
The metal chelators may enhance41 or inhibit50 a
metal-catalyzed reaction. One may generalize and
say that EDTA, because it sequesters copper
effectively, inhibits copper-catalyzed reactions.41

Because it cannot cover all five valences on iron,
the EDTA–iron complex sometimes is very reac-
tive. It is unknown why more oxidation was
observed when EDTA was added to a reaction
mixture of PTH and AAPH, but such an investiga-
tion is beyond the scope of this study.

Frequently described in the literature, the
oxidation of Met, Trp, or His residues in vivo
has been attributed to metal-catalyzed oxidation.
In our experiment, PTH oxidized by AAPH with
no added metal generated significant amounts of
Met and Trp, suggesting that neither Met nor Trp
oxidation depends solely on metal catalysis.

Free Trp

In the literature, many substances have been
cited as scavengers for free radicals. Thiourea,
methanol, and uric acid are examples; however,
they are not suitable for use in protein formula-
tions. In addition, butylated hydroxyl-anisol
(BHA) and butylated hydroxyl-toluene (BHT)
are radical chain-reaction terminators that are
effective in quenching radicals from lipids.
Because of their low water solubility, they are
not suitable for aqueous formulation of proteins.

To our knowledge, the use of free Trp as an anti-
oxidant in parenteral formulations has not been

Figure 8. rp-HPLC chromatograms of PTH solution
in 20 mM ammonium acetate buffer at pH 5.0, oxidized
by AAPH, H2O2þ iron, or H2O2. The reaction was
conducted at 408C for 6 h. The samples were pre-
pared either with or without the addition of EDTA
(0.4 mg/mL).

Figure 7. rp-HPLC chromatograms of PTH solution
in 20 mM ammonium acetate buffer at pH 5.0, oxidized
by AAPH, H2O2þ iron, or H2O2. The reaction was con-
ducted at 408C for 6 h. Samples were prepared either
without or with the addition of 15% mannitol or 6%
sucrose. The arrow is pointing the Trp[O]-PTH species.
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mentioned in the literature. Akin to the use of free
Met, it may protect PTH against oxidation.
Figure 9 shows that free Trp offers good protection
from oxidation of the Trp residue in PTH when
PTH is stressed with AAPH or the Fenton
reaction. Met[O]-PTH peaks were prominent in
the case of AAPH stress and much less so in the
case of the Fenton reaction. Free Trp offered no
protection against oxidative stress by H2O2.

Combination of Trp and Met

This combination provided nearly complete pro-
tection of PTH under all three oxidative conditions
(Fig. 10). One can surmise that free Trp and Met
counteract the effect of alkylperoxides and H2O2,
respectively. When Trp and Met are used in
combination, a protein formulation should be able
to withstand assault by all three mechanisms
shown in Scheme 2.

The analysis described above was derived from
qualitative examination of the peaks on the
respective rp-HPLC chromatograms of oxidized
PTH. Samples oxidized by AAPH and the Fenton
reaction was subjected to quantitative, residue-
specific analysis by tryptic peptide mapping and
LC/MS/MS characterization. According to the
relative quantification results obtained by inte-
grating the corresponding extracted ion chroma-
togram of mass signals, free Met alone suppressed
Met oxidation, and free Trp alone suppressed Trp
oxidation. The combination of Trp and Met

provided the most effective protection against
oxidation by AAPH or the Fenton reaction
(Figs. 11 and 12).

Other Free Radical Scavengers as Anti-Oxidants

Although free Trp as a formulation component is
an excellent and safe stabilizer, there may be
other candidates that function similarly. Review

Figure 11. Site-specific oxidation of PTH in 20 mM
ammonium acetate buffer at pH 5.0, by AAPH and the
protective roles of Trp and Met as compared with other
reagents. The identification of individual oxidized
Trp23, Met8, and Met18 residues was based on the
MS/MS fragmentation spectra of their corresponding
tryptic peptides. The relative oxidation level was quan-
tified according to the integrated extracted ion chroma-
tograms (EIC) in mass spectrometric analysis of
oxidized and nonoxidized peptides.

Figure 10. rp-HPLC chromatograms of PTH solution
in 20 mM ammonium acetate buffer at pH 5.0, oxidized
by AAPH, H2O2þ iron, or H2O2. The reaction was con-
ducted at 408C for 6 h. Samples were prepared either
with or without the addition of a combination of free Trp
and Met (both 2 mg/mL).

Figure 9. rp-HPLC chromatograms of PTH solution
in 20 mM ammonium acetate buffer at pH 5.0, oxidized
by AAPH, H2O2þ iron, or H2O2. The reaction was con-
ducted at 408C for 6 h. Samples were prepared either
with or without the addition of free Trp (2 mg/mL).
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articles by Wang and Kowal,56 Wang and Han-
son,50 and Nema et al.51 cite several anti-oxidants
used in market products. However, these agents
are unsuitable for protein formulation for the
following reasons: BHA and BHT are limited to
lipid- or surfactant-containing formulations; thio
compounds (thioglycerol, Cys, N-acetyl cysteine,
and glutathione) may cause disulfide exchange;
and reducing agents (sulfites) and ascorbic acid
have been shown to cause undesirable reactions

among protein residues. Families of vitamins and
amino acids that have been given to patients
intravenously as hyperalimentary solutions are
suitable candidates to screen.

Free His and Tyr were each added at a con-
centration of 2 mg/mL to PTH stressed with
AAPH. When comparing the Trp[O] peaks in rp-
HPLC analyses of PTH stressed with AAPH, the
formulation with added His or Tyr showed a slight
decrease in peak height as compared with the
formulation without added His or Tyr (data not
shown). His and Tyr both exhibited slight protec-
tion of the Trp residue in PTH. This result is in
agreement with the fact that His needs stronger
oxidizing conditions than Met or Trp.

Of the vitamins, because of the necessity of
water solubility in aqueous formulation, vitamin
Bs, and a water-soluble vitamin E (Trolox) were
tested. Trolox and pyridoxine (vitamin B6) showed
excellent protection of PTH against AAPH oxidi-
zation, as evidenced by rp-HPLC analyses in
which Trp[O] peaks were not present when
stabilizer containing PTH was stressed with
AAPH (data not shown). The free-radical-scaven-
ging efficacy of Trolox could be anticipated, as
the phenolic benzopyran moiety of tocopherol is
preserved in Trolox, and this moiety resembles the
well-known oil-soluble free-radical scavenger
BHA or BHT. Pyridoxine has not been referred
to as an antioxidant in the pharmaceutical
literature. It has been reported to protect red
blood cells from hemolysis induced by AAPH.57

According to the density functional theory calcu-
lation, the free-radical-scavenging property was
attributed to a hydrogen abstraction reaction,
where .H is removed from the CH2OH groups or
the ring-bound OH group in pyridoxine.58

The use of Trp and pyridoxine as free radical
scavengers is not limited to protein formulations.
Many small molecule drugs are susceptible to
free-radical-mediated degradation.46,53 Currently
there is no safe, effective, water-soluble free-
radical scavenger that can be used as an excipient
in a parenteral formulation. The utility of Trp
and pyridoxine as stabilizers should be further
explored in various dosage forms with drug
candidates that are susceptible to free-radical
degradation.

CONCLUSIONS

To our knowledge, this is the first report of a study
comparing the degree of oxidation among vulner-

Figure 13. Site-specific oxidation of PTH in 20 mM
ammonium acetate buffer at pH 5.0, by H2O2 and the
protective roles of Trp and Met as compared with other
reagents. The identification of individual oxidized
Trp23, Met8, and Met18 residues was based on the
MS/MS fragmentation spectra of their corresponding
tryptic peptides. The relative oxidation level was quan-
tified according to the integrated extracted ion chroma-
tograms (EIC) in mass spectrometric analysis of
oxidized and nonoxidized peptides.

Figure 12. Site-specific oxidation of PTH in 20 mM
ammonium acetate buffer at pH 5.0, by H2O2/Fe (II) and
the protective roles of Trp and Met as compared with
other reagents. The identification of individual oxidized
Trp23, Met8, and Met18 residues was based on the MS/
MS fragmentation spectra of their corresponding tryp-
tic peptides. The relative oxidation level was quantified
according to the integrated extracted ion chromato-
grams (EIC) in mass spectrometric analysis of oxidized
and nonoxidized peptides.
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able residues such as Met, Trp, His, and Phe on a
single protein by various oxidants such as H2O2

and t-BHP in the absence or presence of transition
metals (Fe(II), Fe(III), and Cu(II)) and the free-
radical generator AAPH. In brief, Met is the most
readily oxidized of the residues evaluated. Trp
cannot be oxidized by H2O2 or t-BHP alone; a
transition metal is required as a catalyst to
generate free radical to oxidize Trp. The oxidation
of His requires the presence of copper. The
hydroxylation of Phe, in relatively small amounts,
occurs only when highly reactive hydroxyl free
radical is generated.

In this report, AAPH is demonstrated to be a
predictive and reliable model reagent that can
oxidize, without the complication of metal cata-
lysis, the Trp residues in a protein. AAPH reliably
causes Trp oxidation when the proper oxidant-to-
protein ratio is used. It is prudent to use H2O2,
H2O2þ iron, and AAPH (Scheme 2) together to
screen stabilizers against the oxidation of Met and
Trp residues.

The addition of free Met and Trp can effectively
curtail the oxidation of Met and Trp residues,
respectively. It was surprising to observe that
pyridoxine and Trolox, when added to the study
formulations effectively blocked the oxidation of
the Trp residue in PTH. It is apparent that Met
and Trp are being oxidized by two separate
mechanisms. Met is oxidized by H2O2 through a
nucleophilic reaction, whereas Trp is oxidized by a
free-radical mechanism. If authentic samples
with oxidation only on Met or Trp residues are
needed for analytical method development, free
Met may be added to generate Trp[O] species, and
free Trp may be added to generate Met[O] species.

To ensure that all vulnerable amino acid
residues such as Met, Trp, and possibly His are
protected, a combination of Met and a free-radical
scavenger such as Trp, pyridoxine, or Trolox,
may be considered. The amount of antioxidants
required for any given product depends on the
potential amount of oxidant that protein product
may encounter during its manufacturing and
storage.
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6. Zhao F, Ghezzo-Schöneich E, Aced GI, Hong J,
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1995. Aggregation and precipitation of human
relaxin induced by metal-catalyzed oxidation. Bio-
chemistry 34:5762–5772.

14. Li SH, Patapoff TW, Nguyen TH, Borchardt RT.
1996. Inhibitory effect of sugars and polyols on the
metal-catalyzed oxidation of human relaxin.
J Pharm Sci 85:868–872.
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a  b  s  t  r a  c t

To  evaluate  the  biophysical  stability  of protein  against  oxidative stress,  hydrogen peroxide  (H2O2)  was
used  to induce non-site-specific  protein  oxidation. Various biophysical  methods were  utilized  including
RP-HPLC,  DSC,  DLS, and  CD.  Lysozyme  was chosen as  a model  protein and  three different  antioxidants
(ascorbic  acid,  N-acetyl-l-cysteine,  and l-methionine)  were  selected  to observe  their  effect.  Significant
increase  in hydrodynamic  size,  decrease  in �-helix propensity, and  increase in �-sheet content  evident
with  increasing  H2O2 concentration  and  temperature  suggested  methionine  residues as  the  most  proba-
ble  site of oxidation.  Among  the  three  anti-oxidants,  methionine  proved  superior  in  suppressing  protein
oxidation  with  its increasing concentration.  Methionine  reacted  with  H2O2 to  form  methionine  sulfoxide,
which  aided in decreasing  the  oxidant  concentration  to react  with  the  protein.  The  hydrodynamic  size
of  methionine  containing  protein  was retained  when incubated at  40 ◦C  after 14  days  with  unchanged
transition  temperature  (Tm).  In  contrast,  RP-HPLC  revealed  oxidation  alterations  when  the  same samples
were  stored  at 40 ◦C,  highlighting the  significant impact  of temperature  on  kinetics.  N-acetyl-l-cysteine
and  ascorbic acid  were relatively  less protective.  Their  hydrodynamic  size  was increased with  decreas-
ing  Tm compared  to  the  reference.  In  summary, methionine  was a superior  antioxidant,  implicating  a
promising  component  in the  protein  formulation  for suppressing  oxidation.

© 2015  Elsevier  B.V.  All rights  reserved.

1. Introduction

Therapeutic proteins are highly specific and efficacious in many
diseases. Protein-based drug development have increased the
demand for more stable protein formulations; unlike low molecu-
lar weight drugs, the physicochemical properties of proteins can
render them physically and chemically instable [1–3]. Physical
instability involves the change in the physical state of proteins, such
as denaturation, aggregation, precipitation, and adsorption. Chemi-
cal instability includes processes that form or  break covalent bonds
resulting in new chemical entities with different physicochemical
properties. Common chemical degradations may  include oxidation,
deamidation, racemization, and hydrolysis [4].

Oxidation is a  major chemical degradation pathway of amino
acid residues in protein pharmaceuticals [5]; mechanisms of oxi-
dation include photo-oxidation, free radical cascade oxidation, and
metal-catalyzed oxidation [4,6]. Amino acids, such as histidine

∗ Corresponding author at: College of Pharmacy, Dongguk University-Seoul,
Goyang,  Gyeonggi 410-820, Republic of Korea.

E-mail address: shjeong@dongguk.edu (S.H. Jeong).

(His), methionine (Met), cysteine (Cys), tyrosine (Tyr), and tryp-
tophan (Trp), are typically susceptible amino acids for oxidation
by reactive oxygen species (ROS) [4–6]. Oxidation at these sites
may occur during production, purification, formulation, and stor-
age [7–9]. Protein oxidation can be site-specific or non-site specific.
Site-specific oxidation involves metal catalyzed reactions. Non-site
specific oxidation involves light or presence of any oxidants in the
protein formulations [4]. Oxidation in protein formulation should
be minimized by adequate processes with stable formulations.
Hence, excipients to  stabilize the protein need to  be investigated
systematically.

Different types of excipients have been used to  improve the
physical stability of protein pharmaceutical formulations. Excip-
ients like polysorbate 20 and 80,  which have been used in
formulations to reduce the loss of proteins due to adsorption and
interface induced adsorption, are potent oxidants [10]. Polysorbate
degrades over time in aqueous solution by hydrolysis and auto-
oxidation [11]. Hydrogen peroxide (H2O2) is a  predominant (up to
75%) oxidant in aged polysorbates [12,13].

Protein structure is  a crucial factor affecting immunogenicity
[14]. A small change may  induce a  significant change in  the phys-
ical and chemical properties of the protein. Oxidation may  lead to

http://dx.doi.org/10.1016/j.ijbiomac.2015.10.048
0141-8130/© 2015 Elsevier B.V. All rights reserved.
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protein misfolding, which might have a great influence in  the over-
all stability of the formulation and in immunogenicity [15,16].
Strategies with regard to  stable formulation development may  need
to be adopted during various development processes.

Various techniques have been applied to  prevent the oxida-
tion in  formulations. Use of antioxidants can be a  fast and efficient
means to  achieve sufficient stability. Antioxidants may  be a  chelat-
ing agent that binds to metal ions that catalyze oxidation, a  reducing
agent that reduces an oxidized drug, an oxygen scavenger, or a
chain terminator [17,18]. The efficacy of these antioxidants in for-
mulations varies with different factors including pH, presence or
absence of metal ions, and light [18,19]. Some antioxidants, such as
ascorbic acid and N-acetyl-l-cysteine, tend to act as both an oxidant
and pro-oxidant [18,20,21].

In  this study, chicken egg white lysozyme was chosen as a model
protein to evaluate its sensitivity to  oxidative stress and evalu-
ate the efficacy of typical antioxidants. Lysozyme is a  single chain
polypeptide of 129 amino acids cross-linked with four disulfide
bridges [21]. It  has been used in pharmaceutical and food prod-
ucts, and has been used as a model protein [1,22]. H2O2 was used
to induce non-site specific oxidation in  proteins. The antioxidants
chosen for this study were ascorbic acid, N-acetyl-l-cysteine, and l-
methionine. Biophysical methods of examination were differential
scanning calorimetry (DSC), reverse-phase high performance liquid
chromatography (RP-HPLC), circular dichroism (CD), and dynamic
light scattering (DLS). Thermodynamic properties of the protein
were investigated by DSC for the conformational stability and fold-
ing of biomolecules with their transition temperature (Tm). Thermal
stress as proteins are exposed to high temperature can affect the
conformational stability and diminish protein efficacy. CD was uti-
lized to evaluate the secondary structure of the protein.

2.  Material and methods

2.1.  Materials

Chicken egg white lysozyme (3× crystallized; molecular weight
14.3 kDa) was purchased from Sigma–Aldrich (St. Louis, MO,  USA)
and used as received without further purification. l-methionine,
sodium phosphate monobasic dihydrate, and sodium Phosphate
dibasic dihydrate were also purchased from Sigma–Aldrich. N-
acetyl-l-cysteine was purchased from Daejung Chemicals & Metals
(Gyeonggi-do, South Korea). l-(+)-ascorbic acid and 30% (w/w)
H2O2 were purchased from Junsei Chemical (Tokyo, Japan). All
other reagents were of analytical grade and were used as received.

2.2. Sample preparation

2.2.1.  Oxidative degradation
Lysozyme  was dissolved in 10 mM sodium phosphate buffer

(pH 6.2) with the protein concentration adjusted to 10 mg/mL.
Lysozyme solutions with 0.15%, 0.30%, 1.0%, 2.0%, and 3.0% (w/w)
H2O2 were also prepared and incubated at 4 ◦C, 25 ◦C, and 40 ◦C.
The protein samples were taken at predetermined time intervals
for further analysis.

2.2.2.  Effect of antioxidants on oxidative degradation
Lysozyme solution (10 mg/mL) in 10 mM sodium phosphate

buffer (pH 6.2) was prepared and the solutions of antioxidants
(10 mM and 100 mM N-acetyl-l-cysteine, l-methionine, and l-(+)-
ascorbic acid) were also prepared in the buffer. Samples were
dialyzed in antioxidant containing buffer for 24 h at 4 ◦C in a Cellu
Sep® F2 cellulose membrane having a molecular weight cut-off
of 6000–8000 Da (Membrane Filtration Products, Seguin, TX, USA).
Following the dialysis, 3.0% (w/w) H2O2 was added. All the prepared
samples were filtered through DISMIC®-13HP disposable syringe

filter  units with a pore size of 0.45 �m (Toyo Roshi Kaisha, Tokyo,
Japan) and incubated at 4 ◦C, 25 ◦C, and 40 ◦C.

2.3.  DLS

Particle size measurement was performed using a  Zetasizer
Nano ZS90 apparatus (Malvern Instruments, Worcestershire, UK).
The samples were equilibrated at a  measuring temperature of  25 ◦C.
Each sample of 1 mL  was analyzed for hydrodynamic radius in a
disposable sizing cuvette (Sarstedt, Numbrecht, Germany). All the
samples were measured for five times with fixed angle of  90◦. The
hydrodynamic size was calculated from the correlation function
using the auto-correlated function in Zetasizer software version
7.11 provided with the equipment (Malvern Instruments).

2.4.  DSC

Thermodynamic properties of the protein samples were eval-
uated using a  Microcal VP-DSC (Northampton, MA,  USA) having
0.51471 cm3 twin cells for the reference and sample solutions. Prior
to the DSC measurements, samples and references were degassed
under vacuum while being stirred. Respective buffer prepared for
the dialysis was  used as a  reference to obtain the baseline. Measure-
ments were repeated three times at a scanning rate of 1 ◦C/min from
25 ◦C to 90 ◦C for every sample. The final thermogram of  prepared
sample was obtained by subtracting the baseline from the sam-
ple thermogram. The obtained thermo compensation curves were
evaluated using the Microcal LLC DSC plug-in for the Origin 7.0
software package provided with the equipment. The results were
further processed to calculate transition melting point (Tm).

2.5. RP-HPLC

The  prepared samples were investigated using a  HPLC 1100 sys-
tem (Agilent, Santa Clara, CA, USA) with a diode array detector at
an UV wavelength of 280 nm.  A TSK-GEL Protein C4-300 3.5 �m
(4.6 mm × 150 mm)  column (TOSOH Bioscience, King of Prussia, PA,
USA) was  used as a  stationary phase and maintained at 40 ◦C.  Mobile
phase A  was composed of 95% H2O, 5% acetonitrile, and 0.1% tri-
fluoroacetic acid (TFA). Mobile phase B was composed of 5% H2O,
95% acetonitrile, and 0.1% TFA. The samples were analyzed with a
linear gradient of A:B of 85:15 to 45:55 for 30 min  at a  flow rate
of 0.75 mL/min. The injection volume was 10 �L. The relative per-
centage areas of the non-oxidized samples were calculated using
the following equation:

% Non-oxidized =
(

At

A0

)
× 100

where At is the area of non-oxidized lysozyme at time ‘t’ and A0 is
the total area of all the peaks at the same time. The percentage of
the peak area of non-oxidized lysozyme on day zero was considered
to be 100%.

2.6.  Far-UV CD

The  secondary structural contents of the prepared samples were
investigated by a Chirascan-plus spectrometer (Applied Photo-
physics, Surrey, UK) with a  peltier-type temperature controller
TC125 (Quantum Northwest, Spokane, WA,  USA). For the acceler-
ated stability studies by CD, all the samples were incubated at 55 ◦C
for 24 h. The samples were diluted to  0.5 mg/mL with the respec-
tive buffers before the analysis. The samples and the references
were degassed prior to the measurements. After the calibration to
remove the noise from the device itself, buffer was  scanned before
every sample measurement. Rectangular quartz cuvette with light
path lengths of 0.2 mm (Hellma Analytics, Müllheim, Germany)

Petição 870250042425, de 23/05/2025, pág. 136/232



194 S. Hada et al. /  International Journal of Biological Macromolecules 82 (2016) 192–200

was used for the scanning of CD spectra. Respective buffer of the
samples was used as a  reference to  obtain the baseline. After the
buffer scanning, the samples were scanned at 25 ◦C from 190 nm to
260 nm far-UV wavelength region with a resolution of 1 nm.  Every
scan is carried out three times. The temperature was  regulated by a
temperature controller (Quantum Northwest). Spectrums obtained
were processed to  obtain specific CD  spectra and secondary struc-
ture contents of the protein using a  Pro-Data viewer and CDNN
software provided with the equipment.

3. Results

3.1. Effect of oxidation on hydrodynamic size

DLS is  a powerful technique for the qualitative analysis of pro-
tein particle size in a  solution. It  measures the time-dependent
fluctuations in the scattering intensity that arise from particles
undergoing Brownian motion [23,24]. The technique was applied
in this study to analyze the aggregation and changes in  size of the
protein molecules along with the oxidative stress, and to assess the
prowess of the antioxidants in  minimizing the change. To evalu-
ate the influence of temperature on protein oxidation, the oxidized
samples were incubated at 4 ◦C, 25 ◦C, and 40 ◦C for up to 7 days.
All the measurements were carried out according to the volume of
distribution.

Table 1
Hydrodynamic size (diameter, nm)  of lysozyme with different concentrations of
H2O2 at days 0 and 7 after incubation at  4 ◦C, 25 ◦C, and 40 ◦C.a

Sample 0  day  7th day

4 ◦C 25 ◦C 40 ◦C

Control 2.47 ± 0.12 2.47 ± 0.04 2.47 ± 0.02 2.47 ± 0.06
0.15%  H2O2 2.46 ± 0.10 2.62 ± 0.06 2.74 ± 0.05 2.56 ± 0.04
0.30%  H2O2 2.53 ± 0.07 2.63 ± 0.05 2.52 ± 0.01 2.67 ± 0.02
1.00%  H2O2 2.53 ± 0.07 2.58 ± 0.09 2.56 ± 0.17 2.59 ± 0.02
2.00%  H2O2 2.50 ± 0.08 2.52 ± 0.07 2.54 ± 0.07 2.80 ± 0.12
3.00%  H2O2 2.47 ± 0.11 2.29 ± 0.10 2.68 ± 0.06 3.02 ± 0.03

a All  values are expressed as mean ± SD (n  =  5).

The hydrodynamic size of the control was constant as 2.47 nm
throughout the experiment irrespective of temperature (Table 1,
Fig. 1a). However, the monomer size increased depending on the
concentration of H2O2 and storage temperature, indicating the
effects of oxidation and temperature on the hydrodynamic size of
protein. The size increased from 2.50 nm to  2.80 nm on day 7  in
the sample with 2.0% H2O2 and from 2.47 nm to 3.02 nm in sample
with 3.0% H2O2 after incubation at 40 ◦C for 7 days (Table 1). The
percentage of monomer was decreased up to  99.61% in the sam-
ple with 3% of H2O2 at 40 ◦C. The overall data on the changes in
the hydrodynamic size are  summarized in  Table 1. These results
suggest that along with the chemical changes that occur during

Fig. 1. Hydrodynamic size of lysozyme (distributed by volume) incubated at  40 ◦C for 14 days: (a) control, (b) oxidized lysozyme, and (c) oxidized lysozyme with 100 mM of
methionine.
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Table  2
Hydrodynamic size (diameter, nm)  of lysozyme in presence of different antioxidants on  days 0 and 14 after incubation at 4 ◦C, 25 ◦C, and 40 ◦C.a

Sample 0 day 14th day

4 ◦C 25 ◦C 40 ◦C

Control 2.56 ± 0.04 2.53 ± 0.05 2.55 ± 0.06 2.61 ±  0.04
Lysozyme  + H2O2 2.44 ± 0.10 2.53 ± 0.10 2.72 ± 0.05 4.56 ±  0.15
10  mM methionine 2.61 ± 0.03 2.64 ± 0.05 2.75 ± 0.02 3.87 ±  0.20
100  mM methionine 2.60 ± 0.04 2.47 ± 0.13 2.86 ± 0.21 2.81 ±  0.24
10  mM N-acetyl-l-cysteine 2.52 ± 0.04 2.62 ± 0.21 3.04 ± 0.05 4.20 ±  0.14
100  mM N-acetyl-l-cysteine 2.73 ± 0.06 3.02 ± 0.03 4.72 ± 0.05 4.56 ±  0.04
10  mM ascorbic acid 2.81 ± 0.11 2.79 ± 0.15 2.95 ± 0.14 4.06 ±  0.18
100  mM ascorbic acid 3.91 ± 0.34 4.31 ± 0.16 4.55 ± 0.34 4.03 ±  0.20

a All values are expressed as mean ± SD (n  =  5).

Fig. 2. (a) Typical DSC thermogram of control sample showing two domains, (b)  DSC thermogram of oxidized lysozyme, and (c) DSC thermogram of oxidized lysozyme with
100  mM of methionine. *Midpoint unfolding transition at temperature of maximum heat flux.

oxidation, physical modification also follows in the protein
molecules that manifested through the change in the hydro-
dynamic size. After the analysis on the effects of oxidation,
antioxidants were added in  two different concentrations to  eval-
uate their efficacy.

Table  2 summarizes the hydrodynamic size of the protein in the
presence of H2O2 and different antioxidants. Initially, the size of the
control was 2.56 nm.  The size gradually increased to 2.61 nm by day
14 when incubated at 40 ◦C. The size of monomer in the samples
was retained when stored at 4 ◦C until day 14, except for the sam-
ples with 100 mM  N-acetyl-l-cysteine and ascorbic acid (3.02 nm
and 4.31 nm,  respectively; Table 2). As the storage temperature
was increased the size  also increased. The size of the protein was
2.47 nm,  2.86 nm,  and 2.81 nm after incubation at 4 ◦C, 25 ◦C, and
40 ◦C, respectively on day 14 in samples with 100 mM  methionine.
This showed that there was little or no change in the monomer size
in samples with methionine even at high temperature. However,
aggregation was noticed on day 14 in  the same samples and the per-
centage of the monomer was also 97.12% after incubation at 40 ◦C
(Fig. 1). Of the three antioxidants, methionine was more efficient
in conserving the hydrodynamic size of the protein in solution.

3.2.  Thermodynamic analysis by DSC

DSC determines the temperature and heat flow of biomolecules
associated with material transitions as a  function of time and tem-
perature. It  is capable of elucidating the factors that contribute
to the folding and stability of biomolecules [25,26]. Three differ-
ent aspects were considered: midpoint unfolding temperature at
the temperature of maximum heat flux (Tm), calorimetric enthalpy
(�H), and van’t Hoff enthalpy (�Hv) to determine the thermal sta-
bility of the protein.

Fig.  2a  shows a  typical DSC thermogram of lysozyme. Follow-
ing the curve fitting deconvolution, the thermogram revealed two

domains. This result is  consistent with the previous work where
the thermodynamic analysis of lysozyme revealed two distinct
domains upon the curve fitting deconvolution [27]. These two
domains might indicate that there are two  different regions in
the protein structure having different sensitivity to the tempera-
ture, revealing two unfolding steps during the thermal degradation
process. Upon the oxidative stress, the two  domains separated sig-
nificantly with decreasing Tm (Fig. 2b). In the sample with 100 mM
of methionine, although the domains seemed to be separated more
than the control, the peak shapes were broader and shifted to  higher
Tm than that without any antioxidant, suggesting a  slower ther-
mal degradation (Fig. 2c). On  the other hand, samples containing
N-acetyl-l-cysteine and ascorbic acid showed largely exothermic
peak (data not  shown) with decreasing Tm than those with methi-
onine.

Tm is  the temperature at which 50% of the protein has native
conformation and 50% is denatured. Higher values of  Tm indi-
cate greater stability of proteins against thermal degradation [25].
The Tm of control was 76.77 ◦C which decreased to 73.92 ◦C  with
oxidative stress. Samples containing 100 mM methionine exhibited
significant increase in  Tm up to 76.65 ◦C, suggesting an increase in
stability against the thermal unfolding of the protein. However, N-
acetyl-l-cysteine and ascorbic acid decreased the Tm of the protein.

The ratio of van’t Hoff enthalpy (�Hv) and calorimetric enthalpy
(�H) can indicate whether the denaturation involves two state
or non-two transition state [25,28]. �Hv/�H was more than
one, indicating that the denaturation process involved signif-
icant intermediate states. The �H and �Hv of control was
8.01 ×  104 cal/mol and 1.25 ×  105 cal/mol, respectively. Along with
the oxidative stress, �H and �Hv decreased to 5.77 × 104 cal/mol
and 1.11 × 105 cal/mol, respectively. However, methionine showed
an increase in both �H and �Hv as 7.35 × 104 cal/mol and
1.15 ×  105 cal/mol, respectively. Samples containing N-acetyl-l-
cysteine and ascorbic acid showed a sharp decrease in  enthalpy
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Table 3
Midpoint transition temperature (Tm),  calorimetric enthalpy (�H), and van’t Hoff enthalpy (�Hv) at  maximum heat flux of lysozyme in presence of antioxidants.a

Samples Tm (◦C) �H (×104 cal/mol) �Hv (×105 cal/mol)

Control 76.77 ± 0.02 8.01 ± 0.5 1.25 ± 0.1
Lysozyme +  H2O2 73.92 ± 0.08 5.77 ± 0.7 1.11  ± 0.5
10 mM  methionine 74.16 ± 0.06 7.24 ± 0.2 1.20 ± 0.9
100 mM methionine 76.65 ± 0.03 7.35 ± 0.1 1.15 ± 0.2
10 mM  N-acetyl-l-cysteine 70.29 ± 0.02 3.79 ± 0.2 1.01 ± 0.1
100 mM N-acetyl-l-cysteine 60.40 ± 0.01 2.41 ± 0.1 1.07 ± 0.8
10  mM  ascorbic acid 59.62 ± 0.04 1.92 ± 0.1 0.91 ± 0.2
100 mM ascorbic acid NAb NA NA

a All values are expressed as mean ± SD (n = 3).
b Not available.
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Fig. 3. CD spectra of oxidized lysozyme obtained after the incubation at  55 ◦C for
24 h. The depth of the peaks decreased at  208 nm and 222 nm as the concentration
of  H2O2 increased.

compared to methionine. The overall DSC data is summarized in
Table 3. Tm,  �H, and �Hv results suggested the superiority of
methionine compared to  the other two antioxidants.

3.3. Changes in secondary structure with CD

DLS and DSC revealed that the conformational stability of the
protein decreased due to the oxidative stress at high thermal
conditions, which might also involve a  side-by-side influence in
the structural stability of the proteins. CD is  a good tool for the
quantification of protein secondary structure [29,30]. CD was  used
presently to analyze the correlation between the chemical and
structural instability of protein molecules, and to assess if antioxi-
dants could enhance the stability.

Fig. 3 shows the CD spectra of lysozyme (190–260 nm)  with dif-
ferent concentrations of H2O2.  A positive band near 193 nm and
two negative bands near 208 nm and 222 nm wavelengths were
observed in the control sample, indicating �-helix as a  dominant
structure. As the concentration of H2O2 increased, the depth of the
two negative bands decreased, indicating decreased propensity of
the �-helix. The relative percentages of all the secondary structures

changed  throughout the experiment (Table 4). However, significant
variations were seen on the percentages of �-helix and antiparallel
�-sheet with the addition of H2O2. Following the incubation, the
control sample had 24.83% �-helix and 15.11% antiparallel �-sheet
contents. As the concentration of the H2O2 increased the percent-
age of �-helix decreased and antiparallel �-sheet increased. The
percentage changed to  18.14% and 19.20%, respectively, with the
addition of 3.0% H2O2.  The result indicated the presence of  two
factors governing the change in secondary structural content of
proteins: temperature and presence of an oxidant. The overall per-
centage of all the secondary structures is summarized in Table 4.
The percentage of �-helix and antiparallel �-sheet was plotted in
the graph against the concentration of H2O2 (Fig. 4a) and clearly
demonstrated a decrease in the propensity of �-helix and increase
in antiparallel �-sheet of the protein with sharp changes at high
concentrations of 2.0% and 3.0% H2O2.

Methionine was screened to investigate its efficacy in mini-
mizing the changes in the secondary structures. The results were
consistent with the DLS and DSC. After incubation at 55 ◦C, con-
trol sample had 24.83% and 15.11% of �-helix and antiparallel
�-sheet, respectively. This percentage changed to  18.14% and
19.20%, respectively, with oxidative stress. However, the percent-
age of �-helix and antiparallel �-sheet was  22.84% and 17.25%,
respectively, in  samples containing 100 mM methionine. Thus,
methionine might have decreased the contact between the pro-
tein and H2O2, suppressing the change. The overall percentage of
the secondary structures in the presence of methionine has been
summarized in  Table 5. Fig. 4b shows the change in the percent-
age of �-helix and antiparallel �-sheet of samples in the presence
of different concentration of methionine. The graph shows that the
percentage of �-helix increased and antiparallel �-sheet decreased
with the increasing concentration of methionine, showing its effi-
cacy in  protecting against oxidation with increasing concentration.
Hence, along with its role in increasing the conformational stability
of protein, methionine also has a  significant role in increasing the
structural stability of the protein during the oxidative degradation.

3.4. Oxidative degradation and effects of antioxidants by RP-HPLC

The qualitative study on the stability of the protein molecule
under the oxidative stress was performed using DLS and DSC.

Table 4
Percentage of secondary structures of lysozyme in presence of different concentrations of H2O2.

Samples Control H2O2

0.15% 0.30% 1.00% 2.00% 3.00%

�-Helix 24.83 25.56 24.08  22.92 21.55 18.14
Antiparallel  �-sheet 15.11 16.16 16.86 16.86 17.91 19.20
Parallel  �-sheet 9.72 9.50 9.73 10.04 10.17 10.88
�-Turn  17.90 18.32 18.21 18.09 18.00 17.61
Random  coil 32.34 30.56 31.12 32.20 32.37 34.16

Total  100.00 100.00 100.00  100.00 100.00 100.00
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Table  5
Percentage of secondary structures of lysozyme in presence of different concentration of methionine.

Samples Control Lysozyme +  H2O2 10 mM methionine 50 mM methionine 100 mM methionine

�-Helix 24.83 18.14 19.26 22.75 22.84
Antiparallel  �-sheet 15.11  19.20 20.16  17.54 17.25
Parallel  �-sheet 9.72 10.88 10.45  9.95 9.95
�-Turn  17.90 17.61 18.07 18.20 18.10
Random  Coil 32.34 34.16 32.06 31.66 31.85

Total  100.00  100.00 100.00 100.00 100.00
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Fig. 4. Changes in the secondary structural content in (a)  oxidized lysozyme and (b)
oxidized lysozyme in presence of different concentration of methionine incubated
at  55 ◦C  for 24 h.

For further quantification of the degradation kinetics, the pro-
tein solution was incubated at 4 ◦C, 25 ◦C, and 40 ◦C and analyzed
through RP-HPLC at different times. Fig. 5 shows the RP-HPLC
chromatograms of non-oxidized and oxidized lysozyme after the
incubation at 4 ◦C for 7 days. Control chromatogram showed two
distinct peaks: a  small peak (Peak 1)  at around 18.2 min  reten-
tion time and a  large peak (Peak 2) at around 18.9 min. These two
peaks represent different domains of the protein with different
hydrophilicity. Peak 1 seemed to increase even in control as the
storage temperature and time increased. Therefore, peak 1 might
represent a misfolded hydrophobic domain of the protein formed
due to  the thermal degradation. These two hydrophobic domains
may  be correlated with the two thermal domains of lysozyme
in the DSC thermogram. Further study is needed to  discern the
correlation of the domains. Moreover, in  the oxidative stress con-
dition, two peaks (peak 3 and peak 4) appeared in  front of peak
1 and peak 2 (Fig. 5). Since the addition of oxygen in the proteins
resulted in more polar compounds, the oxidized peaks appeared
prior to the non-oxidized peak. As the concentration of H2O2 was
increased, the area of peaks 3 and 4 increased, and the area of peaks

Fig. 5. RP-HPLC chromatogram of lysozyme (control and oxidized) obtained after
incubation at 4 ◦C  for 7  days. Two new oxidized peaks (peaks 3 and 4)  appeared in
front of the respective non-oxidized lysozyme peaks (peaks 1 and 2) that increased
with  the concentration of H2O2.

1 and 2 decreased. This supports the view that peaks 3 and 4 are
due to oxidized lysozyme.

Fig.  6 shows the graphs between ln(Ct/C0)  vs.  time. The degra-
dation kinetics at 4 ◦C (Fig. 6a) and 25 ◦C (Fig. 6b) showed good
linearity (R2 > 0.99), indicating first-order kinetics. This result was
consistent with the previous studies [31,32]. Conversely, the degra-
dation kinetics at 40 ◦C did not  show good linearity (R2 < 0.99;
Fig. 6c), perhaps due to physical degradation of the protein along
with chemical degradation at high temperature. However, the rate
constants were calculated assuming that no physical degradation
occurred and the order of all the reactions was considered as first-
order. The rate constant was obtained using the following rate
equation for the first-order reaction:

ln  [Ct]  = −kt +  ln [C0]

where C0 and Ct stand for the initial concentration and concentra-
tion of the protein at time ‘t’, respectively, ‘k’ is  the rate constant,
and ‘t’ is  the time of reaction.

The  rate constant increased with the increasing concentra-
tion of H2O2 and temperature. Initially, the rate constant of
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degradation kinetics at (a) 4 ◦C, (b) 25 ◦C,  and (c) 40 ◦C. ( ), ( ) and (  )  repre-
sent  samples containing 0.15%, 1.0%, and 3.0% H2O2, respectively. The rate constants
were  calculated according to  the first order rate equation.

reaction involving 0.15% of H2O2 was 0.0953 M−1 h−1 at 4 ◦C, which
increased to  0.3062 M−1 h−1 and 1.2875 M−1 h−1 at 25 ◦C and 40 ◦C,
respectively. The rate constant of reactions in the presence of 3.0%
H2O2 was 2.0972 M−1 h−1, 13.1212 M−1 h−1, and 61.194 M−1 h−1

at 4 ◦C, 25 ◦C, and 40 ◦C, respectively. This clearly showed that oxi-
dation kinetics were significantly impacted by the high thermal
environment.

Fig. 7 shows the effects of various antioxidants on the oxidative
degradation of the protein in different temperatures. Similar to the
results of DLS, DSC, and CD, methionine was significantly protective
in the oxidation of the protein with its increasing concentration.
When stored at 4 ◦C, samples with 100 mM  and 10 mM methio-
nine retained 91.49% and 82.02% non-oxidized lysozyme on day
14, respectively. On the other hand, 73.76% non-oxidized lysozyme
was retained in the sample without any antioxidants. However,
degradation at 40 ◦C was so pronounced that all the samples were
degraded by  day 10 of incubation (Fig. 6c). N-acetyl-l-cysteine
and ascorbic acid exhibited relatively less protecting role than
methionine.

Fig. 7. Plots of percentage of non-oxidized lysozyme vs. days, showing the pro-
tecting  role of methionine in presence of H2O2.  The samples were incubated at (a)
4 ◦C, (b) 25 ◦C, and (c) 40 ◦C. The  representation of symbols are: (  ) Control, (  )
lysozyme  + H2O2, ( ) 10 mM methionine, ( ) 100 mM methionine, ( ) 10 mM
N-acetyl-l-cysteine, (  ) 100 mM N-acetyl-l-cysteine, (  )  10 mM ascorbic acid and
( ) 100 mM ascorbic acid.

4. Discussion

Biophysical methods and chromatography were utilized
together to evaluate protein stability as exposed to oxidative stress
depending on temperature. DLS, DSC, CD, and RP-HPLC were used
to investigate the protein stability with or without antioxidants.
DLS is based on the magnitude of random or Brownian move-
ment of particles as a result of small fluctuations in the bulk
solution and here it was used to evaluate the oxidation on the
protein hydrodynamic size [33]. Increased hydrodynamic size was
evident as the concentration of H2O2 and storage temperature
increased (Table 1). The result might indicate physical change along
with the chemical change in the protein molecules. This outcome
may also suggest that the most likely site of oxidation is methio-
nine. Methionine residues in proteins can be readily oxidized by
a wide range of oxidants including H2O2 to  produce methionine
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sulfoxide [7,32,34,35]. If partially or fully buried methionine is oxi-
dized then the hydrophobic interactions may  be disrupted by a local
increase in hydrophilicity. This may  cause the hydrophobic portions
to unfold or loosen [36,37], which could increase hydrodynamic
size, as seen in  the results, indicating the most probable site of oxi-
dation as methionine residues. The hydrodynamic size of samples
with N-acetyl-l-cysteine and ascorbic acid was also increased as the
both accelerated the rate of oxidation. On the other hand, the size of
samples with 100 mM  methionine remained nearly constant even
on day 14. As methionine acted as an effective antioxidant through
conversion to methionine sulfoxide, it decreased the concentration
of H2O2 for the oxidization of methionine residues in  protein. Con-
sequently, oxidation of the methionine residue was suppressed and
the hydrodynamic size of the monomer was retained in samples
with methionine.

DSC  was used to  investigate the effects of oxidative stress on
the conformational stability of protein. Native lysozyme showed
two domains after the deconvolution, which separated significantly
with thermal stress. This may  suggest the presence of the two
domains each having a  different sensitivity to the thermal stress.
The oxidative stress shifted both of the domains to a  lower unfold-
ing transition temperature. In the presence of oxidative stress,
methionine residues are oxidized to  methionine sulfoxide which
increases its polarity and susceptibility toward thermal degra-
dation [38]. This may  support the thermal destabilization in the
presence of an oxidant. Three different antioxidants were evalu-
ated with DSC to see if they influenced the Tm.  Samples containing
methionine showed a significant increase in  Tm with increasing
concentration as compared to the samples containing N-acetyl-l-
cysteine and ascorbic acid. As the Tm increased, the stability against
the thermal unfolding increased, indicating a  substantial protective
behavior of methionine against oxidation.

CD revealed significant changes, particularly in the percentage
of �-helix and antiparallel �-sheets. The percentage of �-helix
decreased and �-sheet increased with the increasing oxidative
stress. Along with the DLS and DSC findings, this change in
secondary structure also indicates methionine oxidation. As methi-
onine residues oxidize to form more hydrophilic methionine
sulfoxide, �-helix is  destabilized because of its higher preference
for �-sheets [39], decreasing the content of �-helix. On the other
hand, methionine addition minimized the decrease in  �-helix and
increase in �-sheet.

DSC,  DLS, and CD  results were consistent with RP-HPLC find-
ings. The oxidation reaction of the protein followed the first-order
reaction at 4 ◦C and 25 ◦C. However, due to the involvement of high
thermal degradation along with the chemical degradation at 40 ◦C,
the reaction seemed to  deviate from first-order kinetics. Nonethe-
less, supposing that there was no physical degradation, the kinetic
rate constant was calculated based on the first-order rate law. The
rate constant increased with increasing concentration of H2O2 and
temperature. This also supports the DSC results that the oxidation
degradation kinetic also depends on the temperature at which the
reaction takes place.

Methionine  aided in  retaining more percentage of non-oxidized
lysozyme in comparison to  samples without antioxidants. Sam-
ples containing N-acetyl-l-cysteine and ascorbic acid displayed
accelerated oxidation. Methionine as an antioxidant reacts with
molecular oxygen that is  produced from the H2O2 and forms
methionine sulfoxide. This prevents the oxidant from reacting
with methionine or other amino acid residues in  the pro-
tein molecule. In addition, ascorbic acid and N-acetyl-l-cysteine
have a tendency to act both as an oxidant and a  pro-oxidant
[20,40,41], which may  be  a  reason behind their decreased effec-
tiveness in oxidation. Along with these outcomes, a  change
in color from colorless to  yellow was seen in the solution
with ascorbic acid and N-acetyl-l-cysteine. However, in  the

samples  containing methionine, any change in color was  not
observed.

5. Conclusions

Oxidative degradation is of greater concern in the formulation
development of protein therapeutics. In this study a  degradation
pattern was  deduced including the conformational and structural
stability during the oxidation of the protein through the analysis
from different biophysical methods. Increase in hydrodynamic size
and decrease in  �-helix in the secondary structure were evident
in the oxidized protein molecules. These changes implicate methi-
onine as the most probable site of oxidation in  lysozyme. Among
the three antioxidants used, methionine was the most efficient in
suppressing oxidation, suggesting amino acids as a promising com-
ponent in  the protein formulation. These results provide a basis
for further examination of activities of other amino acids such
as histidine and arginine for their application as an antioxidant.
Antioxidants need to be  carefully evaluated to  achieve the maxi-
mum stability of therapeutic proteins in  the development of protein
formulations.
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Av. Presidente Vargas, n° 446 – 13º andar  - 20.071 -001 -Rio de Janeiro /RJ  .  Brasil 
Tel.:+55 21 2223 1040 - Fax: +55 21 2253 8495 

E-mail: abia@abiaids.org.br  - Site: www.abiaids.org.br 

 
 

PROCURAÇÃO ad judicia 

 

ASSOCIAÇÃO BRASILEIRA INTERDISCIPLINAR DE AIDS, pessoa jurídica de 

direito privado, sem fins lucrativos, constituída na forma da lei, registrada no CNPJ 

sob o n° 29.263.068/0001-45, com sede na Avenida Presidente Vargas, n° 446, 

13° andar, Centro, Rio de Janeiro - RJ, CEP: 20071-907, na pessoa de seu 

representante nos termos de seu Estatuto Social, por seu Diretor Vice-presidente 

VERIANO DE SOUZA TERTO JÚNIOR, brasileiro, solteiro, psicólogo, RG n° 

06.677.516-4 emitido pelo IFP/RJ, e inscrito no CPF n° 667.972.337-04, e por seu 

Coordenador de projetos JUAN CARLOS DE LA CONCEPCION RAXACH, 

cubano, naturalizado brasileiro, solteiro, médico, RG n° 32.847.134-7 emitido pelo 

DETRAN/RJ, e inscrito no CPF n° 052.549.417-07, vem pelo presente instrumento 

outorgar procuração ad judicia à advogada SUSANA RODRIGUES CAVALCANTI 

VAN DER PLOEG, inscrita no CPF 013.497.254-63 e na OAB/MG 181.599, com 

escritório na Avenida Presidente Vargas, 446, 13º andar, Centro - Rio de Janeiro - 

RJ, CEP 20071-907, concedendo-lhe poderes da cláusula ad judicia et extra, 

inclusive substabelecer com reserva de poderes, especificamente para 

apresentação de subsídio ao exame técnico e/ou processo administrativo de 

nulidade perante o INPI - Instituto Nacional da Propriedade Industrial relacionado à 

patente de invenção BR112019022972-8. 

 

 

Rio de Janeiro, 19 de maio de 2025. 

               

Veriano de Souza Terto Júnior                                  Juan Carlos de La Concepcion Raxach 

Diretor Vice-presidente da Abia                                      Coordenador de projetos 
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Rua Quinze de Novembro, 251 - 5º Andar - Centro
Tel.: (11) 37774040 - Email: contato@4rtd.com.br - Site: www.4rtd.com.br

REGISTRO CIVIL DE PESSOA JURÍDICA

Nº 705.961 de 26/10/2022

Certifico e dou fé que o documento em papel,  contendo 12 (doze) páginas,  foi  apresentado em 03/10/2022,  protocolado
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FEDERACAO NACIONAL DOS FARMACEUTICOS FENAFAR
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( ASSINADO ELETRONICAMENTE )
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Escrevente
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PROCURAÇÃO ad judicia 

 

Federação Nacional dos Farmacêuticos, pessoa jurídica de direito privado, sem 

fins lucrativos, constituída na forma da lei, registrada no CNPJ sob o n° 

00.679.357/0001-48, com sede na Rua Barão de Itapetininga, 255, 3 andar sala 

302, República, São Paulo, na pessoa de seu representante nos termos de seu 

Estatuto Social, por seu presidente, Fábio José Basílio, brasileiro, casado, 

Farmacêutico, RG n°3207835 emitido pelo SESP GO, e inscrito no CPF n° 

830.864.801-06, vem pelo presente instrumento outorgar procuração ad judicia à 

advogada SUSANA RODRIGUES CAVALCANTI VAN DER PLOEG, inscrita no 

CPF 013.497.254-63 e na OAB/MG 181.599, com escritório na Avenida 

Presidente Vargas, 446, 13º andar, Centro - Rio de Janeiro - RJ, CEP 20071-907, 

concedendo-lhe poderes da cláusula ad judicia et extra, inclusive substabelecer 

com reserva de poderes, especificamente para apresentação de subsídio ao 

exame técnico e/ou processo administrativo de nulidade perante o INPI - Instituto 

Nacional da Propriedade Industrial relacionado à patente de invenção 

BR112019022972-8. 

 

 

São Paulo, 12 de maio de 2025. 

 

 

 

_________________________ 

Fábio José Basílio 

Presidente da Federação Nacional dos Farmacêuticos 

 

 

 

FEDERACAO 
NACIONAL DOS 
FARMACEUTICOS
:00679357000148

Assinado de forma 
digital por FEDERACAO 
NACIONAL DOS 
FARMACEUTICOS:00679
357000148 
Dados: 2025.05.12 
17:59:19 -03'00'
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PROCURAÇÃO ad judicia 

 
 
 
Fórum Ong aids RS, pessoa jurídica de direito privado, sem fins lucrativos, 

constituída na forma da lei, registrada no CNPJ sob o n° 07.959.716/0001-60, com 

sede Rua Uruguai, 300/1º andar, Centro Histórico - CEP 90010-140, Porto 

Alegre/RS, na pessoa de sua Coordenadora Executiva, nos termos de seu Estatuto 

Social, Márcia de Avila Berni Leão, brasileira, solteira, maior, advogada, inscrita 

na OAB/RS 32459, RG 1044601753 – SSP/RS e CPF 549329630-68, vem pelo 

presente instrumento outorgar procuração ad judicia à advogada SUSANA 

RODRIGUES CAVALCANTI VAN DER PLOEG, inscrita no CPF 013.497.154-63 e 

na OAB/MG 181.599, com escritório na Avenida Presidente Vargas, 446, 13º andar, 

Centro - Rio de Janeiro - RJ, CEP 20071-907, concedendo-lhe poderes da cláusula 

ad judicia et extra, inclusive substabelecer com reserva de poderes, 

especificamente para apresentação de subsídio ao exame técnico e/ou processo 

administrativo de nulidade perante o INPI - Instituto Nacional da Propriedade 

Industrial relacionado à patente de invenção BR112019022972-8. 

 
 

Porto Alegre, 19 de maio de 2025. 
 
 
 

 
Márcia de Avila Berni Leão 

Fórum Ong aids RS 
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PROCURAÇÃO   ad judicia  

AGANI – ASSOCIAÇÃO DE GAYS E AMIGOS DE NOVA IGUAÇU, conhecida 
pelo  nome  fantasia  de  AGANIM-ASSOCIAÇÃO  DE  GAYS  E  AMIGOS  DE 
NOVA IGUAÇU, MESQUISTA E RIO DE JANEIRO, pessoa jurídica de direito 

privado, sem fins lucrativos, constituída na forma da lei, registrada no CNPJ sob o 

n°  00.790.968/0001-69,  com  sede  na  Rua  Marcial,  nº  42,  Bairro  Juscelino, 

Mesquita, RJ, na pessoa de seu representante nos termos de seu Estatuto Social,  

por seu Regina Célia de Oliveira Bueno, brasileira, advogada, solteira, Diretora 

Geral e de Articulação, inscrita na OAB/RJ sob o nº 156.275, e no CPF sob o nº 

510.502.267-04, vem pelo presente instrumento outorgar procuração ad judicia à 

advogada SUSANA RODRIGUES CAVALCANTI VAN DER PLOEG, inscrita no 

CPF  013.497.254-63  e  na  OAB/MG  181.599,  com  escritório  na  Avenida 

Presidente Vargas, 446, 13º andar, Centro - Rio de Janeiro - RJ, CEP 20071-907, 

concedendo-lhe poderes da cláusula  ad judicia et extra, inclusive substabelecer 

com  reserva  de  poderes,  especificamente para  apresentação  de  subsídio  ao 

exame técnico e/ou processo administrativo de nulidade perante o INPI - Instituto 

Nacional  da  Propriedade  Industrial  relacionado  à  patente  de  invenção 

BR112019022972-8.

Mesquita (RJ), 09 de maio de 2025.

REGINA CÉLIA DE OLIVEIRA BUENO

Diretora Geral e de Articulação
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