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RESUMO

A enoxaparina é uma molécula bioldgica efetiva para prevencéo e tratamento de distdrbios
da coagulacdo. No entanto, ela é pouco absorvida no trato gastrointestinal. Ela est& disponivel
apenas como solucéo aquosa parenteral (por via intravenosa ou subcutanea), o que limita sua
aplicabilidade clinica. Além disso, ela é inativada em meio &cido e apresenta baixa
permeabilidade através da parede intestinal devido ao seu alto peso molecular, sua
hidrofilicidade e sua alta carga negativa e, consequentemente, baixa biodisponibilidade oral.
O desenvolvimento de uma formulacdo oral efetiva de enoxaparina seria essencial para a
terapia anticoagulante prolongada em condi¢des cronicas, pois superaria 0s inconvenientes
das injecdes diarias (por exemplo, dor associada a agulha, infeccdes, hospitalizacdo,
hematomas etc.), reduzindo os efeitos colaterais e, assim, melhorando a adeséo do paciente
ao tratamento. O objetivo deste trabalho foi desenvolver e caracterizar sistemas de liberacdo
nanoparticulados destinados a administracdo oral de enoxaparina sodica. Desenvolvemos
nanoparticulas nucleo/coroa de quitosana revestidas com Eudragit® L100 para administracdo
oral de enoxaparina através de um método completamente ecoldgico sem empregar nenhuma
técnica de homogeneizacdo de alta energia e quaisquer solventes organicos. Nanocarreadores
esféricos foram preparados com sucesso, com tamanho de particula menor que 300 nm, indice
de polidispersdo em torno de 0,12 e potencial Zeta maior que +25 mV, eficiéncia de
encapsulacdo maior que 95% e comportamento de liberacdo in vitro que indica a boa
estabilidade coloidal e o sucesso do revestimento com Eudragit® L100, processo
demonstrado pela liberagdo cumulativa de enoxaparina insignificante (<10%) quando as
particulas sdo submetidas as condigdes de fluido gastrico simulado. Demonstramos que a
estrutura nucleo/coroa da particula influenciou o mecanismo de liberagdo do farmaco das
formulacbes, mais uma vez indicando a presenca do Eudragit® L100 na superficie das
particulas. E por fim, as nanoformulacdes se mostraram ndo-tdxicas (viabilidade celular >
90%) e com atividade anticoagulante consistente indicando que o farmaco permaneceu ativo
apOs os processos de nanoencapsulacdo e liberacdo. Esses resultados sugerem que a
abordagem de revestimento entérico e a nanotecnologia de liberagcdo de farmacos podem ser

exploradas com sucesso como ferramentas potenciais para a liberacdo oral de enoxaparina.

Palavras-chave: Biomacromoléculas; Sistemas de liberacdo de farmacos; Heparina de

baixo peso molecular; Nanoparticulas poliméricas; Atividade anticoagulante.



ABSTRACT

Enoxaparin is an effective biological molecule for prevention and treatment of
coagulation disorders. However, it is poorly absorbed in the gastrointestinal tract. Enox
is only available as parenteral aqueous solution (intravenously or subcutaneously) which
limit its clinical applicability. Moreover, Enox is inactivated in acidic medium and shows
poor permeation through the intestinal wall due to high molecular weight, hydrophilicity
and high negative charge and consequently, low oral bioavailability. The development of
an oral formulation of Enox would be essential for long anticoagulant therapy in chronic
conditions since it would overcome the inconveniences of the daily injections (e.g.
needle-associated pain, infections, hospitalization, hematomas, etc.), reducing side effects
and, thus, improving the patient adhesion to treatment. The aim of this study was to
develop and characterize nanoparticulate drug delivery systems for oral administration of
enoxaparin. we developed an Eudragit® L100 coated chitosan core shell nanoparticles
for enoxaparin oral delivery (Eud/CS/Enox NPs) through a completely eco-friendly
method without employing any high-energy homogenizer technique and any organic
solvents. Spherical nanocarriers were successfully prepared with particle size lower than
300 nm, polydispersity index about 0.12 and zeta potential higher than +25 mV,
entrapment efficiency greater than 95% and the in vitro release behavior confirms the
good colloidal stability and the successful Eudragit® L100 coating process demonstrated
by negligible cumulative enoxaparin release (<10%) when the particles are submitted to
simulated gastric fluid conditions. Finally, we demonstrated that the core-shell structure
of the particle influenced the drug release mechanism of the formulations, indicating the
presence of the Eudragit® L100 on the surface of the particles. Finally, Enox-loaded
nanoformulations showed to be safe (cell viability > 90%) and with consistent
anticoagulant activity indicating that the drug remained active after the nanoencapsulation
and release processes. These results suggested that enteric-coating approach and drug
delivery nanotechnology can be successfully explored as potential tools for oral delivery

of enoxaparin.

Keywords: Biomacromolecules; Drug delivery systems; Low-molecular weight heparin;

Polymeric nanoparticles; Anticoagulant activity.
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1 INTRODUCAO

O tromboembolismo venoso (TEV) é uma doenca na qual o sangue coagula
inadequadamente causando uma série de complicacdes potencialmente fatais (Beckman
et al., 2010). Aléem disso, € considerado uma das causas mais comuns de doencas
cardiovasculares e a causa mais evitdvel de morbidade e mortalidade em pacientes
hospitalizados (Parakh e Sabath, 2019).

Os anticoagulantes séo o principal tratamento para o manejo do TEV (Piran e Schulman,
2016). Entre os diferentes anticoagulantes disponiveis, as heparinas de baixo peso
molecular (HBPM) apresentam caracteristicas de seguranca e eficacia que as distinguem
dos demais anticoagulantes e, portanto, sdo consideradas farmacos de escolha para alguns
disturbios da coagulacdo, como tromboprofilaxia e tromboembolismo (Akhtar et al.,
2018).

Embora seja um grupo de farmacos amplamente utilizado, as HBPM estao disponiveis
clinicamente somente pela via parenteral, endovenosa ou subcutaneamente, o que traz
uma limitacéo terapéutica e uma baixa adesdo do paciente ao tratamento, principalmente
quando o tratamento precisa ser aplicado por longos periodos, como é em casos de
tratamentos profilaticos (Paliwal et al., 2012; Schluter e Lamprecht, 2014).

Portanto, o desenvolvimento de uma abordagem néo-invasiva para a administracdo de
HBPM é urgente e uma necessidade clinica que ainda ndo foi atendida (Motlekar e Youan,
2006), visto que neste momento que escrevo esse documento, ndo hd no mercado
formulacBes com essa caracteristica. Embora diversas rotas de administracdo como a
nasal, pulmonar, transdérmica e topica estdo sendo investigadas e foram reportadas na
literatura (Akhtar et al., 2018), a via oral é a rota de administragdo mais conveniente e
aceitdvel para a administracdo de farmacos uma vez que ela € indolor, de fécil
administracdo e custo-efetiva (Plapied et al., 2011; Das Kurmi et al., 2015).

Apesar de todas as caracteristicas que fazem da via oral, a via mais intensamente
explorada para a administracdo de farmacos, o trato gastrointestinal (TGI) € um ambiente
hostil para as HBPM uma vez que evolutivamente ele foi desenvolvido para quebrar
nutrientes e inativar patdgenos. Além de todas as caracteristicas fisico-quimicas
desfavoraveis a absorcdo oral (Fang e Tang, 2020), as HBPM séo afetadas igualmente
por todas as barreiras existentes no TGl e, portanto, a fragcdo que sobrevive apos todo esse
processo de degradacdo é insignificante (Moroz et al., 2016).
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Diversas estratégias podem ser adotadas para superar as barreiras fisico-quimicas e
bioldgicas a absorcdo oral das HBPM e melhorar a biodisponibilidade dessas
macromoléculas. Essas ferramentas tecnoldgicas atuam no aumento da lipofilicidade,
modificacdo das zonas de oclusdo, aumento da permeabilidade celular e protecdo contra
0 ataque acido e enzimatico do TGI (Neves et al., 2016; Fang e Tang, 2020).

Uma possivel absorcdo intestinal das HBPM s6 € possivel quando a estabilidade dessas
macromoléculas € garantida, uma vez que elas sdo instaveis em meio &cido (Fang e Tang,
2020). Dessa forma, a incorporacdo dessas macromoléculas em nanossistemas de
liberacdo de farmacos torna-se uma alternativa promissora para o0 aumento da
biodisponibilidade oral dessas macromoléculas através de diversas vantagens conferidas
por esses nanossistemas, como a protecdo do farmaco contra o ataque acido e enzimatico,
aumento da permeabilidade através da camada de muco e liberag&o sitio-especifica (Liu
etal., 2018).

Portanto, este trabalho propds um sistema de liberacdo nanoparticulado para a
administracdo oral de HBPM que seja capaz de promover uma melhora na
biodisponibilidade oral dessas macromoléculas através da superacdo das diversas

barreiras inerentes a administracdo oral dessas macromoléculas.
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2 REFERENCIAL TEORICO

2.1 Tromboembolismo venoso: algumas consideracoes.

O tromboembolismo venoso (TEV) é uma desordem multifatorial na qual forma-se uma
massa anormal, a partir de constituintes do sangue, no interior do sistema vascular
(Kesieme et al., 2011). O termo TEV abrange duas condicGes clinicas, ambas
potencialmente fatais: (1) quando a formacdo do coagulo ocorre no interior dos vasos
profundos do corpo, ele é denominado de trombose venosa profunda (TVP), responsavel
por 60 a 70% dos casos. No entanto, (2) quando o coagulo se desprende do seu local de
formacéo e alcanca as artérias pulmonares, denominamos de tromboembolismo pulmonar
(TEP), acometendo cerca de 30 a 40% dos pacientes (Beckman et al., 2010).

A patogénese do TEV pode ser explicada por trés fatores: estase venosa, lesdo vascular e
um estado de hipercoagulacdo, conhecidos como a triade de Virchow (Kumar et al.,
2010). O primeiro fator tem um papel fundamental para o desenvolvimento do TEV,
porém insuficiente quando considerado sozinho. No entanto, a presenca concomitante
destes trés fatores aumenta consideravelmente o risco de formagdo de codgulo e
consequentemente, o surgimento do TEV (Behravesh et al., 2017).

O TEV é uma doenca que afeta todas as racas e etnias, assim como, ambos 0s géneros e
todas as idades, muito embora a taxa de incidéncia aumente consideravelmente nos
pacientes idosos, de ambos os sexos (Beckman et al., 2010). Sua incidéncia é estimada
em 1 por 1000 pessoas, anualmente (Heit et al., 2016). A taxa de mortalidade, na auséncia
de tratamento, supera os 3% para pacientes acometidos com TVP e 31% para pacientes
com TEP (Stone et al., 2017).

O TEV ¢é uma patologia que apresenta uma alta morbidade. Neste sentido, as
complicagdes crénicas do TEV sdo a sindrome pos-trombética (SPT) e a hipertenséo
pulmonar tromboembdlica crénica (HPTC). A SPT ocorre em 20 a 50% dos pacientes
com TVP, e inclui uma série de sintomas, como: dor nos membros inferiores, edema e
em casos mais graves, Ulceras venosas. A HPTC ocorre em 2 a 4% dos pacientes com
TEP e engloba sintomas como dispneia e intolerancia ao exercicio (Piran e Schulman,
2016). Portanto, o TEV é uma doenga que afeta significativamente a qualidade de vida

dos pacientes, mas também pode chegar a ameaca-la em casos de auséncia de tratamento.
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2.2 A evolucdo da terapia anticoagulante

A terapia anticoagulante € considerada o principal tratamento do TEV (Streiff et al.,
2016). Atualmente, ha trés tipos de anticoagulantes usados na clinica, que direta ou
indiretamente afetam fatores de coagulacdo especificos, nas trés fases da coagulacdo

(Figura 1), inibindo o processo de formacdo do coagulo de fibrina (Vene e Mavri, 2018).

Figura 1 - Visdo esquemadtica da coagulagdo sanguinea. Os retangulos, azul e vermelho,

representam o complexo “protombinase”; o retdngulo verde representa o complexo “tenase”.

Fase de iniciagdo Fase de amplificagdo Fase de propagagao

Superficies artificiais, DNA,
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Fonte: O autor (2022).

Os antagonistas da vitamina K (AVK) sdo anticoagulantes orais, derivados da 4-
hidroxicumarina, que agem interferindo no ciclo de interconversdo da vitamina K (Figura
2), através da inativacdo das enzimas vitamina K epoxido-redutase e vitamina K redutase
hepéticas, reduzindo a disponibilidade de vitamina K, substrato necessario para a y-
carboxilacdo e ativagdo dos fatores de coagulacéo Il, VII, IX e X pela gama-glutamil
carboxilase (Franchini et al., 2016). Portanto, a producdo hepatica de fatores de
coagulacdo descarboxilados ou parcialmente carboxilados resulta em proteinas com

reduzida atividade coagulante (Cosmi, 2016).

‘l

Fibrina
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Figura 2 - Mecanismo de acdo dos AVK.
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epoxido- Epodxido de vitamina K
redutase

Fonte: O autor (2022).

A terapia com os AVK (ex: varfarina, acenocoumarol, femprocumona) é bastante
problemética devido a estreita janela terapéutica, inicio e término da agdo lentos,
numerosas interacdes farmaco-farmaco e farmaco-alimentos, e portanto, o
monitoramento laboratorial e o ajuste de doses sdo frequentemente necessarios quando
estes farmacos sdo utilizados (Cosmi, 2016; Franchini et al., 2016).

Com o objetivo de superar as diversas limitacbes dos AVK, os quais até recentemente,
eram os Unicos anticoagulantes orais disponiveis para uso humano, os anticoagulantes
orais de acdo direta (ACOD) foram desenvolvidos e agem seletivamente em pontos
especificos do processo de coagulacdo. Eles apresentam ampla janela terapéutica, rapido
e previsivel inicio e término de acdo, farmacocinética previsivel e por conseguinte, sem
necessidade de um rigido monitoramento da coagulacdo e poucas interacdes farmaco-
alimentos (Gulseth, 2016).

De acordo com seu alvo farmacologico, os ACOD podem ser divididos em inibidores
orais diretos do fator Xa (FXa) e em inibidores diretos da trombina (IDT).

Os inibidores orais diretos do FXa clinicamente aprovados nas mais variadas agéncias
regulatérias sd@o o rivaroxabana, apixabana, edoxabana e mais recentemente, o
betrixabana (Zacconi, 2018). Estes agentes agem inibindo o FXa livre ou no interior do
complexo protrombinase (Figura 1). O FXa é uma serina-protease que desempenha um
papel chave no processo da coagulacdo, uma vez que ligada ao FVa, forma o complexo
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protrombinase, o qual na presenca de céalcio (Ca®") catalisa a producéo de trombina. Além
disso, 0 FXa exerce um papel fundamental na fase de amplificacdo da coagulacdo, na
medida que uma Unica molécula origina aproximadamente mil moléculas de trombina
(Zacconi, 2018) .

O Unico IDT clinicamente aprovado é o etexilato de dabigatrana e como o préprio nome
sugere, ele age inibindo a atividade intrinseca da trombina, a qual desempenha um papel
central no processo da coagulacdo sanguinea (Figura 1) e é considerada um relevante alvo
farmacoldgico (Franchini et al., 2016). A trombina converte fibrinogénio em fibrina, tem
papel fundamental na fase de amplificacdo da coagulacdo, ativando os fatores V, VIl e
IX, e assim produzindo mais trombina e ativacdo plaquetaria. Além disso, a trombina é
responsavel pela ativacao do FXIII, o qual é responsavel pela interligacdo das cadeias de
fibrina e, consequente, estabilizacdo do coagulo (lbrahim et al., 2016).

Embora os ACOD estejam sendo cada vez mais utilizados na prética clinica e serem
relativamente seguros com relacao a complicac@es hemorragicas, a auséncia de antidotos
comercialmente disponiveis € uma imensa barreira para 0 uso destes farmacos.
Atualmente, existem antidotos especificos sendo desenvolvidos para a terapia com
ACOD e alguns encontram-se em estudos clinicos avangados (Hu et al., 2016).

Outro fator que representa uma barreira importante a terapia com os ACOD ¢ a
indefinicdo quanto a um teste que consiga monitorar com precisao a concentracao
plasmatica desses farmacos, condi¢do dramaticamente necessaria em certas situagoes, tais
como, cirurgias de emergéncia, overdose, lesdo renal aguda (Lippi e Favaloro, 2017).
As heparinas e seus derivados sdo definidos como anticoagulantes indiretos, uma vez que
estes farmacos apresentam pouca ou nenhuma atividade anticoagulante intrinseca e
exercem seus efeitos através da potencializacdo da atividade inibitdria da antitrombina,
um inibidor endégeno de varios fatores de coagulacdo, principalmente o Flla, FXa e em
menor grau, o FIXa (Garcia et al., 2012).

De acordo com o método de obtencdo aplicado, as heparinas podem ser divididas em
heparinas ndo-fracionadas (HNF), heparinas de baixo peso molecular (HBPM) e mais
recentemente, heparinas de ultrabaixo peso molecular (HUBPM), aumentando as opgoes
para a terapia anticoagulante, com farmacos de propriedades semelhantes, no entanto,
com diferencas estruturais e farmacocinéticas clinicamente relevantes (Walenga e
Lyman, 2013).

As HNF podem ser definidas como uma mistura heterogénea de cadeias lineares

polissacaridicas (Alédez-Verson et al., 2017), e gracas a esta heterogeneidade, a
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farmacocinética e a farmacodindmica das HNF sdo imprevisiveis. Portanto, um
monitoramento laboratorial e ajustes de dose sdo necessarios regularmente (Walenga e
Lyman, 2013). Devido tambem as multiplas cadeias, algumas ligam-se a outras proteinas
plasmaéticas e células, gerando efeitos adversos importantes, tais como, osteoporose e
trombocitopenia induzida por heparina (TIH), além das complicacbes hemorragicas
(Oduah et al., 2016).

As HBPM (ex: enoxaparina, dalterapina, tinzaparina) sdo obtidas através de varias
reacOes de despolimerizacdo enzimatica ou quimica a partir das HNF. As cadeias de
menor tamanho conferem menor ligacdo as células e proteinas plasmaticas quando
comparadas com as HNF, resultando em maior previsibilidade farmacocinética, dose-
resposta mais confiavel, meia-vida plasmatica mais longa e menor risco de efeitos
colaterais. Por consequéncia, 0 monitoramento de rotina para as HBPM se torna
desnecessario ou menos frequente na maioria das situacdes (Garcia et al., 2012).
Recentemente, as HUBPM sdo desenvolvidas sob a perspectiva de desenvolver farmacos
com um melhor perfil de efeitos adversos e com propriedades anticoagulantes
semelhantes ou melhores do que os ja existentes no mercado. Assim, o fondaparinux, um
analogo sintético do fragmento pentassacaridico encontrado nas HNF e HBPM e
necessario para ligacdo a AT, foi desenvolvido (Walenga e Lyman, 2013). Ele age
inibindo especificamente o FXa através do aumento da atividade inibitoria da AT. O
fondaparinux apresenta um rapido inicio de acao, longa meia-vida plasmatica e uma acéo
farmacoldgica altamente previsivel, e ndo necessita de um monitoramento de rotina
frequente (Bauer, 2001). Embora estejam clinicamente disponivel, as HUBPM n&o estdo
amplamente difundidas, uma vez que seus altos custos, tornam sua utilizacdo inviavel
para muitas situac@es clinicas (Oduah et al., 2016).

As HBPM sdo um grupo de farmacos quimicamente e farmacologicamente distintos e
cada uma tem seu prdéprio perfil de seguranca e eficacia (Merli e Groce, 2010). Quando
comparada com as diferentes classes de anticoagulantes, as HBPM s&@o consideradas
Unicas devido a sua eficacia e seguranca, as quais, as distinguem dos demais
anticoagulantes (Park e Byun, 2016). Dentre as HBPM, a enoxaparina € o farmaco que
apresenta a mais extensa evidéncia clinica de eficacia e seguranca e, portanto, 0 mais
amplo espectro de indicacOes terapéuticas e, por conseguinte, é o farmaco mais
comumente usado na terapéutica (Merli e Groce, 2010).

No entanto, clinicamente, o uso das HBPM ¢ limitado, principalmente quando o uso

profilatico por longos periodos é necessario, uma vez que as mesmas estdo disponiveis
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somente por via parenteral (intravenoso ou subcutaneo) (Paliwal et al., 2012). De fato, a
administracdo parenteral € um método invasivo que tem como consequéncia, a baixa
adesdo do paciente ao tratamento devido a diversos fatores, como o medo da dor associada
a agulha, risco de infeccdes e hematomas (Schluter e Lamprecht, 2014). Além disso, a
administracdo parenteral exige algumas caracteristicas farmacotécnicas restritivas como
auséncia de pirogénios e particulas, isotonicidade e esterilidade que tornam o preparo da
formulacdo mais complexo e, consequentemente, mais dispendioso (Motlekar e Youan,
2006).

Portanto, o desenvolvimento de uma formulacdo para administracdo néo-invasiva de
HBPM, particularmente de enoxaparina (Enox), é sem duvidas, uma necessidade clinica
ndo atendida (Neves et al., 2016). Embora diversas vias de administracdo estdo sendo
exploradas, como a nasal (Yang et al., 2004), pulmonar (Patel et al., 2012) e transdérmica
(Jain e Jain, 2014), a via oral é, de longe, a mais conveniente e aceitavel, e também a
maneira mais pratica de garantir uma dose diaria continua aos pacientes (Park e Byun,
2016).

2.3 Desafios para a administracao oral das HBPM

As duas principais fungdes fisiologicas do trato gastrointestinal (TGI) sdo a digestdo dos
alimentos em nutrientes e servir como uma barreira para impedir que materiais estranhos,
como virus, bactérias e farmacos, cheguem a corrente sanguinea. Seja administrada na
forma solivel ou formulada em formas farmacéuticas, ambas as fun¢des do TGI
representam um grande desafio para a administracao oral de farmacos, particularmente,
para macromoléculas como as HBPM (Lundquist e Artursson, 2016). De fato, a
biodisponibilidade oral das HBPM é extremamente baixa e pode ser explicada por razdes
que dizem respeito as caracteristicas fisico-quimicas do proprio farmaco, bem como as
barreiras bioldgicas inerentes a via de administracao.

Geralmente, quando administrados pela via oral, os farmacos devem seguir alguns passos
até conseguirem entrar na circulacéo sistémica. Primeiro, eles chegam ao estdbmago via
esdfago e em seguida, alcangam o intestino delgado, onde séo absorvidos para a veia porta
ou para capilares linfaticos e transportados para o figado ou sistema linfatico,

respectivamente, e finalmente para a circulacdo sistémica (Fang e Tang, 2020). Durante
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todo esse processo de transporte, diversas barreiras bioldgicas e bioguimicas devem ser

superadas para a administracdo oral das HBPM (Figura 3).

Figura 3 - Resumo das barreiras & administragdo oral das HBPM.

ﬁlrreiras fisico-quimicas relacionadas ao farmaco Barreiras fisioldgicas

o

* Alta massa molecular
* Baixa lipossolubilidade
Instabilidade em pH acido

* Alta densidade de cargas negativas.

* Condigao acida severa do estomago
* Barreira de muco

* Microbiota do TGI e suas secrecoes
* Monocamada de células epiteliais;
* Metabolismo de primeira passagem

* Metabolismo intracelular.

Desafios para

administragao
oral das HBPM

Fonte: O autor (2022).

A primeira barreira é a condicdo acida severa encontrada no estdmago. As heparinas, de
modo geral, apresentam uma grande instabilidade quimica quando submetidas a pHs
acidos, sendo facilmente degradadas, levando a perda da atividade farmacoldgica. De
fato, sob condicdes acidas, ocorre a hidrolise das ligacdes glicosidicas, bem como uma
perda dos residuos sulfatos das heparinas (Jandik et al., 1996; Motlekar e Youan, 2006).
No intestino delgado, estdo situadas diversas barreiras importantes a administracdo oral
das HBPM. A primeira delas é a degradacdo enzimética devido a heparinases produzidas
por Bacteroides spp., micro-organismos da microbiota intestinal (Ahn et al., 1998; Kim
et al., 2000).

A camada de muco que recobre toda a superficie epitelial do TGI é outra importante
barreira para a administracdo das HBPM. O muco é um hidrogel complexo e viscoso,

composto por agua, proteinas (a principal delas, mucina), carboidratos, lipideos, sais,
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anticorpos e bactérias, que apresenta pH e espessura variaveis, dependendo da regido do
TGI considerado (Kesinee e Bernkop-Schnirch, 2016). O muco é responsavel pela
protecdo e lubrificacdo das superficies epiteliais do TGl minimizando possiveis traumas
fisicos causados pelo peristaltismo de materiais ingeridos (Ensign et al., 2012). Além
disso, 0 muco age como uma barreira a patdgenos e particulas estranhas, e é capaz de
remové-los através de uma constante renovacao de suas camadas, e assim limitar o fluxo
desses materiais em direcdo a camada de células epiteliais subjacentes (Huckaby e Lai,
2017).

A mesma barreira imposta pela camada de muco a compostos potencialmente
prejudiciais, impede que as HBPM sejam adequadamente absorvidas no TGI. As HBPM
sdo macromoléculas lineares que apresentam uma grande quantidade de grupos sulfato e
carboxilato na sua estrutura (Figura 4), os quais conferem uma alta densidade de carga
negativa (Yang et al., 2015; Aldez-Verson et al., 2017).

Figura 4 - Estrutura quimica geral das HBPM. R = SOs™ ou diferentes acidos substituintes e R, =

SOsz ou H.

CH oso2
(30 %y &
_____ o0~ \OH
08Oy NHSO;- NHR,

Fonte: O autor (2022).

Essas duas caracteristicas, grande tamanho molecular e alta densidade de cargas
negativas, tornam as HBPM mais vulneraveis a ficarem imobilizadas na malha de fibras
de mucina da camada de muco por obstrucéo estérica ou por impedimento eletrostéatico,
uma vez que as fibras de mucina séo carregadas negativamente devido a grande densidade
de cadeias de glicanos, as quais possuem uma grande quantidade de acido sialico e grupos
sulfato, que por sua vez, contribuem para essa grande densidade de cargas negativas
(Huckaby e Lai, 2017).
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Ap0os conseguir difundir pela camada de muco intestinal, as HBPM devem ser absorvidas
pela monocamada de células epiteliais que € considerada a maior barreira ao transporte
de macromoléculas (Pridgen et al., 2015). Embora existam diversos mecanismos de
transporte intestinais através da monocamada epitelial, a grande massa molecular e
hidrofilicidade das HBPM restringem a absor¢do dessas macromoléculas a via
transcelular e interferem diretamente na sua biodisponibilidade

A massa molecular € um fator determinante para a permeabilidade e, consequentemente,
para a absorcdo intestinal. A biodisponibilidade de farmacos hidrofilicos com tamanho
molecular abaixo de 500-700 Da é independente do tamanho molecular. No entanto, para
macromoléculas com tamanho molecular acima de 700 Da, como sdo as HBPM, a
biodisponibilidade reduz-se acentuadamente (Goldberg e Gomez-Orellana, 2003; Hwang
e Byun, 2014).

A lipofilicidade ou coeficiente de particdo é outro fator que afeta diretamente a
permeabilidade celular. FArmacos devem apresentar um grau minimo de lipofilicidade
para que consigam ser absorvidos atraves da bicamada lipidica das células intestinais por
difusdo passiva. Sem essa caracteristica, a difusdo passiva ndo ocorre, a menos que seja
pela via paracelular que n&o é uma opcédo quando estamos falando sobre macromoléculas
hidrofilicas como as HBPM (Goldberg e Gomez-Orellana, 2003; Hwang e Byun, 2014).
A via paracelular ¢ o maior caminho de permeacdo passiva encontrado no TGI para
moléculas hidrofilicas e estd restrito aos espagos intercelulares encontrados entre 0s
enterocitos (Pridgen et al., 2015). As zonas de oclusdo sdo “selos” entre as células
epiteliais adjacentes formadas por diversas proteinas transmembranas e estdo implicadas
ndo s6 no mecanismo de aderéncia entre essas células epiteliais, mas também na
regulacao do fluxo paracelular de agua, ions e solutos (Lundquist e Artursson, 2016; Liu
et al., 2018). Essa via utiliza canais aquosos cujos diametros s&o de 3-10 A e, portanto,
mesmo no seu estado completamente aberto, dificilmente uma macromolécula, como as
HBPM, conseguiria permear a membrana celular (Liu et al., 2018).

Por outro lado, a via transcelular ocorre atraves da internalizacdo da molécula para o
citoplasma celular pelos enterdcitos ou células M intestinais, seguido pela sua liberacéo
para o exterior da membrana basolateral em direcdo aos capilares subjacentes e pode
ocorrer através de difusdo passiva, transporte ativo ou endocitose. No entanto, quando
falamos de macromoléculas, a rota endocitica é a usualmente utilizada. Endocitose € um
termo mais amplo usado para descrever diferentes mecanismos de transporte celular, no

qual estdo incluidos, a fagocitose, a pinocitose e a endocitose mediada por receptores (Liu



20

et al., 2018). Conhecer como a molécula consegue acessar a camada celular intestinal é
de extrema importancia, uma vez que isso determinara o caminho intracelular usado pelo
farmaco, a resposta bioldgica e até as caracteristicas fisico-quimicas da forma
farmacéutica (Donahue et al., 2019; Patel et al., 2019).

Apos serem absorvidas, as HBPM devem difundir pelo citoplasma celular e permear a
membrana basolateral e em seguida, os capilares adjacentes, até chegarem ao figado
através da veia porta hepatica (Pridgen et al., 2015). A primeira barreira durante todo esse
processo seria a entrada no sistema endo/lisossomal celular, o qual destina o contetdo
engolfado pela célula para o lisossomo, uma organela que mantém um ambiente acido e
contém diversas enzimas hidroliticas que poderiam causar a perda da atividade
farmacologica das HBPM (Patel et al., 2019). Por fim, no figado, entre as diversas
enzimas de metabolizacdo de farmacos existentes, a heparinase é uma enzima que pode
promover a degradagdo das HBPM e, consequentemente, a perda da atividade enzimatica
(Das Kurmi et al., 2015; Neves et al., 2016).

Com base no melhor entendimento da fisiologia gastrointestinal e consequentemente das
barreiras a administracéo oral das HBPM, diversas estratégias vém sendo exploradas para
melhorar a biodisponibilidade oral dessas macromoléculas e elas serdo discutidas na

proxima secao.

2.4 Estratégias para melhorar a biodisponibilidade oral das HBPM

De acordo com todas as barreiras fisico-quimicas e bioldgicas a absor¢do das HBPM
descritas na secdo anterior, diversas estratégias podem ser adotadas, isoladas ou em
combinagdo, para superar essas barreiras e melhorar a biodisponibilidade oral destas
macromoléculas.

Os promotores de permeagdo (PP), sdo excipientes usados para melhorar a absorgéo
intestinal de farmacos hidrofilicos através do aumento da lipofilicidade da molécula ou
devido ao aumento da permeabilidade intestinal (Aungst, 2012). Eles promovem a
passagem dos agentes terapéuticos através da barreira epitelial intestinal por diversos
mecanismos: (1) aumento da fluidez da membrana intestinal, (2) disrupcéo e abertura das
zonas de ocluséo e (3) diminuicdo da viscosidade da camada de muco intestinal (Liu et
al., 2018).



21

A coadministracdo das HBPM com diversos promotores de permeagdo tais como, |-
arginina (Motlekar et al., 2006), tetradecil-maltosideo (Yang et al., 2005), caprato de
sodio (Motlekar et al., 2005), quitosana e seus derivados (Thanou et al., 2007; Zhang et
al., 2014; Bueno et al., 2015), labrasol (Rama Prasad et al., 2004) foram reportados e
demonstraram serem capazes de melhorar a biodisponibilidade oral destas
macromoléculas.

Embora os PP sejam uma alternativa promissora para a melhora na biodisponibilidade
oral das HBPM, alguns problemas tdxicos devem ser considerados e moléculas mais
seguros devem ser buscadas, especialmente para o tratamento de doencgas cronicas
(Choonara et al., 2014).

Os PP podem causar danos epiteliais irreversiveis e desorganizar as zonas de oclusao
suficientemente para permitir a permeacdo de substancias indesejadas e moléculas
potencialmente toxicas (Mccartney et al.,, 2016). Os maiores problemas incluem
ulceracdo do epitélio intestinal com erosdes pontuais, problemas imunoldgicos e a criacdo
de um caminho direto para bactérias e virus ganharem acesso a circulacdo sistémica e
consequentemente, o desenvolvimento de uma sepse (Anilkumar et al., 2011).

A conjugacdo quimica € outra estratégia que objetiva a melhora da biodisponibilidade
oral das HBPM através da adi¢éo de grupos quimicos capazes de aumentar a lipofilicidade
e permeabilidade das macromoléculas ou direcionar a sua absorcéo para transportadores
intestinais ou para vias de transportes mediadas por receptores (Gomez-Orellana, 2005).
A hidrofobizacdo e a peguilacdo sdo estratégias chaves para a modificacdo das
caracteristicas das HBPM e mostraram-se estratégias promissoras para 0 aumento da
biodisponibilidade oral dessas macromoléculas. De fato, os derivados do acido biliar
(Kim et al., 2007; Lee et al., 2007; Eom et al., 2010; Al-Hilal et al., 2014), bem como, a
complexacdo com polietilenoglicol (PEG) (Choubey et al., 2014) demonstraram ser
estratégias vidveis para melhorar a absorcao intestinal das HBPM.

No entanto, essa estratégia ndo tem a capacidade de proteger as HBPM da degradacéo
durante a passagem pelo TGI. Além disso, alguns estudos relacionam o aumento da
exposicdo do colon aos acidos biliares com o desenvolvimento de cancer colorretal
(Neves et al., 2016). Portanto, as concentracdes dessas moléculas na formulacdo devem
ser cuidadosamente consideradas durante o desenvolvimento das formulagdes.

Enquanto ambas as estratégias ja discutidas ndo contornam o problema da instabilidade

das HBPM, a incorporacdo dessas macromoléculas em nanossistemas de liberacdo de
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farmacos, por sua vez, traz inumeras vantagens para melhorar a sua baixa
biodisponibilidade oral.

Os sistemas de liberacdo de farmacos a base de lipideos (SLFL), como os lipossomas, as
nanoparticulas lipidicas solidas (NLS), as micro/nano-emulsées (ME/NE) incluindo os
sistemas de liberacdo de farmacos autoemulsionaveis (SLFAE) apresentam algumas
caracteristicas interessantes as quais tornam esses sistemas alternativas promissoras a
liberacéo oral.

A grande versatilidade e biocompatibilidade dos excipientes lipidicos, a maioria
derivados de 6leos e gorduras da dieta, ddo aos nanossistemas lipidicos o potencial de
aumentar a internalizacdo celular de farmacos devido a grande afinidade com as
membranas bioldgicas (Matougui et al., 2016). Além disso, esses excipientes sdo, em sua
grande maioria, aprovados para uso farmacéutico pelo FDA e tem seu perfil de seguranca
bem estabelecido, garantindo uma formulagdo com baixo risco de toxicidade. Outro fator
que favorece uma maior internalizacdo celular é o tamanho nanométrico desses sistemas
(Matougui et al., 2016).

Além disso, os SLFL tém a capacidade de carregar farmacos hidrofilicos e hidrofébicos,
estabilidade, capacidade de liberar o farmaco de maneira controlada e de influenciar a
rota de absorcdo de farmacos (Shrestha et al., 2014; Niu et al., 2016). Diversos SLFL
incorporados com HBPM foram reportados na literatura, incluindo os lipossomas
(Lavanya et al., 2016), NLS (Zupancic¢ et al., 2016), ME (Kim et al., 2005) e os SLFAE
(Zupancic et al., 2016), com resultados promissores para a administracdo oral das HBPM.
Outro nanocarreador bastante explorado para administracdo oral das HBPM séo as
nanoparticulas poliméricas (NP). Elas apresentam uma série de caracteristicas
interessantes a administracéo oral, tais como: (1) protecao do fArmaco do ambiente severo
do TGI, (2) aumento do tempo de residéncia no intestino através da mucoadesdo, (3)
melhora da permeabilidade através da camada de muco, (4) endocitose das particulas e
(5) liberagéo controlada e sitio-especifica (Des Rieux et al., 2006; Plapied et al., 2011).
Uma série de estudos foram reportados mostrando que esses nanocarreadores Sao capazes
de melhorar a biodisponibilidade oral dessas macromoléculas (Bagre et al., 2013; Fan et
al., 2015; lbrahim et al., 2017).

Por fim, a combinacdo de estratégias é outra abordagem que vem obtendo resultados
promissores para a administracdo oral das HBPM. Eleraky e colaboradores (Eleraky et
al., 2020) utilizaram a combinacdo de um promotor de permeacdo com nanossistemas

para melhorar a permeabilidade intestinal da enoxaparina.
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O grupo de Mao publicou diversos estudos em que avaliam a combinagao de um polimero
promotor de permeacdo (quitosana) com a hidrofobizacéo associado a um nanossistema.
Eles analisaram a influéncia do grau de hidrofobizagdo da quitosana, bem como, a
influéncia do tamanho da cadeia de glicerideo na absorcao de enoxaparina (Wang et al.,
2013; Wang et al., 2014a; Wang et al., 2014b). E recentemente, esse grupo desenvolveu
uma nanoparticula hibrida polimero-lipideo e avaliou 0 aumento da absorcdo oral de
enoxaparina (Dong et al., 2018).

Todas as estratégias abordadas apresentam vantagens especificas que sdo capazes de
superar alguma das barreiras impostas pela via oral. Portanto, a integracao de estratégias,
somando as vantagens particulares de cada abordagem em uma tnica formulacdo, precisa
ser considerada para a administracdo oral de macromoléculas hidrofilicas, como as
HBPM.
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3 OBJETIVOS

3.1 Objetivo geral
Desenvolver e caracterizar sistemas de liberacdo nanoparticulados destinados a

administracdo oral de enoxaparina sodica.

3.2 Objetivos especificos

e Desenvolver os nanocomplexos de quitosana/enoxaparina sodica;

e Desenvolver as nanoparticulas do tipo ndcleo-coroa de  eudragit-
L100/quitosana/enoxaparina sodica;

e Caracterizar os sistemas nanoparticulados desenvolvidos quanto ao tamanho de
particula, potencial zeta, estabilidade, eficiéncia de encapsulacdo e morfologia;

e Auvaliar o perfil de liberacdo in vitro e o mecanismo de liberacdo em diferentes
condicdes de pH;

e Auvaliar a biocompatibilidade das nanoformulacdes frente a diversas linhagens
celulares;

e Avaliar a eficiéncia anticoagulante das nanoformulagdes.
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ABSTRACT

Heparin-based delivery systems have been explored to improve their therapeutic efficacy
and to reduce toxicity for different administration routes. Regardless of the applied drug
delivery system (DDS), the evaluation of anticoagulant performance is instrumental for
the development of a suitable DDS. The understanding of the range of anticoagulant
assays, together with their key applications and limitations, is essential both within the
context of scientific research and for clinical usage. This review provides an overview of
the current anticoagulant therapy and discusses the advantages and limitations of
currently available anticoagulant assays. We also discuss studies involving low-
molecular-weight heparin  (LMWH)-based nanocarriers with emphasis on their
anticoagulation performance. Conventional anticoagulants have been used for decades
for the treatment of many diseases. Direct oral anticoagulants have overcome some
limitations of heparins and vitamin K antagonists. However, the lack of an accurate
laboratory assessment, as well as the lack of a factor “xaban” (Xa) inhibitor reversal
agent, remains a major problem associated with these anticoagulants. LMWHSs represent
anticoagulant agents with noteworthy efficacy and safety, and they have been explored to
improve their outcomes with various nanocarriers through several administration routes.
The main problems related to LMWHSs have been surmounted, and improved efficiency

may be achieved through the use of DDSs.

Keywords: heparin; anticoagulant drugs; drug delivery systems; anticoagulant assays
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1. Introduction

Investments in terms of money and time in the development of new chemical compounds
have led pharmaceutical companies to explore several delivery approaches in order to
improve the efficacy and minimize the side effects of drugs that are already on the market
[1]. One example is heparin. This natural compound has been clinically used for the
treatment and prophylaxis of coagulation disorders (e.g., venous thromboembolism
(VTE) [2]) for more than 60 years [3]. Though heparins, including unfractionated heparin
(UFH) and low-molecular-weight heparins (LMWHS), have also been clinically used for
a long time, they show limitations because they are available only for parenteral
administration, a costly and invasive method that leads to low patient compliance [4].
Non-invasive drug delivery systems are being explored to overcome these limitations.
Nanotechnology-based drug carriers (nanocarriers), such as liposomes, nanogels,
nanospheres, and nanocapsules, have gained increasing attention in the last few decades
as a promising strategy for improving drug delivery [5] (Figure 1). Compared to
conventional systems, nanocarriers have a number of advantages: (i) They are able to pass
through the capillary vessels due to their submicron size and avoid clearance by
phagocytes, prolonging the bloodstream circulation time; (ii) they can permeate cells and
tissues to reach target organs; (iii) they can deliver the drugs in a controlled manner,
reducing the frequency of administration and side effects, and they improve patient
compliance [6]. Several heparin-based drug delivery systems have been developed to
enhance the therapeutic efficacy of these drugs [7,8]. Although the oral route is the most
desirable, it is noteworthy that there have been efforts to investigated heparin delivery

through other pathways, such as nasal [9], pulmonary [10], and transdermal [11] routes.
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Figure 1: Schematic representation of different types of nanocarriers. (a) liposomes, (b)

nanogels, (c) nanospheres and (d) nanocapsules.

The evaluation of nanocarriers efficacy comprises a critical step in the development of
DDS. In particular, heparin-based nanocarriers’ performance is evaluated through several
anticoagulant assays based on the type of drug used. The suitability and relevance of a
specific anticoagulant assay for a certain objective are also important questions [12], thus
stressing the need to know their advantages and limitations [13]. Anticoagulant assays
are however not comprehensively described in the perspective of DDS performance. The
aim of our work has been to provide a comprehensive overview of anticoagulant drugs,
together with an outline of the techniques used for monitoring the anticoagulant plasma
level. The most important heparin-based DDS are also addressed, highlighting the most

relevant techniques used to evaluate their anticoagulant performance.

2. Anticoagulant therapy

The main anticoagulant drugs are categorized into four classes: heparins, vitamin K an-
tagonists (VKAs), direct thrombin inhibitors (DTIs) and direct factor “xaban’ (Xa) inhibi-
tors. For clarity, we subdivided this section into conventional anticoagulant agents (hepa-
rins and VKAS) and novel anticoagulant drugs (DTIs and direct factor Xa inhibitors).
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2.1 Conventional anticoagulant agents

2.1.1 Unfractionated heparin (UFH), low molecular weight heparin (LMWH) and ultra-
low molecular weight heparin (ULMWH)

Unfractionated heparin (UFH) is one of the oldest biopolymeric drugs that is still used in
therapeutics. It is a highly sulfated glycosaminoglycan (GAG), presenting the highest
negative charge density of any known biological macromolecule [14]. The anticoagulant
activity of UFH is related to its affinity with a naturally occurring serine protease
inhibitor, antithrombin 11 (ATIII), resulting in an increase in the ATIII thrombin
inhibition rate, as well as an inhibition of other serine proteases involved in the
coagulation process [15]. UFH is indicated for treatment and prophylaxis of several
conditions, including VTE, a dangerous disorder that includes deep vein thrombosis
(DVT) and pulmonary embolism (PE) [2]. UFH is administered parenterally through
either intravenous or subcutaneous injection; the latter is associated with a poor
bioavailability. The non-specific binding of UFH to plasma proteins explains the
unpredictable anticoagulant activity among individuals, which requires continuous
monitorization. UFH is rapidly cleared from the body through endothelial and
macrophage cells” depolymerization mechanisms, while the kidneys are responsible for
a slower UFH clearance mechanism [16]. UFH is an effective, inexpensive, and relatively
safe anticoagulant agent; however, it has numerous limitations. Hemorrhage is its main
life-threatening adverse effect [17]. Although bleeding can be fatal, protamine sulfate
administration could reverse this adverse event. Moreover, the binding of UFH to
osteoblasts and platelet factor 4 leads to the tendency to induce osteoporosis and
thrombocytopenia, respectively [18,19]. The discovery of the pentasaccharide sequence
[20,21], the most active core, which is involved in ATIII binding and activation and
associated with the need to overcome some heparin limitations, resulted in the
development of LMWH in the late 1970s to early 1980s [22,23]. LMWHSs are
oligosaccharide fragments that are highly sulfated, water-soluble, and negatively charged
compounds, and like UFH, they are indicated for the treatment and prophylaxis of VTE
[24]. LMWHs show a mean molecular weight (Mw) between 3500 and 6000 Da, with at
least 60% of the material with Mw below 8000 Da. Hence, as the minimum Mw for anti-

Ila activity is approximately 5000 Da, the LMWH anti-lla activity is dramatically reduced
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[17]. Currently available LMWHSs are produced by several controlled chemical or
enzymatic depolymerization reactions of UFH, as seen in Table 1.

These controlled reactions afford drugs with more predictable pharmacokinetic and
pharmacodynamic profiles, making them more dose-dependent than UFH. As a
consequence, LMWHs require less monitorization [25]. Nevertheless, LMWHs are
heterogeneous compounds and have different pharmacological and biochemical features;
thus, they are not clinically interchangeable [26]. Additionally, LMWHSs present less
adverse effects and higher bioavailability when administered subcutaneously in
comparison with UFH. However, protamine sulfate administration partially reverts the
anticoagulant effect, thus increasing the risk of bleeding due to overdose. LMWHs are
eliminated by the kidneys; consequently, the administration in patients with renal failure
prolongs its half-life [22,27].

The theory that originated the therapeutic interest in ULMWH was based on the idea that
compounds with a high anti-activated factor X (FXa) to anti-activated factor Il (Flla)
activity ratio would achieve similar or better efficacy than LMWH products, but with a
lower risk of bleeding and thrombocytopenia [28]. ULMWHSs are obtained through a
more extensive controlled depolymerization reaction, which preserves the
pentasaccharide active site. They contain higher percentages of short chains (Mw < 3000
Da), showing better efficacy and safety profiles. Fondaparinux was the first synthetic
ULMWH, which is an analogue of the pentasaccharide sequence marketed by Sanofi in
2002 and now sold by GlaxoSmithKline under the trade name Arixtra© [29]. It has an
Mw of 1728 Da, with a higher specific anti-FXa activity and longer half-life after
subcutaneous injection than LMWHes. It is rapidly absorbed and 100% bioavailable after
subcutaneous administration and has a half-life of approximately 14 to 18 h. It has a
minimal non-specific binding and does not require monitorization. It is cleared only
through the renal route; therefore, clearance may be diminished in elderly patients [30].
An advantage of fondaparinux is that it presents a low risk of virus or prion contamination
because it is synthetic. On the other hand, it requires an expensive synthetic process
(approximately 50 steps) with a low yield [15]. This fact has stimulated research on less
expensive synthetic routes.

Idraparinux is a long-acting hypermethylated fondaparinux analogue developed by
Sanofi-Aventis that binds to AT with high affinity. After subcutaneous injection,
idraparinux is almost completely absorbed and shows a plasma half-life of 80 h, allowing

once-weekly injection without monitoring. Idraparinux has no antidote and is excreted
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unaltered through the renal route. The development of idraparinux was discontinued in
phase Il trials due to excessive intracranial bleeding [22,31]. The absence of an antidote
for the clinical use of a long-acting anticoagulant is too dangerous. To solve this problem,
a biotinylated idraparinux version was synthesized and clinically investigated.
Idrabiotaparinux is a long-acting synthetic pentasaccharide analogue developed by
Sanofi-Aventis. It displays the same anticoagulant properties as idraparinux. The biotin
moiety allows rapid anticoagulant neutralization following the avidin infusion [31-33].
There is only one commercially available ULMWH (bemiparin). It is obtained through
alkaline depolymerization from UFH, and it has been available since 1998. Bemiparin is
approved for once-daily subcutaneous use in the prophylaxis of VTE. Pharmacokinetics
studies reported that bemiparin showed a dose-dependent effect in healthy volunteers
[34,35]. Semuloparin is a hemisynthetic ULMWH obtained through selective and
controlled depolymerization. It is designed for once-daily subcutaneous administration in
VTE prophylaxis in patients with cancer and to produce a higher anti-factor Xa and
minimal anti-factor lla activity compared with LWMHs. However, in 2012, the

manufacturer suspended the development of semuloparin [28].

Table 1: Comparative features of LMWH, ULMWH and synthetic analogues.

Agents Muw? Production Trade name Anti-factor References
(Da) process (Pharma company) Xa:lla ratio
LMWH
. Peroxidative Normiflo®
Ardeparin 6,000 depolymerization (Pfizer) 1.9 [15,22,46]
Deamine cleavage Sandoparin®, Mono-
Certoparin 6,000 | with isoamyl nitrate Embolex®, Sandoz® 2.4 [15,22,46]
degradation (Novartis)
Dalteparin 6,000 Nitrous acid Fragmin® 27 [15,22,46]
’ depolymerization (Pfizer) ' e
Benzylation and © ©
Enoxaparin 4,500 alkaline Clexane. / Loven_ox 3.8 [15,22,47]
depolymerization (Sanofi-Aventis)
. Nitrous acid Fraxiparin®
Nadroparin 5,000 depolymerization (Choay/Aspen) 3.6 [15.22]
Hydrogen peroxide
Parnaparin 4,500 and cupric salt Fluxum® (Wasserman) 3.0 [22]
depolymerization
Nitrous acid
depolymerization L
Reviparin 4,000 followed by Clivarine 35 [15,22]
. (Abbott)
chromatographic
purification
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. . Heparinase ©
Tinzaparin 6,000 digestion Innohep™ (Novo/Leo) 1.5 [15,22,24]
ULMWH
B-Eliminative
- - © © - ©
Bemiparin 3,600 cleavage by_alkz_illne Hibor ) Ivor®, Zivor 8.1 [15,22,24]
depolymerization (Sigma Tau)
B-Eliminative
cleavage by
selective and
Semuloparin 2,400 control_led _ (Sanofi-Aventis) 80 [22,28]
depolymerization
using phosphazene
base
Synthetic analogues
. . . Arixtra® ~ 850 Ul anti-
Fondaparinux 1,728 Chemical synthesis (GlaxoSmithKline) Xa/mg [22,28]
. . . . . ~ 1600 Ul
Idraparinux 1,728 Chemical synthesis (Sanofi-Aventis) anti-Xa/mg [22]
: : . . . . ~ 1600 Ul
Idrabiotaparinux | 2,052 Chemical synthesis (Sanofi-Aventis) anti-Xa/mg [22]

& Mean molecular weight (Mw): ® Daltons (Da).

2.1.2 Vitamin K Antagonists (VKAS)

VKAs, such as warfarin, have been the standard anticoagulant therapy for more than 60
years, and they remain the most commonly prescribed oral anticoagulants worldwide
[38]. VKAs are indicated for the long-term prevention of arterial and venous
thromboembolic disorders [39]. Antagonizing the vitamin K, VKAs inhibit the formation
of clotting factors dependent on vitamin K, such as factor Il (FII), factor VII (FVI11), factor
IX (FIX), factor X (FX), and proteins C and S [40]. After oral administration, VKAs are
rapidly absorbed from the gastrointestinal tract; they show high bioavailability and reach
the plasma concentration peak within a few hours. Furthermore, VKAs have a mean
plasma half-life of 40 h, and are highly bound to plasma proteins during circulation.
Biotransformation and inactivation occur through different enzymes of the cytochrome
P450 system, including CYP2C9, CYP1A2, and CYP34A [41-43]. Excretion of
unchanged VKAs is negligible; thus, its elimination relies on hepatic metabolism [44].
Moreover, VKA antidotes are available, and a reversal effect could be achieved through
vitamin K administration or clotting factor infusion [45]. Although the VK As’ advantages

are well established in several thromboembolic disorders, they have several remarkable
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drawbacks. Bleeding is the most common and severe complication of VKAs [46]. In
addition, the delay of onset and offset of action narrows the therapeutic index, and high
inter- and intra-variability in the dose—response relationship are other issues presented by

VKAs, leading to the need for frequent monitoring and dose adjustment [27,47].

2.2 Novel Anticoagulant Drugs

Over the last two decades, several direct oral anticoagulants (DOACs) have been
developed. The research has moved directly toward the search for small molecules that
bind reversibly with thrombin or FXa and are suitable for oral administration [48].
Megalatran (the prodrug was ximelagatran), developed by Hassle, followed by Astra and,
subsequently, Astra-Zeneca, became the first available oral thrombin inhibitor. It shows
an efficacy and bleeding rate comparable to those of LMWH and had the advantage of
not needing parenteral administration or laboratory monitoring. However, ximelagatran
was removed from the market due to liver toxicity [49]. Currently, there are two types of
DOACs licensed for use in thromboembolic disorders: FXa inhibitors (apixaban,
betrixaban, edoxaban, and rivaroxaban) and a thrombin inhibitor: dabigatran. The
comparable characteristics of these agents are shown in Table 2. Dabigatran etexilate
(Pradaxa®), the only direct thrombin inhibitor (DTI) licensed [47], is a selective and
reversible oral nonpeptide prodrug developed by Boehringer Ingelheim Pharmaceuticals
[42]. After being taken orally, dabigatran etexilate is converted into its active form,
dabigatran, through esterase-mediated hydrolytic cleavage [50]. It has a rapid-action
onset and low bioavailability, and it is predominantly excreted through the renal route
[51]. Dabigatran etexilate has been approved for the prevention of wvenous
thromboembolism (VTE), stroke, or systemic embolism [19]. Rivaroxaban (Xarelto®),
the first direct oral FXa inhibitor clinically approved by the Food and Drug
Administration (FDA) in 2008 [52], is a selective, dose-dependent, and competitive
inhibitor of free and clot-based factor Xa, which was developed by Janssen
Pharmaceuticals and Bayer HealthCare [53]. It is rapidly absorbed, and the blood
concentration peak is achieved after 2—4 h. It has a half-life of 5-13 h, and it is excreted
through the renal route (66%) and through the fecal/biliary route (28%) [54]. Rivaroxaban
has been approved for the prevention of VTE [19]. Apixaban (Eliquis®) was the second
FXa inhibitor to be clinically approved by the European Medicines Agency (EMA) and

by the FDA for thromboembolic prophylaxis, as well as for preventing blood clots in
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DVT and PE [52]. Apixaban is a direct, reversible, competitive, and selective FXa
inhibitor designed by Bristol Myers Squibb and Pfizer (US). It shows good oral
absorption, reaching its peak plasma concentration in 1-4 h. A total of 25% of the
apixaban is excreted through the kidneys, and the remnant by the liver [55]. Edoxaban
(Savaysa® in USA and Lixiana® in Canada) is another direct FXa inhibitor developed
by Daiichi-Sankyo, approved in Japan and in the US for stroke and VTE prophylaxis
[56,57]. It is well absorbed, reaching its plasma concentration peak after 1-2 h.
Elimination of edoxaban takes place via the renal and hepatobiliary routes [58].
Betrixaban (Bevixxa®) is a more recent direct FXa inhibitor developed by Portola
Pharmaceuticals Inc. (San Francisco, CA, USA). It was approved by the FDA in 2017 for
the prevention of thromboembolism in high-risk hospitalized individuals [59]. Betrixaban
inhibits FXa in a competitive, reversible, selective, and dose-dependent way. It is rapidly
absorbed and shows its peak plasma concentration within 3—4 h. Its bioavailability is 34%,
and it shows the longest half-life among the FXa inhibitors. Betrixaban is mainly excreted

through the hepatobiliary system and via a P-glycoprotein efflux pump [60,61].

Table 2. Pharmacokinetic and pharmacodynamic properties of DOACs.

F_ac'go[’ la Factor Xa inhibitor References
Features inhibitor

Dabigatran | Apixaban | Rivaroxaban | Edoxaban | Betrixaban
M2 (DaP) 628 460 436 548 452 [62]
Bioavailability (%) |6 50 80-100 62 34 [62,63]
Protein binding (%) | 35 87 92-95 55 60 [61,63]
Tmax” (h) 1-3 1-4 2-4 1-2 3-4 [61]
Half-life (h) 12 - 17 12 5-13 9-11 19 - 27 [53,60]
Reversal agents Yes No No No No [62]
Renal clearance (%) | >80 25 66 35-50 <7 [61]

& Mean molecular weight (Mw); b Daltons (Da); ¢ Time to reach the maximum plasma

concentration (Tmax).

Unlike VKAs, the DOACs have a rapid onset and offset of action and a low potential for
food interaction. In addition, DOACs have a wide therapeutic window and predictable
anticoagulant response, and there is no need for laboratory monitoring or dose
adjustments according to body weight [48]. Despite the enthusiasm for DOACs, a number

of situations are noteworthy and should be considered. Pregnant patients were excluded
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from the randomized trials and, consequently, the efficacy and safety concerns (e.g.,
teratogenic risk) in this group are unknown [39]. Cost is another issue. Drugs such as UH
and VKAs are cheaper compared to DOACs [64]. Moreover, the lack of available reversal
agents is another important problem. Currently, dabigatran is the only DOAC with a
licensed antidote [48]. Although the DOACs have been licensed without the need for
laboratory monitoring, some circumstances may require that the drugs be monitored: (i)
unconscious patients, where the presence of anticoagulants may influence the
management decision; (ii) in the case of suicide attempts, it may be important to establish
whether there was an anticoagulant drug overdose; (iii) bridging from one anticoagulant
to another; (iv) establishing whether co-medication effects are altering the anticoagulant
efficacy [64]. Therefore, the lack of a reliable method for monitoring the drug level is

potentially problematic [65].

3. Laboratory Assessment of Anticoagulant Therapy

There are several anticoagulant drugs available, as discussed in the previous section. Each
anticoagulant agent differs in its effects on coagulation tests, and each drug may require

different laboratory assays to measure/monitor drug concentration.

3.1 Monitoring VKAs and UFH

Routine coagulation tests are represented according to their prothrombin
time/international normalized ratio (PT/INR) and their activated partial thromboplastin
time (@PTT). The PT/INR and aPTT are sometimes obtained to investigate dysfunctions
in secondary hemostasis; however, they are more frequently used for monitoring
anticoagulant therapy [64]. The PT assay is a straightforward test that evaluates the
extrinsic and common pathway factors of coagulation. It is defined as the time in seconds
for plasma to clot after the addition of calcium and the thromboplastin reagent, which
uses an extrinsic activator pathway (Figure 2) [66]. Commercial thromboplastin reagents
have different sources, methods of preparation by their different manufacturers, and,
consequently, varying sensitivities to coagulation factors, resulting in uncertainty in PT
results [13]. In addition, there are various coagulation analyzers available from several
manufacturers. The influence of these two factors is responsible for the variability in PT

results among laboratories [66]. To bypass the variability and standardize the PT results,
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in 1983, the World Health Organization (WHO) introduced the INR concept. The INR is
calculated as follows: INR = (patient PT/MNPT)ISI [64], where MNPT is the mean
normal PT, which is obtained from at least 20 healthy volunteers, and ISI is the
international sensitivity index of the thromboplastin. The ISI reflects the ability of
thromboplastin to reduce the vitamin-K-dependent factor in comparison with a standard
thromboplastin defined by the WHO [13]. While the INR approach has reduced the
variability of patients’ interlaboratory results, on the other hand, the determination of 1S
has generated a source of variability depending on the reagent/instrument utilized in the
laboratory and the source of plasma used to generate MNPT [66].

Despite the fact that INR has brought an important means of standardization for
interlaboratory results, the need for improvements in the technique to ensure more reliable
results still exists. The PT/INR is sensitive to the presence or activity of Fll, factor V
(FV), FVII, FX, and fibrinogen. In that way, anticoagulant agents that alter the levels of
these factors can be monitored with the PT/INR if a dose—response relationship could be
defined [64]. The PT/INR responds to a lowering of the level of FII, VII, and FX caused
by VKAs, leading to a prolongation of PT and, thus, a higher INR [13]. The target INR
therapeutic limits are 2.0 to 3.0 for most indications, and it is well defined that
subtherapeutic INR levels are related with an increased thrombotic risk. On the other
hand, supratherapeutic levels correlate with an increased bleeding risk [48]. Monitoring
VKA therapy is crucial due to the highly variable anticoagulant response and the narrow
therapeutic window. VKAs interfere with three of the five factors of the extrinsic
pathway. Thus, the PT/INR is the most sensitive technique for monitoring the VKA
levels, as well as, possible fluctuations in VKA levels due to several interactions

presented by these drugs [66].
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Figure 2. Intrinsic and extrinsic activator pathways.

The aPTT is a clotting assay that evaluates the intrinsic and common pathway factors of
coagulation. This test was first developed by Langdell, Wagner, and Brinkhous in 1953
[67] through a modification of the whole blood clotting time test (WBCT) developed by
Lee and White to test patients for hemophilia [68]. The aPTT is defined as the time in
seconds for the recalcified plasma to form a clot after adding a platelet substitute (partial
thromboplastin, named this way because the absence of TF) and a surface-activating agent
(such as celite, ellagic acid, kaolin, or micronized silica) (Figure 2) [69,70]. The aPTT is
sensitive to the presence or activity of Fll, FV, factor VIII (FVIII), FIX, FX, factor XI
(FXI), factor XI1 (FXII), and fibrinogen. Therefore, anticoagulant agents that affect the
levels of these factors can be monitored with the aPTT if a dose—response relationship
can be determined [64]. Most aPTT reagents shows linear sensitivity to UFH over the
therapeutic range, so the aPTT is considered the main assay for monitoring UFH therapy
[71]. Monitoring UFH therapy is important for avoiding plasma variation, preventing
both toxic levels, which are related with an increased risk of bleeding, thrombocytopenia,

and osteoporosis, or subtherapeutic levels, leading to the inefficacy of thrombosis
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treatment [47]. The aPTT test offers advantages, such as its low cost, ease of performing,
wide availability, and automation. These explain why it is widely accepted by clinicians
[72]. However, there are some limitations that might influence the technique and are
noteworthy. Regarding preanalytical conditions, several variables might affect the test
results, namely, the duration of sample collection, citrate concentration, sample transport
temperature, and the time between collection and plasma separation [73]. Concerning
analytical conditions, the reagents, instruments, and methods of end-point detection are a
source of test variability. The same reagents produced in different lots can yield
variability in the test’s sensibility. The partial thromboplastin reagent is available through
many suppliers with either vegetable or animal phospholipid sources [74]. Thus, the high
phospholipid heterogeneity, either in composition or in concentration, is another source
of variation in the sensitivity of aPTT assays. Moreover, the choice of the surface-
activating agent modifies the aPTT time in normal plasma [75]. The biological conditions
are another factor influencing the aPTT results. Intravascular volume, protein level,
coagulation factor concentration, and AT deficiency contribute to the variability in the
aPTT [72]. From all of the limitations discussed above, it is remarkable that the major
problem of aPTT assays is the absence of standard methods. Consequently, the aPTT
shows a high interlaboratory variation, and even in-house analysis should be carefully
interpreted [76]. UFH and VKAS require rigorous laboratory control because they have a
very narrow therapeutic window; therefore, the correct dose is strictly related to an
accurate aPTT or PT/INR assay control, respectively.

3.2 Monitoring LMWH Therapy

Despite the advantageous pharmacokinetic and pharmacodynamic properties of LMWHs,
which grant a lesser need for laboratory monitoring in some circumstances, drug
monitoring can bring some benefits for specific populations. The most commonly applied
test for LMWH monitoring is the chromogenic anti-factor Xa or anti-Xa assay, mainly
due to its low cost and broad availability [77]. The chromogenic anti-factor Xa is
considered the gold standard for assessing the plasma LMWH level. In general, the anti-
Xa assay measures the enzymatic activity of a patient’s plasma in cleaving an exogenous
FXa [77]. A synthetic FXa substrate linked with a chromophore is added to the plasma

sample. Endogenous FXa cleaves the chromogenic substrate to release the chromophore
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unit, leading to a color change that can be detected spectrophotometrically (Figure 3) [78].
In the case of a plasma sample containing LMWH, it will inhibit FXa, reducing the FXa
level in order to cleave the synthetic chromophore. By comparing the results with the
corresponding standard curve (samples containing known amounts of LMWH), the
anticoagulant concentration can be calculated. The extent of colorimetric change is
directly proportional to the enzymatic activity and inversely proportional to the

anticoagulant concentration [79].

Factor Xa Chromophore

FXa substrate

Color change

'4

Cleaved substrate

Figure 3. Schematic representation of the Endogenous FXa cleavage of chromogenic

substrate releasing the chromophore unit and leading to a color change.

Drawbacks in LMWH monitoring with the anti-factor Xa assay include the lack of
standardization in the (1) anti-Xa reagent, (2) standard curve construction, and (3)
instrument for analysis [80]. There are numerous commercially available anti-Xa assay
Kits that use diverse synthetic substrates to measure FXa activity. Thus, analyses of the
same sample yield discrepant results [77]. Two different anti-Xa test designs with distinct
aims are available. One applies exogenous AT to correct a possibly low in vivo AT
concentration. However, this approach may lead to overestimation of the in vivo
anticoagulation activity because unbound LMWH, which does not produce anticoagulant
activity, could bind to exogenous AT, causing a false positive result [12]. On the other
hand, excess dextran sulfate may be added to mitigate in vivo protein binding to the drugs.
This strategy may result in overestimated anticoagulant activity, although this is a minor
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concern for LMWH due to their reduced binding to plasma proteins [77]. The
construction of standard curves to calculate the drug’s concentration in the plasma is
essential. The same brand and lot number of LMWH administered to patients should be
utilized in order to prepare the standard curve. Moreover, different reagents and
instrument systems produce variable results [12,80]. The anti-FXa/anti-Flla ratios among
LMWH formulations and the time needed to obtain a blood sample are another pitfall
related to the anti-factor Xa assay. In fact, because the peak plasma concentration of
LMWH is at about 4 h, blood samples should be collected as close as possible to 4 h after
LMWH administration [78,79]. The target therapeutic range for anti-Xa activity depends
on the dosage regime and the LMWH agent utilized. With once-daily dosing, the
therapeutic range of LMWH is 1.0 to 2.0 U/mL, while for a twice-daily regime, the
therapeutic range of LMWH is between 0.5 and 1.0 U/mL [81]. Although anti-Xa is
considered the main choice for plasma LMWH level measurement, the anti-Xa level may

not correlate with the clinical results, so the results should be evaluated with caution.

3.3. Monitoring DOAC Therapy

Although routine laboratory monitoring of DOACSs is not necessary, in some special
situations, laboratory measurements may be helpful [82], such as for emergency
surgeries, overdoses, extreme body weights, pregnancies, drug interactions, renal
impairments, and treatment failures [83]. An ideal assay that measures DOACs accurately
should show a great level of linearity within a wide range of drug concentrations.
Moreover, the assay should be sensitive to low therapeutic concentrations and should be
specific for the drug of interest so that no interferences affect the drug’s determination.
Finally, the assay should be widely available and able to give results in a short time.
Currently, there is no test with these ideal characteristics [82].

Liquid chromatography/mass spectrometry (LC/MS), calibrated for each drug to be
measured, is considered the standard method for DOAC measurement [84]. This
technique has a superior accuracy and precision over a broad concentration range
compared to coagulation-activity-based assays [85,86]. However, this technique has
limited availability, is time consuming and expensive, and requires high technical
expertise. Therefore, although LC/MS is a gold-standard method, it is unsuitable for

routine DOAC measurement.
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Conventional anticoagulant assays, such as PT and aPTT, are inappropriate for accurate
DOAC measurement. However, recent guidelines and recommendations for DOAC
assessment state that aPTT and PT may be utilized as a screening test for DT and anti-
Xa inhibitor (only rivaroxaban), respectively, particularly when rapid and reliable
information about a possible overcoagulation is necessary [87].

Conventional monitoring tests are not suitable for apixaban, edoxaban, and betrixaban.
Thrombin time (TT) is a rapid, simple, and inexpensive test that assesses the thrombin
activity through conversion of fibrinogen into fibrin [88,89]. TT is highly sensitive to
dabigatran, and it is not used for accurate measurement of it. Depending on the reagent
and the dabigatran concentration, TT may be unmeasurable. Nevertheless, TT has an
important use: Normal values are suggestive of little or no clinically relevant dabigatran
levels [82]. The plasma dabigatran level can be measured with different assays, such as
diluted thrombin time (dTT) and ecarin-based assays: ecarin clotting time (ECT) and
ecarin chromogenic assay (ECA) [71,87]. The dTT, or its commercial version,
Hemoclot® Thrombin Inhibitor (Hyphen Biomed, Neuville-sur-Oise, France), isa TT
modification assay for overcoming the exquisite sensitivity to dabigatran. Diluting the
test plasma with normal plasma and purified human
-thrombin (to initiate clotting) ensures a rapid, simple, and commercially available
quantitative method for determining plasma DTI concentration [88]. When dTT is
calibrated for dabigatran measurement, the assay shows a high linearity with clinical
dabigatran concentration with a good reproducibility [90]. The dTT assay has been
considered the gold standard for measurement of plasma dabigatran concentration [91].
ECT (Ecarin Reagent, Diagnostica Stago, Asnieres, France) is a meizothrombin
generation assay that enables accurate DTl measurement [92]. Ecarin is a
metalloproteinase purified from snake venom, Echis carinatus, which, when added to
citrated plasma, specifically cleaves prothrombin into an active intermediate,
meizothrombin, and the time until clot formation is measured [82]. With DT therapy, the
meizothrombin generated is inactivated as long as DTI is present in the plasma. Thus,
coagulation will not occur until all DTI is consumed, thus prolonging the time until clot
formation [88,92]. In the ECA (ECA-T Kit, Diagnostica Stago, Asnieres, France), the
meizothrombin cleaves a chromogenic substrate, which releases the chromophore unit
(paranitroalanine), resulting in absorbance changes. With DTI therapy, the cleavage
reaction is inhibited, and by comparing the results with the corresponding standard curve,

the anticoagulant concentration can be measured [93]. Direct FXa inhibitors can be
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accurately measured through a modified chromogenic anti-Xa assay. It is advocated that
the anti-Xa assay calibrated with the same drug being taken by the patient is the most
reliable technique for accurately measuring the anticoagulation effect of direct oral FXa
inhibitors [82,87].

Although the development and introduction of DOACs in the market have revolutionized
anticoagulant therapy due to their several advantages over VKAs and heparins, they have
brought some challenges in laboratory monitoring [85]. Due to the differences in the
sensitivity of routine coagulation tests, none of them are able to accurately measure
DOACs. Nevertheless, qualitative information about the presence of DOACs or lack
thereof could be obtained [88]. The absence of FDA-approved calibrators and reliable
methods for quantifying DOACs has generated a lack of interest in the development of a
quantitative assay. Alternative methods, such as ECT and ECA, may be useful, but have
not been widely implemented. The use of commercial calibrators, as well as the use of

specialty coagulation tests, to measure DOACSs should be interpreted with attention [85].

4. Coagulation Test Performance of Drug Delivery Systems

4.1 Liposomes

Liposomes are defined as phospholipid vesicles formed by concentric lipid bilayers
surrounding an aqueous inner phase [94]. Their special structure, hydrophobic and
hydrophilic characteristics, and biocompatibility make liposomes a promising system for
drug delivery [95].

LMWH-loaded flexible liposomes (flexosomes) (size~83 nm) and LMWH-loaded
ethosomes (size~85 nm) were prepared for transdermal delivery [96]. Their
physicochemical features and pharmacokinetic parameters were compared. The plasma
anti-Xa activity of flexosomes, ethosomes, and LMWH solution was measured through a
chromogenic anti-Xa assay (Coatest®, Chromogenix, Instrumentation Laboratory,
Milano, Italy). After transdermal application, the [anti-Xa]max of the LMWH-loaded
flexosomes was 1.11 1U/mL, while the [anti-Xa]max 0of the LMWH-loaded ethosomes was
0.32 Ul/mL. The authors stated that the improved skin permeability of the flexosomes
was due to their reduced size and the higher deformability than that of ethosomes (76.7%
versus 46.8%). Moreover, they explained that flexosomes are able to change their shape

to pass through skin barriers. In another study, Bai and Ahsan [97] prepared ardeparin-
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loaded conventional liposomes and PEGylated liposomal formulations with the hydration
method for the respiratory route. Pulmonary absorption of formulations was monitored
through plasma anti-Xa activity and compared with LMWH saline formulations and
subcutaneous administration. The antifactor Xa levels (>0.2 Ul/mL) for all liposomal
formulations were at therapeutic levels for more than 6 h. Moreover, the prolongation of
the half-life of the drug was significantly higher when compared to that for the plain

LMWH or subcutaneous route.

4.2 Hydrogels

Hydrogels are three-dimensional cross-linked hydrophilic polymer networks that are
capable of retaining large amounts of water or biological fluids while remaining insoluble
in these media [98]. Their hydrophilicity is responsible for some of the desirable features
of hydrogels, such as biocompatibility and the capability of encapsulating hydrophilic
molecules [99]. Because the hydrogels were mostly prepared in aqueous solutions, the
drug denaturation and aggregation possibilities were mitigated. Moreover, the hydrogel
network was able to protect the entrapped drug against the harsh environment [100].
Loira-Pastoriza et al. prepared nanogels to incorporate four commercial LMWHSs for
topical delivery [11]. For bemiparin measurement in plasma after topical application, they
used a chromogenic anti-Xa assay (Stachrom® heparin, Diagnostica Stago, Asniéres-sur-
Seine, France). The authors could not detect bemiparin in plasma after 24 h of topical
application. However, they stated that, for the route of administration and for the
treatment of superficial thrombosis and hematomas, the drug should not pass into the
systemic blood circulation in order to avoid a systemic effect. Matanovic et al. developed
a thermoresponsive poloxamer-based platform that formed in situ combined with pH-
responsive polyelectrolyte heparin/chitosan nanocomplexes for prolonged subcutaneous
release of heparin. The plasma heparin concentration was measured after subcutaneous
injection of selected individual formulations (thermoresponsive hydrogel and
heparin/chitosan nanocomplexes) and a dual system (nanocomplexes incorporated into
thermoresponsive hydrogel) through a chromogenic FXa assay and Berichrom® Heparin
kit (Siemens Healthcare Diagnostics Inc., Erlanger, Germany). Plasma heparin
concentration-time profiles showed a double-peak phenomenon, and this dual behavior
was probably related to diffusion of heparin inside the polymer network and gel

dissolution. It was demonstrated that thermoresponsive hydrogel with heparin/chitosan
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nanocomplexes showed sustained release of heparin for 5 days [101]. The aPTT is the
most preferred assay for monitoring the therapeutic dose of UFH in many hospitals and
laboratories, mainly due to its low cost, wide availability, and ease of performing, rather
than the specific advantages of this technique. However, the anti-Xa assay may be
necessary either in some patients (e.g., elevated baseline aPTT or FXII deficiency) or

because it offers another option with fewer interferences [71,87].

4.3 Polymeric Nanoparticles (PNPs)

PNPs are colloidal dispersions that have been used for drug and biomolecule delivery
[102]. PNPs have several advantages: (i) They have improved stability; (ii) they can avoid
the phagocyte system, thus prolonging their blood stream duration; (iii) because of their
sub-cellular size, they can pass through capillary vessels; (iv) they can improve the drug
properties and reduce side effects; (v) they can release the drug or biomolecule in a
controlled/sustained fashion [103-105]. Dong et al. prepared chitosan-based polymer—
lipid hybrid nanoparticles (PLNs) with a self-assembly method to incorporate and
improve the oral absorption of enoxaparin (Enox). The PLNs were composed of chitosan
as the polymer and glyceryl monooleate (GMO) as the lipid, with an optimized
lipid/polymer mass ratio of 0.2 and pluronic® F127 as a stabilizer. Nanoparticles with the
optimal composition were submitted to an in vivo study. The Enox anticoagulant activity
was measured through the aPTT assay. The optimized Enox/PLNs showed a 4.5-fold
increase in oral Enox bioavailability in comparison with an Enox solution. The authors
claimed that the stability of nanoparticles is a crucial parameter for improved oral drug
delivery efficiency [7]. The authors utilized the aPTT assay to measure plasma LMWH
concentration; however, the aPTT was not helpful for this purpose because the
anticoagulant effect of LMWH is produced mainly through FXa inhibition, and the
prolongation of the aPTT is highly dependent on low thrombin activity [77]. In another
work, Ramadan et al. produced and characterized cationic lipid nanocapsules (CLNCs)
with a phase-inversion method intended for fondaparinux (Fp) oral absorption. In vivo
studies were performed after a single oral dose in rats, and the plasma Fp measurements
were carried out with the anti-Xa activity assay (HYPHEN, Biomed). The authors
reported that the cLNCs significantly increased oral Fp bioavailability and improved

pharmacokinetic profile in a dose-dependent manner [106].
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4.4 Other Drug Delivery Systems

Solid lipid nanoparticles (SLNs) are lipid-based colloidal nanocarriers consisting of a
hydrophobic core composed of lipids that are solid at both room and body temperatures
and stabilized by a surfactant layer. SLNs are capable of affording a controlled drug
release because the release of the active compound from the solid lipid matrix is much
slower when compared to liquid oils [107,108]. Paliwal et al. synthetized biomimetic
LMWH-lipid conjugate-loaded SLNs for oral bioavailability studies. An in vivo study
was performed in albino rats, and the plasma LMWH concentration was measured with a
colorimetric anti-Xa assay using a Chromogenix Coatest LMW heparin kit (Diapharma).
The authors demonstrated that SLNs were within the nanometric range and were safe for
oral administration. Furthermore, improved bioavailability of LMWH-lipid conjugates
was observed in comparison to LMWH-loaded SLNs and LMWH solution. They
attributed this result to the high loading capacity and better lymphatic drainage of the
LMWH-lipid conjugate SLNs, thus achieving an improved systemic LMWH
concentration [109]. Self-nano emulsifying drug delivery systems (SNEDDSSs) have been
explored as drug delivery systems because they are able to spontaneously form oil-in-
water (o/w) nanoemulsions after administration in an aqueous environment, followed by
mild agitation (e.g., the gastric motility) [110,111]. Zupancic et al. prepared and
characterized various enoxaparin-loaded self-emulsifying drug delivery systems
(SEDDSs) with lipids of different chain lengths for oral administration [112]. An in vivo
study was carried out in rats, and the plasma enoxaparin concentration was measured with
a Biophen® Heparin anti-Xa assay kit. Medium-chain lipids (MC-SEDDS) and no lipids
(NL-SEDDS) showed greater mucus diffusion. MC-SEDDS and NL-SEDDS showed
sustained enoxaparin release in vitro and an oral absolute enoxaparin bioavailability of
2.02%and 2.25%, respectively. A literature review focusing on anticoagulant therapies

using different drug delivery systems is given in Table 3.



Table 3: Anticoagulant drug delivery systems for different routes of administration.
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Drug delivery Active (Class) Composition Size range Major outcomes Ref
system
(LMWH) Egg PC 80-90 nm | LMWH-loaded flexosome showed higher antifactor Xa (Anti- [104]
Tween® 20 Xa)]max than LMWH-loaded ethosome.
Ethanol
PC 100-150 | Liposomal formulations showed sustained release and longer [105]
Liposomes Ardeparin Chol nm half-life compared to the plain solution or subcutaneous route.
(LMWH) DSPE
DSPE-PEG-2000 and
DSPE-PEG-5000
Enoxaparin Eudragit-coated liposomes showed higher permeation and oral [106]
(LMWH) Soybean PC 100-200 nm | bioavailability when compared to uncoated liposomes.

Chol
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SA
Eudragit® S 100
Bemiparin Eudragit® RS 30D 130 nm Gel formulations were able to delivery LMWHSs across the skin [11]
(LMWH) barrier and after 24 h the drug was not detected in plasma.
Nadroparin
(LMWH)
Tinzaparin
(LMWH)
Enoxaparin
(LMWH)
Heparin (UFH) CS hydrochloride | 150-400 nm | The dual system enabled the lowest absorption rate of heparin [112]
Hydrogels Lutrol® F127 into systemic circulation and provided heparin concentration
Lutrol® F68 above the prophylaxis threshold for 5 days.
HPMC
Enoxaparin
(LMWH) CS 100-1000 | Thermo-sensitive hydrogels were able to prolong the enoxaparin | [124]
Pluronic® F127 nm release.
PEI
Plys
Heparin (UFH) Gelatin
MBA Heparin-loaded hydrogels showed sustained release for 60 hand | [125]
TEA NA platelets adhesion was significantly reduced.
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PNP

Enoxaparin
(LMWH)

Fondaparinux
(Synthetic
analogues)

Enoxaparin
(LMWH)

Enoxaparin
(LMWH)

CS
GMO
Pluronic® F127

Labrafac® WL 1349

Lipoid® S75-3
Lipoid® GMBH
Solutol® HS 15

CTAB
SA

Pluronic® F-68
CTAB
Dextran sulfate
PLGA
Precirol ATO 5
E80
Tween 80
Poloxamer 407

290-320 nm

40-65 nm

180-195 nm

145-160 nm

The optimized formulation showed higher oral bioavailability
compared with drug solution.

Cationic lipid nanocapsules showed increased oral bioavailability
and longer half-life when compared to fondaparinux control
solutions (oral and intravenous).

Enoxaparin/CTAB nanoparticles showed 3-fold improved
gastrointestinal permeation when compared with drug solution.

LPHNs improved the drug intestinal permeation, enhanced the
oral bioavailability and showed therapeutic efficacy.

[7]

[117]

[126]

[127]
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SLN (LMWH) Compritol 888 ATO | 280-380 nm | The SLNs were able to improve the LMWH bioavailability in [120]
Stearic, palmitic and comparison to free drug solution.
myristic acid
PC
Enoxaparin Capmul MCM EP, | 30-245nm | SEDDS formulations showed sustained enoxaparin release and [128]
(LMWH) Capmul PG-8 EP/NF 2-fold bioavailability.
Captex 8000, Peceol
Labrafil M 1944 CS,
Labrasol
Maisine 35-1,
Transcutol HP
Myglyol 840,
Cremophor EL
Rivaroxaban PEG, triacetin, olive | 50-105 nm | SNEDDS showed higher dissolution than commercial
(Factor Xa and sesame oil formulation. SNEDDS technology used in
SNEDDDS inhibitor) rivaroxaban successfully enhanced drug bioavailability in
fasted condition and showed no food effect were observed in
IPM rivaroxaban-SNEDDS formulation. [129]
Ethyl oleate,
Tween20, and
Rivaroxaban Tween80 10-115 nm | Safety SNEDDS formulations which enhanced oral and [130]

(Factor Xa
inhibitor)

intravenous bioavailability in comparison to drug suspension.
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Cremophor, Moreover, SNEDDS exhibit anticoagulant efficacy in thrombosis
Cremophor HEL, and rat model.
Transutol

Transcutol HP
Capryol TM 90
Maisine TM 35-1
Castor oil, oleic acid,
triacetin, IPM
Cremophore EL
PEG 300 and PEG
400
Tween 20, Tween 80
and Span 80

Abbreviations: CS: chitosan, Chol: cholesterol, CTAB: hexadecyltrimethyl ammonium bromide, DSPE: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine, DSPE-PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine polyethyleneglycol, E80: egg yolk lecithin, Egg PC:
phosphatidylcholine from egg yolk, GMO: glyceryl monooleate, HPMC, hydroxypropylmethylcellulose, IPM: isopropyl myristate, MBA: N,N-
methylenebis (acrylamide), NA, not available, PEI: polyethylenimine, PC: phosphatidylcholine, Plys: e-polylysine, PNP: polymeric nanopatrticle,

SA: stearyl amine, SEDDS: self-emulsifying drug delivery system, SLN: solid lipid nanoparticles, SNEDDS: self-nanoemulsifying drug delivery
system, TEA: triethylamine.
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5. Conclusions

The conventional anticoagulant agents are well-knowledge drugs with reliable anticoagulant
assays, that have been used for decades. On the other hand, after a long time without novelty in
anticoagulation management, the DOACs have emerged in the last decade. De-spite the
remarkable advances made in anticoagulant therapy with the introduction of DO-ACs, there are
still some important issues that should be addressed, such as lack of specific antidotes and the
absence of an accurate and standardized coagulation test. The anticoagulant tests were found to
be suitable for measuring the anticoagulant performance of heparin-based nanocarriers through

several administration routes.
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ABSTRACT

Enoxaparin is an effective biological molecule for prevention and treatment of coagulation
disorders. However, it is poorly absorbed in the gastrointestinal tract. In this study, we
developed an Eudragit® L100 coated chitosan core shell nanoparticles for enoxaparin oral
delivery (Eud/CS/Enox NPs) through a completely eco-friendly method without employing any
high-energy homogenizer technique and any organic solvents. Spherical nanocarriers were
successfully prepared with particle size lower than 300 nm, polydispersity index about 0.12 and
zeta potential higher than +25 mV, entrapment efficiency greater than 95% and the in vitro
release behavior confirms the good colloidal stability and the successful Eudragit® L100
coating process demonstrated by negligible cumulative enoxaparin release (<10%) when the
particles are submitted to simulated gastric fluid conditions. Finally, we demonstrated that the
core-shell structure of the particle influenced the drug release mechanism of the formulations,
indicating the presence of the Eudragit® L100 on the surface of the particles. These results
suggested that enteric-coating approach and drug delivery nanotechnology can be successfully

explored as potential tools for oral delivery of enoxaparin.

Keywords: Chitosan, drug delivery system, eudragit® L100, low-molecular weight heparin,

biomacromolecule, polymer nanoparticles.
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1. Introduction

Enoxaparin (Enox) is the low molecular weight heparin (LMWH) of choice for the prevention
and treatment of deep vein thrombosis and coronary syndromes [1]. It exerts your anticoagulant
activity by binding to antithrombin (AT), thereby catalyzing the indirect inhibition of factor
Xa (FXa) and in lesser extent, factor lla (Flla) (Fig. 1) [2].
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Figure 1: Coagulation cascade and Enox therapeutic targets.

Enox is only available as parenteral aqueous solution (intravenously or subcutaneously) which
limit its clinical applicability. The Enox halflife (4.5 h) requires daily administration, impairing
the patient compliance [3]. Moreover, Enox is inactivated in acidic medium and shows poor
permeation through the intestinal wall due to high molecular weight, hydrophilicity and high
negative charge and consequently, low oral bioavailability [4].

Several micro/nanoformulations for improve oral bioavailability of Enox including liposomes
[5], microparticles [6], self-emulsifying drug delivery systems [7] and polymeric nanoparticles
(PNPs) [8] have been explored. The development of an oral formulation of Enox would be

essential for long anticoagulant therapy in chronic conditions since it would overcome the
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inconveniences of the daily injections (e.g. needleassociated pain, infections, hospitalization,
hematomas, etc.), reducing side effects and, thus, improving the patient adhesion to treatment
[9].

Polymeric nanoparticles (PNPs) have been drawn attention as nanocarriers for oral delivery of
hydrophilic macromolecules since they have some remarkable advantages: (1) protection
against acidic denaturation and enzymatic degradation; (2) increase the contact and absorption
area; (3) increase the intestinal membrane permeability and (4) might show controlled release
properties [10].

Chitosan (CS), a natural cationic heteropolysaccharide consisting of N-acetyl-p-glucosamine
and p-glucosamine linked through (1-4)- glycosidic bonds [11], has been extensively explored
as a promising biomaterial for delivery of large variety of macromecules [12-14]. CS has
excellent biocompatibility, biodegradability, and nonimmunogenicity properties [15].
Moreover, CS-based biomaterials exhibit mucoadhesive and absorption-enhancing properties
[16]. In fact, CS is capable to interact with the mucus and epithelial cells to prolong the
residence time in the small intestine [17] and promote the opening of tight junctions (TJs)
reversibly, facilitating the paracellular transport [18,19], respectively. However, oral delivery
of CS-based materials is limited due to CS is easily solubilized at gastric pH medium, leading
to loss of its mucoadhesive and absorption-enhancing properties [20] and in addition, allowing
the leakage the drug to the harsh gastric environment [21].

Eudragit® L100 (Eud) is a synthetic anionic copolymer based on methacrylic acid and methyl
methacrylic acid (ratio 1:1) [22]. Eud is an enteric pH-dependent product, soluble above pH 6,
that has been widely used as controlled drug release excipient [23]. In fact, the use of Eud in
various formulations such as liposomes [24], nanoparticles [21,25] for oral delivery of
hydrophilic macromolecules has been reported.

The aim of this study was to develop Enox-loaded Eud-coated CS core/shell nanoparticles

through an eco-friendly method for oral delivery.
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2. Materials and methods

2.1. Materials

Enoxaparin sodium (Endocrisis® 40 mg/0.4 mL, 4000 1U) was a kind gift from Cristalia
(Brazil). Eudragit® L100 (M, of 135 kDa, apparent viscosity of 50-200 mPas) was purchased
from Evonik (Essen, Germany). Chitosan (M of 105 g/mol, degree of deacetylation ~ 81%,)
was purchased from Polymar (Fortaleza, Brazil). All other chemicals and reagents were of

analytical grade and used without any further purification.

2.2. Preparation of CS/Enox nanocomplexes

CS/Enox nanocomplexes (F1, CS/Enox NCs) were prepared through polyelectrolyte
complexation (PEC) technique . Briefly, Enox aqueous solution (0.55 mg/mL, pH 6.5) was
dripped into 2 mL of CS aqueous acetic acid solution (0.5 mg/mL, pH 4.5) under magnetic
stirring for 30 min at room temperature [10]. The system pH was adjusted with 1 N HClor 1 N
NaOH as required. Formulation variables such as initial CS pH and Enox to CS weight ratio

(w/w) were studied on the basis of their effect on particle size and drug entrapment.

2.3 Preparation of Eud coated core shell CS nanoparticles

Eud coating on CS/Enox NCs was carried out in accordance with the method described by Xu
and coworkers [21]. To prepare Eud-coated CS/Enox NPs, Eud phosphate buffer solution (PBS)
(0.05 mg/mL) were added dropwise to CS/Enox NCs under mild agitation at room temperature
and left under agitation for 20 min (F2, NC-loading) or Eud PBS solution were premixed with

Enox aqueous solution before complexation with CS solution (F3, Anion-loading) [3].

2.4 Colloidal dispersions characterization

2.4.1 Particle size (PS), polydispersity index (PDI) and zeta potential (ZP)

The average particle size and zeta potential of undiluted colloidal dispersions were determining
by dynamic light scattering (DLS) using ZetaSizer Nano-ZS90 (Malvern Instruments Ltd.,
UK). Measurements were carried out after an equilibration time of 120 s at a cell temperature
of 25°C with a detection angle of 90°. Particle size distribution was reported as a polidispersity
index (PDI) [8].
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2.4.2 Morphological characterization

The morphology of the colloidal dispersions were observed by atomic force microscopy (AFM)
using a TT-AFM instrument (AFM workshop, USA) in intermittent contact mode using TED
PELLA tips (TAP300-G10) at an amplitude frequency of aproximately 239 kHz. The samples
were diluted with ultra-pure water and left in ultrasound bath for 30 min. Further, 10 pL of
diluted samples was applied to a freshly cleaved mica surface and oven dried at 36°C for 15

min. Images were analyzed using Gwyddion software 2.45 [26].

2.4.3 Stability study

To evaluate the stability of CS/Enox NCs and Eud/CS/Enox NPs in gastrointestinal tract (GIT),
the colloidal dispersions were submitted to simulated GIT pH conditions (0.1 M HCI, pH 1.2,
PBS pH 6.8 and 7.4). Briefly, 0.5 mL of colloidal dispersions were dispersed into 2.5 mL of
simulated GIT fluids under continuous stirring at room temperature. The integrity of
nanoformulations was monitored at predetermined time intervals through any change of PS,
PDI and ZP using ZetaSizer Nano-ZS90 (Malvern Instruments Ltd., UK) [21].

2.4.4 Estimation of Enox entrapment efficiency (EE)

The EE of Enox was calculated based in the difference between the total amount of Enox added
to the colloidal dispersions and the untrapped drug amount remaining in the aqueous
supernatant after the centrifugation step. The EE was determined by an indirect turbidimetric/
nephelometric method based on the quantitative precipitation reaction occurring between
Enox's sulfate and carboxyl groups and the amine groups of cetylpyridinium chloride. Briefly,
250 pL of each sample was reacted for 1 h at room temperature with 250 pL of sodium acetate
buffer (1 M, pH 4.8) and 1 mL of cetylpyridinium chloride (0.1% w/v) in NaCl aqueous solution
(0.94% wl/v). The precipitates were assayed spectrophotometrically (Varian, 50 UV-VIS,
Australia) at 290 nm [6]. This method was validated according to the ICH guide [27] through
parameters such as linearity, specificity, precision and accuracy, and robustness (data not

shown).

2.5 Enox in vitro release study

The Enox in vitro release studies were performed through dialysis bag method [28]. The Enox
in vitro release from selected colloidal dispersions was determining in enzyme-free and gradient
pH medium in air shake incubator at 150 rpm. Briefly, Eud/CS/Enox NPs and CS/Enox NCs
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were placed inside a dialysis membrane (MWCO 12-14 kDa). The dialysis membrane was
suspended in 5 mL of simulated gastric fluid (SGF, pH 1.2) at 37 + 0.5 C for 2 h. Then, the
SGF was replaced by 5 mL of PBS pH 6.8 for 4 h and finally, for PBS pH 7.4 until the end of
12 h both at 37 £ 0.5 °C. Aliquots (500 pL) were collected at predetermined time intervals and
replaced with equal volumes of respective medium. The concentration of Enox released was

determined by turbidimetric/nephelometric method previously described.

2.6 Evaluation of the mechanism of drug release

To examine the drug release behavior from nanoformulations, it was evaluated changes in the
PS upon incubation in simulated GIT conditions. For this study, the nanoformulations were
submitted to the same protocol described in Section 2.5. The volume-based mean diameters
(Dwy) of the nanoformulations were measured at predetermined time intervals using ZetaSizer
Nano-ZS90 (Malvern Instruments Ltd., UK). The Dvt was subtracted from that volume-based
mean diameters observed at time zero (Dvo) and the differences between the diameters were
then plotted against time [29].

2.7 Statistical analysis
All results were expressed as the mean value + standard deviation (SD) from at least three
measurements. Significance of difference was evaluated using one-way ANOVA at the

probability level of 0.05.

3. Results and discussion

3.1 Preparation of CS/Enox NCs

3.1.1 Effect of system pH

Since the NCs formation is mainly driven by electrostatic interactions, both polymers have to
be ionized and own opposite charges. The self-assembly reaction should be performed at pH
values close to the pKa interval of the two polymers (pKa of Enox is approximately 3.1 and the
pKa of CS is 6.5) [30]. Thus, this investigation was performed in pH range of 3—7 for CS since
the pH of CS solution will influence its charge density and therefore, the properties of resulting
NCs. To study the influence of changing CS solution pH values on PS and ZP of CS/Enox NCs

(Fig. 2), both Enox to CS weight ratio and concentration were kept constant.



Figure 2: Influence of CS pH values on PS (m) and zeta potential (@) for CS/Enox NCs (a) and

chemical structure of Enox (b) and CS (c) showing their ionization sites.
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As depicted in Fig. 2, the PS and ZP of CS/Enox NCs is dependent on the initial CS solution
pH. It was observed that rising the CS solution pH values, an increase in the PS of colloidal
dispersions accompanied by a corresponding decrease in their positive surface charge was
obtained.

Addition of Enox solution led to a turbid aggregating dispersion when the initial CS solution
pH range was 6 to 7. Even adjusting the initial CS solution pH to 5.5, the precipitation was
observed. This can probably be attributed to the fact that in the formulation prepared at pH
values near to CS isoelectric point, the poor ionization of CS amino groups, reduced its charge
density, consequently, decreasing the electrostatic interaction with Enox molecules, resulting
to unstable dispersions [3].

On the other hand, when the CS solution pH was adjusted to 5 and 4.5, spontaneously formed
an opalescent and stable colloidal dispersions. At these pH values, the CS amino groups were
more protonated, highly positively charged, favoring the inter-cross-linkages with negatively
charged Enox molecules [14].

The PS is a crucial parameter regarding efficient uptake by intestinal cells [31]. In fact, smaller
particles can penetrate the gastrointestinal (GI) mucus gel layer and reach the underlying
epithelium to a higher extent than larger particles [32]. In addition, surface charge is another
parameter that affects the intestinal absorption [31]. Positive charge nanoparticles interact with
negatively GI mucus layer, hence, enhancing the intestinal residence time, increasing particle
uptake, as well as improving drug absorption [8]. Thus, the formulation prepared with the initial

CS solution pH of 4.5 was selected to further studies.

3.1.2 Effect of Enox to CS weight ratio

The drug/polymer ratio is another parameter that has significant influence on the properties of
NCs [30]. Therefore, the influence of the stoichiometry on PS, ZP, PDI and EE was investigated
at pH 4.5 (Fig. 3).
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Figure 3: Influence of Enox to CS mass ratio on the PS, ZP, PDI and EE for CS/Enox NCs.

As shown in Fig. 3, an increase in the PS and EE of CS/Enox NCs were observed with
successive increase in the Enox concentration. As the Enox concentration is increased, CS
molecules could be linked with more Enox molecules, thereby increasing the PS as well as the
EE of the CS/Enox NCs [33], until that a critical point was achieved (Enox to CS mass ratio of
0.6 and 0.5, respectively), from which the PS increased suddenly and the EE reach a plateau
phase, in which, it is worth nothing that all CS/Enox NCs showed high EE values (>95%). The
positive ZP values remained unchanged almost all investigation ranging from +21.3 to +16.6
mV (Fig. 3), except in the final mass ratio, where a lower ZP value was observed (+7.4 mV),
probably due to the large proportion of free negatively charged Enox groups [34]. On the other
hand, the PDI showed a decreasing behavior until an Enox to CS mass ratio of 0.7, from which
the PDI increased abruptly, possibly related to a decrease in the ZP values due to excess of
Enox molecules, favoring agglomeration of the particles [33].

According to these results, it was defined that Enox to CS mass ratio of 0.55 is the optimal
proportion to further studies as it produced colloidal dispersions with appropriate PS (208 +
21.7 nm), minimum PDI (0.125 + 0.01) and a maximum EE (98.3 £ 1.1).
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3.2 Preparation of Eud/CS/Enox NPs

In order to protect the integrity of Enox in the harsh gastric acid milleu, optimized CS/Enox
NCs formulations were coated with Eud layers through electrostatic interaction (Table 1).
Several Eud solution concentrations were previously evaluated to potentialize the benefit of
Eud in the electrostatic interaction equilibrium (data not shown). It is worth to mentioning that
Eud concentrations as high as utilized on this work resulted in unstable aggregated colloidal
dispersions leading to precipitation. In addition, it is noteworthy that this method was
completely eco-friendly without employing any high-energy homogenizer methods and any
organic solvents, contributing to the physicalchemical stability of the drug.

Two Eud loading approaches were applied to investigate the influence of the order of addition
of the reactants on nanoformulation characteristics. Eud (0.05 mg/mL) was dissolved in PBS
pH 6.8 where the carboxyl groups become negatively charged facilitating the adsorption to the
F1 positive amino groups. As the addition of Eud PBS solution, the pH value of the final
dispersion raised to 4.7 and as consequence, the solubility of Eud decreased and formed the
protective layer, forming the Eud/CS/Enox NPs [21].

NC-loading method showed an increase in particle size which clearly indicates the presence of
Eud on the surface of nanoparticle. This effect was mediated through the reduction of F1
positive surface charge density by neutralization of CS amino groups by negatively charged
Eud through electrostatic interaction [35].

On the other hand, Eud coating through anion-loading method produced NPs much smaller
which could be explained by the competitive ionic interaction between negatively charged
carboxyl and carboxyl/sulfate groups of Eud and Enox, respectively on positively charged
amino groups of CS. In fact, as Eud was utilized on pH which it would be negatively charged,
hence, Eud could compete with Enox to interact with CS electrostatically. This interaction,
provided by the multi-ionic sites of the large CS molecules, may have collaborated to the more
compact nanoparticles [36].

F2 and F3 showed non-aggregating nanosized colloidal dispersions with positive ZP values
(Table 1). The surface charge is an important parameter since it influences not only the stability
of the colloidal preparation but also can affects the in vivo fate of the nanocarriers, influencing
the opsonization process, blood circulation time as well as biodistribution [37]. In addition, the
surface charge can be tuned to improve the nanocarries-mucin interaction prolonging the transit

and retention times, allowing more time for drug release in the target site [38].
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The EE for all colloidal dispersions was comparable and nearly 100% (Table 1), which indicates
a strong ionic interaction between CS and Enox molecules. Once the interaction between those
entities are driven by electrostatic interaction and an exceeding amount of CS was used in the
formulation (weight ratio of CS to Enox was 2:1), therefore, the chance of all Enox molecules
being ionically complexed with CS counterparts is too high, leading to a high EE [28]. All

formulations showed in Table 1 were chosen for the subsequent studies.

Table 1: Characterization of different formulations.

Code Formulations PS (nm) PDI ZP (mV) EE (%)

F1 CS/Enox NCs 208.4+21.7 0125+001 +28.0+18 983%11
F2 Eud/CS/Enox NPs? 293.6+57 0103003 +256+x09 962+1.0
F3 Eud/CS/Enox NPs® 2004+42 0124+001 +31.0+x04 952+15

4NC-loading: Eud PBS pH 6.8 solution were added to the freshly prepared CS/Enox NCs.
b Anion-loading: Eud PBS pH 6.8 solution were premixed with Enox aqueous solution before
complexation with CS solution.

3.3 Morphological characterization

The morphology of Enox-loaded nanoformulations was observed with atomic force microscopy
(AFM) and is shown in Fig. 4. All the nanoformulations are spherical or sub spherical in shape
and well separated from each other. In addition, the PS obtained from AFM is smaller than that
determined by DLS technique (Table 1) which can be attributed to the different measurement
mechanism and sample treatment. For DLS, nanoformulations were evaluated in the hydrated
environment, so the polymer chains were well swelled. On the other hand, for AFM
visualization, nanoformulations were previously dried and possibly the nanocarriers shrunk
[39].



74

Figure 4. AFM images of Enox-loaded nanoformulations: F1 (A-B), F2 (C-D) and F3 (E-F).

3.4 Stability study

The nanoformulations were evaluated for stability at different pH conditions by detecting their
particle sizes as depicted in Fig. 5. As showed in Fig. 5A, the PS of F2 and F3 had a negligible
increase after 2 h of incubation in SGF indicating that they were able to maintain the integrity,
which could be attribute to the Eud layers upon particle surface. On the other hand, when the
same formulations were dispersed in pH 6.8 and 7.4 (Fig. 5B and C, respectively), the PS
decreased which could be related to the beginning of Eud layers erosion. Once the Enox is

inactivated in acidic medium, it is highly desirable that nanocarriers maintain the structure and
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hence could protect the stability of the drug when passing in the stomach [21,40]. For F1, a
more pronounced PS change was observed in all pH conditions comparatively with F2 and F3.
However, in pH 7.4 a sudden increase in PS was observed which could be related to the
destabilization and consequently, the disintegration of the system. As the CS amino groups
become deprotonated, the electrostatic interaction between Enox and CS is weakened, leading

the systems to swelling and destabilization process.
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Figure 5: Particle size monitoring of Enox-loaded nanoformulations in different simulated pH
conditions: (A) pH 1.2, (B) pH 6.8, and (C) pH 7.4. (m) F1, (®) F2 and (A) F3.
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3.5 Enox in vitro release study

Fig. 6 shows the Enox in vitro release profile from selected colloidal dispersions in simulated
GIT fluid at different pH. The Enox release from all nanoformulations was similar (p < 0.05),

low and incomplete after 12 h.
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Figure 6: In vitro release profile of Enox-loaded nanoformulations in different simulated pH
environments. (m) F1, (8) F2 and (A) F3.

All nanocarriers exhibited a very poor cumulative Enox release at gastric medium. In addition,
at pH 6.8 and 7.4 the cumulative Enox release showed a slight increase, but still it was very
slow, achieving a cumulative Enox release less than 10% for all nanoformulations studied i.e.
in formulations F1, 4.8% (13.2 pg); F2, 8.5% (23.4 pg) and F3, 7.4% (20.4 pg).

In comparison with F2 and F3, F1 showed lower cumulative Enox release. This might be
attributed to acid mucopolysaccharide nature of Enox molecules, which are able to maintain
the electrostatic attraction with positively charged CS molecules in a wider pH range, and hence
maintaining the F1 stability even at pH 1.2 [10]. Furthermore, it is worth to note that the Enox

was exposed directly to acidic medium on F1 formulation and it may have suffered inactivation
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by low pH condition since this formulation is not able to protect the drug from acidic
environment [41].

Regard to F2 and F3, slight increase in cumulative Enox release was noticed, which might be
related to the Eud-coating procedure. In fact, the addition of Eud PBS pH 6.8 solution possibly
weakened the interaction force between positively charged CS molecules and
negativelycharged Enox molecules [35]. In addition, the slower cumulative Enox release
showed by F3 in comparison with F2, could be attributed to the more compact structure formed
by the polymers difficulting the penetration of the incubating medium into nanocarrier matrix
[3].

A slow Enox release behavior could be of interest for oral Enox administration. Once Enox
must exert your anticoagulant effect in the bloodstream, it is interesting that the release
phenomena take place only when the nanocarriers achieve and interact with the proximity of
absorbing intestinal epithelium [10].

As a strategy for prolonging the drug residence time of formulations at intestinal mucosal
surface, CS, a well-known mucoadhesive biomaterial, was applied to allow more time for drug
release at the target site, resulting in improved bioavailability [38,42]. In fact, CS presents
strong bioadhesiveness properties which is related to the interaction between sialic acid residue
of mucus intestinal barrier and amino groups of CS molecules [42]. It is worth mentioning that

a similar Enox release behavior was reported by other authors [3,28,43].

3.6 Mechanism of drug release
The changes in mean volume diameter of nanocarriers suspended in simulated GIT fluids are

depicted in Fig 7.
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Figure 7: Mean volume diameter behavior of Enox-loaded nanoformulations in different
simulated pH environments: (A) pH 1.2, (B) pH 6.8, and (C) pH 7.4. (m) F1, (e) F2 and (A)
F3. Inset graph emphasizes the F2 and F3 behavior.
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Among all conditions, the F1 showed a higher increase in the mean volume diameters compared
to F2 and F3. In fact, acrylic polymers such as Eud are pH-dependent polymers extensively
used for enteric effect that dissolves at pH 6 above. It is expected that they withstand the lower
gastric pH values and the degradation process takes place at neutral or slightly alkaline pH [23].
For F1, at pH 1.2 and 6.8, initially an increase in the mean volume diameters was observed
followed by a little reduction in size. However, at pH 7.4, there was a rapid increase in mean
volume diameters followed by a significant reduction. On the other hand, for F2 and F3, at pH
1.2, nanocarriers showed a smooth change in mean volume diameters demonstrating the gastric
resistance which might be attributed to the Eud coating process. Further, at pH 6.8 and 7.4, the
nanocarriers showed a more pronounced reduction in the mean volume diameters followed by
a considerable increase in the diameter. In fact, as Eud has a pH-dependent solubility, its erosion
and swelling increase as the pH increases [44].

Several studies demonstrated that the mechanism that controls/governs the drug release from
CS-containing systems is the diffusion or swelling/erosion or both mechanisms [45]. In the
swelling/erosioncontrolled release, the system exhibits an increase in particle size followed by
a reduction in the diameters [46]. This behavior could be observed in the F1 suggesting that the
drug was released by this manner. However, for F2 and F3, a different mechanism could be
observed suggesting an initial erosion process and as the medium reaches the more hydrophilic

core of the particle begins the swelling process [29].

4. Conclusion

In this study, we developed an spherical Eud-coated nanoformulations using an eco-friendly
method which could entrapped high amount of drug and maintain the integrity against gastric
acid environment. In addition, the in vitro release perfomance confirms the stability and the
ability of Eud-coated nanocarriers to protect the drug from low pH conditions, demonstrated by
negligible cumulative Enox release when the particles are submitted to SGF conditions. Finally,
we demonstrated that the core-shell structure of the particle influenced the drug release
mechanism of the formulations. Based on our study, it suggests that the combination of enteric-
coating appoach and drug delivery systems could be successfully explored for the oral delivery
of Enox.
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6 CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

Os anticoagulantes convencionais sd@o farmacos bem conhecidos e com testes anticoagulantes
bem definidos, enquanto os ADOC sdo uma classe de farmacos relativamente recente que
chegou trazendo notaveis mudangas na terapia anticoagulante, porém, com alguns
questionamentos em relagdo a sua utilizacao principalmente devido a inexisténcia de antidotos
especificos e auséncia de um teste de monitoramento preciso e confiavel. Os nanocarreadores
a base de HBPM vem sendo desenvolvidos e testados por diversas vias de administracéo e os
testes anticoagulantes se mostraram adequados para quantificar a performance desses
nanossistemas.

As nanoparticulas do tipo core/shell de eudragit® L100/quitosana/enoxaparina sodica foram
obtidas com sucesso atraveés de um método ecologicamente correto, sem 0 uso de solventes
organicos, e foram capazes de incorporar elevada quantidade de farmaco e manter sua
integridade contra o pH &cido simulado. Além disso, através dos estudos de liberagdo in vitro e
mecanismo de liberacdo confirmamos ndo s a estabilidade dessas particulas e a habilidade
desses sistemas em proteger o farmaco das condicdes severas do pH acido, como também, que
0 recobrimento com eudragit® L100 foi obtido com sucesso e que a estrutura core/shell da
particula influenciou 0 mecanismo de liberacdo das nanoformulagdes.

Pretendemos aprofundar o estudo desses nanossistemas empregando uma abordagem in vivo e
ex-vivo, investigando o comportamento dessas nanoparticulas em um organismo vivo, tanto de
uma perspectiva farmacoldgica quanto toxicoldgica.

Por fim, e ndo menos importante, queria deixar registrado para que futuros leitores dessa tese,
possam ter uma no¢do, mesmo que minima, dos desafios que enfrentamos, em todos 0s
aspectos, com a pandemia da COVID-19 causada pelo novo coronavirus, SARS-CoV-2. O
mundo em isolamento social, jornais noticiando mortes aos milhares em todo o planeta todo
dia, por uma doenca desconhecida da comunidade cientifica que ndo havia tratamento e nem
cura. Nos, pesquisadores em formacgdo, com nossos prazos esgotando, as universidades
fechadas, laboratdrios parados ou com acesso restrito, parcerias inviabilizadas e, aliado a tudo
isso, 0 medo de se contaminar e adoecer nossos familiares, amigos e colegas de trabalho. Apds
esforcos globais, vieram as vacinas e pudemos ver uma luz no fim do tunel.

E por isso que a finalizacdo deste trabalho é tdo comemorada porque n&o significa somente o
fechamento de um ciclo, mas uma nova chance de viver que muitos néo tiveram, significa a

resiliéncia da raca humana, significa a vitoria da ciéncia.



86

REFERENCIAS

AHN, M. Y. etal. Characterization of a Bacteroides species from human intestine that degrades
glycosaminoglycans. Canadian Journal of Microbiology, v. 44, n. 5, p. 423-429, 1998.

AKHTAR, F. et al. Low-Molecular-Weight Heparins: Reduced Size Particulate Systems for
Improved Therapeutic Outcomes. Molecules, v. 23, n. 7, p. 1757-1769, 2018.

AL-HILAL, T. A. et al. Oligomeric bile acid-mediated oral delivery of low molecular weight
heparin. Journal of Controlled Release, v. 175, p. 17-24, 2014.

ALAEZ-VERSON, C. R.; LANTERO, E.; FERNANDEZ-BUSQUETS, X. Heparin: new life
for an old drug. Nanomedicine, v. 12, n. 14, p. 1727-1744, 2017.

ANILKUMAR, P. et al. A rationalized description on study of intestinal barrier, drug
permeability and permeation enhancers. Journal of Global Trends in Pharmaceutical
Sciences, v. 2, n. 4, p. 431-449, 2011.

AUNGST, B. J. Absorption enhancers: applications and advances. American Association of
Pharmaceutical Scientists Journal, v. 14, n. 1, p. 10-18, 2012.

BAGRE, A. P.; JAIN, K.; JAIN, N. K. Alginate coated chitosan core shell nanoparticles for
oral delivery of enoxaparin: In vitro and in vivo assessment. International Journal of
Pharmaceutics, v. 456, n. 1, p. 31-40, 2013.

BAUER, K. A. Fondaparinux sodium: a selective inhibitor of factor Xa. American Journal of
Health-System Pharmacy, v. 58 n. Suppl 2, p. S14-17, 2001.

BECKMAN, M. G. et al. Venous Thromboembolism: A Public Health Concern. American
Journal of Preventive Medicine, v. 38, n. 4, p. S495-S501, 2010.

BEHRAVESH, S. et al. Pathogenesis of Thromboembolism and Endovascular Management.
Thrombosis, v. 2017, p. 1-13, 2017.

BUENO, P. V. A. et al. N,N-Dimethyl chitosan/heparin polyelectrolyte complex vehicle for
efficient heparin delivery. International Journal of Biological Macromolecules, v. 75, p.
186-191, 2015.

CHOONARA, B. F. et al. A review of advanced oral drug delivery technologies facilitating
the protection and absorption of protein and peptide molecules. Biotechnology Advances, v.
32,n.7,p.1269-1282, 2014.



87

CHOUBEY, A. K. et al. Development and evaluation of PEGylated Enoxaparin: A novel
approach for enhanced anti-Xa activity. Bioorganic Chemistry, v. 54, p. 1-6, 2014.

COSMI, B. An update on the pharmaceutical management of thrombosis. Expert Opinion on
Pharmacotherapy, v. 17, n. 16, p. 2149-2164, 2016.

DAS KURMI, B. et al. Nanocarriers in Improved Heparin Delivery: Recent Updates. Current
Pharmaceutical Design, v. 21, n. 30, p. 4509-4518, 2015.

DESRIEUX, A. etal. Nanoparticles as potential oral delivery systems of proteins and vaccines:
A mechanistic approach. Journal of Controlled Release, v. 116, n. 1, p. 1-27, 2006.

DONAHUE, N. D.; ACAR, H.; WILHELM, S. Concepts of nanoparticle cellular uptake,
intracellular trafficking, and kinetics in nanomedicine. Advanced Drug Delivery Reviews, v.
143, n. 15, p. 68-96, 2019.

DONG, W. et al. Chitosan based polymer-lipid hybrid nanoparticles for oral delivery of
enoxaparin. International Journal of Pharmaceutics, v. 547, n. 1, p. 499-505, 2018.

ELERAKY, N. E. et al. Permeation-Enhancing Nanoparticle Formulation to Enable Oral
Absorption of Enoxaparin. AAPS PharmSciTech, v. 21, n. 3, p. 88, 2020.

ENSIGN, L. M.; CONE, R.; HANES, J. Oral drug delivery with polymeric nanoparticles: The
gastrointestinal mucus barriers. Advanced Drug Delivery Reviews, v. 64, n. 6, p. 557-570,
2012.

EOM, J. S. et al. Antithrombotic efficacy of an oral low molecular weight heparin conjugated
with deoxycholic asset on microsurgical anastomosis in rats. Thrombosis Research, v. 126, n.
3, p. €220-e224, 2010.

FAN, B. et al. pH-responsive thiolated chitosan nanoparticles for oral low-molecular weight
heparin delivery: in vitro and in vivo evaluation. Drug delivery, v. 28, n. 1, p. 1-10, 2015.

FANG, G.; TANG, B. Advanced delivery strategies facilitating oral absorption of heparins.
Asian Journal of Pharmaceutical Sciences, v. 15, n. 4, p. 449-460, 2020.

FRANCHINI, M. et al. The evolution of anticoagulant therapy. Blood Transfusion, v. 14, n.
2, p. 175-184, 2016.

GARCIA, D. A. et al. Parenteral anticoagulants: Antithrombotic Therapy and Prevention of
Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based Clinical Practice
Guidelines. Chest, v. 141, n. 2 p. e24S-e43S, 2012,



88

GOLDBERG, M.; GOMEZ-ORELLANA, 1. Challenges for the oral delivery of
macromolecules. Nature Reviews Drug Discovery, v. 2, n. 4, p. 289-295, 2003.

GOMEZ-ORELLANA, I. Strategies to improve oral bioavailability. Expert Opinion on Drug
Delivery., v. 2, p. 419-33, 2005.

GULSETH, M. P. Overview of direct oral anticoagulant therapy reversal. American Journal
of Health-System Pharmacy, v. 73, n. Supplement 2, p. S5-S13, 2016.

HEIT, J. A.; SPENCER, F. A.; WHITE, R. H. The epidemiology of venous thromboembolism.
Journal of Thrombosis and Thrombolysis, v. 41, n. 1, p. 3-14, 2016.

HU, T. Y.; VAIDYA, V. R.; ASIRVATHAM, S. J. Reversing anticoagulant effects of novel
oral anticoagulants: role of ciraparantag, andexanet alfa, and idarucizumab. Vascular Health
and Risk Management., v. 12, p. 35-44, 2016.

HUCKABY, J. T.; LAI, S. K. PEGylation for enhancing nanoparticle diffusion in mucus.
Advanced Drug Delivery Reviews, v. 124, n. 15, p. 125-139, 2017.

HWANG, S. R.; BYUN, Y. Advances in oral macromolecular drug delivery. Expert Opinion
on Drug Delivery., v. 11, n. 12, p. 1955-1967, 2014.

IBRAHIM, S. S. et al. Polysaccharides-based nanocomplexes for the prolonged delivery of
enoxaparin: In-vitro and in-vivo evaluation. International Journal of Pharmaceutics, v. 526,
n.1-2, p. 271-279, 2017.

IBRAHIM, T. F.; MAXWELL, S.; IQBAL, O. Current anticoagulation drugs and mechanisms
of action. In: LOFTUS, C. M. (Ed.). Anticoagulation and Hemostasis in Neurosurgery.
Switzerland: Springer 2016. p.33-46.

JAIN, A.; JAIN, N. Preparation and Optimization of Transdermal Delivery System for Low
Molecular Weight Heparin Using Ethonolic Liposomes. Journal of Biomaterials and Tissue
Engineering, v. 4, n. 5, p. 416-422, 2014.

JANDIK, K. A. et al. Accelerated stability studies of heparin. Journal of Pharmaceutical
Sciences, v. 85, n. 1, p. 45-51, 1996.

KESIEME, E. et al. Deep vein thrombosis: a clinical review. Journal of Blood Medicine, v.
2, p. 59-69, 2011.

KESINEE, F.; BERNKOP-SCHNURCH, A. Mucoadhesive vs. mucopenetrating particulate
drug delivery. European Journal of Pharmaceutics and Biopharmaceutics, v. 98, p. 76-89,
2016.



89

KIM, B. T. et al. Purification and characterization of a novel heparinase from Bacteroides
stercoris HJ-15. Journal of Biochemistry, v. 128, n. 2, p. 323-328, 2000.

KIM, S. K. et al. Absorption study of deoxycholic acid-heparin conjugate as a new form of
oral anti-coagulant. Journal of Controlled Release, v. 120, n. 1, p. 4-10, 2007.

KIM, S. K. etal. Tricaprylin microemulsion for oral delivery of low molecular weight heparin
conjugates. Journal of Controlled Release, v. 105, n. 1, p. 32-42, 2005.

KUMAR, D. R. etal. Virchow’s Contribution to the Understanding of Thrombosis and Cellular
Biology. Clinical Medicine & Research, v. 8, n. 3-4, p. 168-172, 2010.

LAVANYA, N. et al. Preparation and evaluation of a novel oral delivery system for low
molecular weight heparin. International Journal of Pharmaceutical Investigation, v. 6, n. 3,
p. 148-157, 2016.

LEE, D. Y. et al. Liphophilic complexation of heparin based on bile acid for oral delivery.
Journal of Controlled Release, v. 123, n. 1, p. 39-45, 2007.

LIPPI, G.; FAVALORO, E. J. Laboratory monitoring of direct oral anticoagulants (DOACS) -
the perfect storm? Annals of Translational Medicine, v. 5, n. 1, p. 6, 2017.

LIU, C. et al. Strategies and industrial perspectives to improve oral absorption of biological
macromolecules. Expert Opinion on Drug Delivery., v. 15, n. 3, p. 223-233, 2018.

LUNDQUIST, P.; ARTURSSON, P. Oral absorption of peptides and nanoparticles across the
human intestine: Opportunities, limitations and studies in human tissues. Advanced Drug
Delivery Reviews, v. 106, n. Part B, p. 256-276, 2016.

MATOUGUI, N. et al. Lipid-based nanoformulations for peptide delivery. International
Journal of Pharmaceutics, v. 502, n. 1, p. 80-97, 2016.

MCCARTNEY, F.; GLEESON, J.; BRAYDEN, D. Safety concerns over the use of intestinal
permeation enhancers: A mini-review. Tissue Barriers, v. 4, p. 00-00, 2016.

MERLLI, G. J.; GROCE, J. B. Pharmacological and clinical differences between low-molecular-
weight heparins: implications for prescribing practice and therapeutic interchange. Pharmacy
& Therapeutics v. 35, n. 2, p. 95-105, 2010.

MOROZ, E.; MATOORI, S.; LEROUX, J.-C. Oral delivery of macromolecular drugs: Where
we are after almost 100years of attempts. Advanced Drug Delivery Reviews, v. 101, p. 108-
121, 2016.



90

MOTLEKAR, N. A. etal. Oral delivery of low-molecular-weight heparin using sodium caprate
as absorption enhancer reaches therapeutic levels. Journal of Drug Targeting, v. 13, n. 10, p.
573-583, 2005.

MOTLEKAR, N. A. et al. Modulation of gastrointestinal permeability of low-molecular-
weight heparin by L-arginine: in-vivo and in-vitro evaluation. Journal of Pharmacy and
Pharmacology, v. 58, n. 5, p. 591-598, 2006.

MOTLEKAR, N. A.; YOUAN, B.-B. C. The quest for non-invasive delivery of bioactive
macromolecules: A focus on heparins. Journal of Controlled Release, v. 113, n. 2, p. 91-101,
2006.

NEVES, A. R. et al. Strategies to Overcome Heparins’ Low Oral Bioavailability.
Pharmaceuticals, v. 9, n. 3, p. 3-16, 2016.

NIU, Z. et al. Lipid-based nanocarriers for oral peptide delivery. Advanced Drug Delivery
Reviews, v. 106, p. 337-354, 2016.

ODUAH, E. I.; LINHARDT, R. J.; SHARFSTEIN, S. T. Heparin: Past, present, and future.
Pharmaceuticals, v. 9, n. 3, p. 38-50, 2016.

PALIWAL, R. et al. Recent advances in search of oral heparin therapeutics. Medicinal
Research Reviews, v. 32, n. 2, p. 388-409, 2012.

PARAKH, R. S.; SABATH, D. E. Venous Thromboembolism: Role of the Clinical Laboratory
in Diagnosis and Management. The Journal of Applied Laboratory Medicine, v. 3, n. 5, p.
870-882, 2019.

PARK, J.; BYUN, Y. Recent advances in anticoagulant drug delivery. Expert Opinion on
Drug Delivery., v. 13, n. 3, p. 421-434, 2016.

PATEL, B.; GUPTA, V.; AHSAN, F. PEG-PLGA based large porous particles for pulmonary
delivery of a highly soluble drug, low molecular weight heparin. Journal of Controlled
Release, v. 162, n. 2, p. 310-320, 2012.

PATEL, S. et al. Brief update on endocytosis of nanomedicines. Advanced Drug Delivery
Reviews, v. 144, p. 90-111, 2019.

PIRAN, S.; SCHULMAN, S. Management of venous thromboembolism: an update.
Thrombosis Journal., v. 14, n. Suppl 1, p. 23, 2016.



91

PLAPIED, L. et al. Fate of polymeric nanocarriers for oral drug delivery. Current Opinion in
Colloid & Interface Science, v. 16, n. 3, p. 228-237, 2011.

PRIDGEN, E. M.; ALEXIS, F.; FAROKHZAD, O. C. Polymeric nanoparticle drug delivery
technologies for oral delivery applications. Expert Opinion on Drug Delivery., v. 12, n. 9, p.
1459-1473, 2015.

RAMA PRASAD, Y. V. etal. In situ intestinal absorption studies on low molecular weight
heparin in rats using labrasol as absorption enhancer. International Journal of
Pharmaceutics, v. 271, n. 1-2, p. 225-232, 2004.

SCHLUTER, A.; LAMPRECHT, A. Current Developments for the Oral Delivery of Heparin.
Current Pharmaceutical Biotechnology, v. 15, n. 7, p. 640-649, 2014.

SHRESTHA, H.; BALA, R.; ARORA, S. Lipid-Based Drug Delivery Systems. Journal of
Pharmaceutics, v. 2014, p. 801-820, 2014.

STONE, J. et al. Deep vein thrombosis: pathogenesis, diagnosis, and medical management.
Cardiovascular Diagnosis and Therapy, v. 7, n. Suppl 3, p. S276-5284, 2017.

STREIFF, M. B. et al. Guidance for the treatment of deep vein thrombosis and pulmonary
embolism. Journal of Thrombosis and Thrombolysis, v. 41, n. 1, p. 32-67, 2016.

THANOU, M. et al. N-sulfonato-N,O-carboxymethylchitosan: A novel polymeric absorption
enhancer for the oral delivery of macromolecules. Journal of Controlled Release, v. 117, n.
2, p. 171-178, 2007.

VENE, N.; MAVRI, A. An overview of the anticoagulant drugs used in routine clinical practice.
In: BOZIC-MIJOVSKI, M. (Ed.). Anticoagulant Drugs. United Kingdom: IntechOpen, 2018.
p.10.

WALENGA, J. M.; LYMAN, G. H. Evolution of heparin anticoagulants to ultra-low-
molecular-weight heparins: a review of pharmacologic and clinical differences and applications
in patients with cancer. Critical Reviews in Oncology/Hematology, v. 88, n. 1, p. 1-18, 2013.

WANG, L. etal. Invitro and in vivo evaluation of chitosan graft glyceryl monooleate as peroral
delivery carrier of enoxaparin. International Journal of Pharmaceutics, v. 471, n. 1-2, p.
391-399, 2014a.

WANG, L. et al. Exploration of hydrophobic modification degree of chitosan-based
nanocomplexes on the oral delivery of enoxaparin. European Journal of Pharmaceutical
Sciences, v. 50, n. 3-4, p. 263-271, 2013.



92

WANG, L. et al. Uptake, transport and peroral absorption of fatty glyceride grafted chitosan
copolymer—enoxaparin nanocomplexes: Influence of glyceride chain length. Acta
Biomaterialia, v. 10, n. 8, p. 3675-3685, 2014b.

YANG, T.; ARNOLD, J. J.; AHSAN, F. Tetradecylmaltoside (TDM) enhances in vitro and in
vivo intestinal absorption of enoxaparin, a low molecular weight heparin. Journal of Drug
Targeting, v. 13, n. 1, p. 29-38, 2005.

YANG, T. etal. Cyclodextrins in nasal delivery of low-molecular-weight heparins: in vivo and
in vitro studies. Pharmaceutical Research, v. 21, n. 7, p. 1127-1136, 2004.

YANG, X. et al. Advanced Nanocarriers Based on Heparin and Its Derivatives for Cancer
Management. Biomacromolecules, v. 16, n. 2, p. 423-436, 2015.

ZACCONI, F. C. FXa direct synthetic inhibitors. In: BOZIC-MIJOVSKI, M. (Ed.).
Anticoagulant Drugs. United Kingdom: IntechOpen, 2018. p.11-37.

ZHANG, H. et al. Absorption enhancing effects of chitosan oligomers on the intestinal
absorption of low molecular weight heparin in rats. International Journal of Pharmaceutics,
v. 466, n. 1, p. 156-162, 2014.

ZUPANCIC, O. et al. Development, in vitro and in vivo evaluation of a self-emulsifying drug
delivery system (SEDDS) for oral enoxaparin administration. European Journal of
Pharmaceutics and Biopharmaceutics, v. 109, p. 113-121, 2016.



	88a95e5a11211efe60e477c58057999c050d17a6a6f3819cd789aaa9cddcc06e.pdf
	659294afa2797f17d24466deae7ccceba4ee8a8251ee5923904b0a97a511e319.pdf
	Patriota, Yuri Basilio Gomes            
	Inclui referências.

	       620.5                      CDD (22.ed.)   

	88a95e5a11211efe60e477c58057999c050d17a6a6f3819cd789aaa9cddcc06e.pdf

