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I!

RESUMO!

!
! A! via! oral! é! considerada! a! via! de! administração!mais! adequada! e! fisiológica.!Uma!

insulina!oral!capaz!de!induzir!um!efeito!antihiperglicémico!eficiente,!quer!para!substituir!ou!

complementar! a! terapia! da! diabetes,! é! o! principal! objetivo! dos! profissionais! de! saúde,!

governos!e!doentes!diabéticos.!A! terapia!oral!está!associada!não!apenas! com!o!desejo!de!

excluir! agulhas! da! rotina! diária! do! doente! diabético,! como! também! com! a! disposição!

fisiológica!de!insulina!que!iriam!obter,!resultando!numa!melhor!homeostase!da!glucose.!No!

entanto,! a! terapia! oral! é! limitada! por! várias! barreiras! fisiológicas! e! apesar! dos! inúmeros!

esforços! ao! longo! das! últimas! décadas! para! desenvolver! sistemas! de! administração! de!

insulina,! ainda! não! existe! nenhuma! insulina! oral! comercialmente! disponível.! O! desejo! de!

administrar! insulina! por! via! oral! de! uma! forma! conveniente! e! eficaz! levou! à! intensa!

investigação!de!novos!sistemas!de!libertação.!

! Conhecer! o! efeito! das! nanopartículas! ao! nível! da! eficácia! terapêutica! da! insulina!

após! a! administração! oral! é! essencial! para! a! concepção! de! um! sistema! de! libertação!

adequado.!Esta! tese!surgiu!neste!contexto,! tendo!como!objectivo!desenvolver!um!sistema!

de! nanolibertação! com! características! físicas! adequadas! para! a! administração! oral! de!

insulina,!ao!avaliar!o!seu!comportamento!em!todo!o!trato!gastrointestinal!e,!ao!nível!celular.!!

! Em! primeiro! lugar,! nanopartículas! de! alginato! e! sulfato! de! dextrano! contendo!

insulina! produzidas! pelo!método!de! emulsificação/gelificação! interna! foram!desenvolvidas!

de!forma!a! !obter!um!nanosistema!com!base!em!biopolímeros!com!as!propriedades!físicas!

requeridas! para! a! administração! oral.! O! efeito! do! tamanho! das! gotículas! da! emulsão! nas!

partículas! finais! foi! avaliado! cuidadosamente,! enquanto! a! atividade! da! insulina! foi!

monitorizada! após! cada! passo! do! processo.! Houve! uma! diminuição! do! tamanho! das!

gotículas!da!emulsão!quando!a!ultrasonicação!foi!utilizada!durante!a!fase!de!emulsificação,!

efeito!que!foi!ainda!mais!pronunciado!quando!um!agente!co−tensioactivo!foi!adicionado.!As!

interações! entre! os! biopolímeros! e! a! insulina! foram! preditos! através! de! estudos! de!

modelagem!molecular!por!meio!de!cálculos!de!mecânica!quântica,!o!que!permitiu!a!previsão!

do!modelo!de! interação.!Os!estudos!de! libertação! in"vitro! indicaram!que!a! integridade!das!

nanopartículas! foi! bem! preservada! em! fluido! gástrico! artificial,! e! a! estabilidade!

conformacional! da! insulina! foi! assegurada! pelas! técnicas! de! espectroscopia! de! dicroísmo!

circular!e!de!infravermelho!com!transformada!de!Fourier!(Capítulo!2).!Os!biopolímeros!têm!
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um! efeito! importante! sobre! as! propriedades! das! nanopartículas! e! podem! ter! influência!

sobre!o!seu!comportamento!biológico.!Biopolímeros!policatiónicos,! tais!como!o!quitosano,!

podem!ser!usados!para!reticular!com!nanopartículas!com!base!em!alginato!polianiónico!de!

forma!a!proporcionar−lhes!a!capacidade!de!melhorar!a!bioadesão!e!permeabilidade!ao!nível!

celular.! Neste! sentido,! foi! explorado! um! estudo! racional! envolvendo! o! revestimento! das!

nanopartículas! com! quitosano! de! forma! a! melhorar! os! seus! parâmetros! físico−químicos!

(Capítulo!3).!

! Devido!à!elevada!área!de!superfície!das!nanopartículas,!os!fatores!que! influenciam!

sua! absorção! gastrointestinal,! mais! precisamente! o! seu! tamanho! e! fenómenos! de!

agregação,! foram! estudados! através! de! fluidos! gastrointestinais! artificiais.! Os! efeitos!

individuais! do! revestimento! com! quitosano,! assim! como! do! revestimento! adicional! de!

albumina,!foram!cuidadosamente!avaliados.!Foi!realizada!a!aplicação!da!albumina!como!um!

revestimento!mais!externo!para!as!nanopartículas!revestidas!com!quitosano,!uma!vez!que!a!!

albumina!revelou!atuar!como!um!alvo!sacrificial!de!forma!a!evitar!a!degradação!de!insulina,!

impedindo!as!proteases!de!alcançar!a!insulina!que!se!encontra!dentro!das!nanopartículas,!e!

estabilizando!as! nanopartículas! tanto!no! ambiente! ácido! como!no! ambiente! intestinal.!De!

seguida,!o!efeito!das!nanopartículas!no!aumento!da!permeação! in"vitro!da! insulina!através!

da!membrana!intestinal!foi!também!avaliado,!utilizando!modelos" in"vitro"de!co−culturas!de!

células! Caco−2,! Caco−2/HT29−MTX,! e! Caco−2/HT29−MTX/Raji! B! (Capítulo! 4).! O! duplo!

revestimento!com!quitosano!e!albumina!foi!concretizado!com!sucesso,!usufruindo!das!suas!

propriedades! de! protecção,! mucoadesão! e! melhor! absorção.! A! aplicação! da! albumina!

proporcionou! maior! estabilidade! ao! nível! do! tamanho! das! nanopartículas! em! condições!

gastrointestinais,!com!menor!agregação!e!mais!uniformidade!na!distribuição!de!tamanhos,!

impedindo!a!libertação!da!maioria!da!insulina!em!pH!gástrico!e!sustendo!a!libertação!em!pH!

intestinal,! permitindo! que! a! insulina! possa! ser! libertada! nos! locais! de! absorção.! Nas!

experiências! celulares,! as!nanopartículas!aumentaram!significativamente!a!permeabilidade!

da! insulina! através! dos!modelos! in" vitro,! um!padrão!que! se! apresentou! em! conformidade!

com!o!perfil!de!libertação!de!insulina.!

! De! seguida,! a! capacidade! deste! nanosistema! oral! em! melhorar! a! disponibilidade!

farmacológica!da!insulina!em!ambos!os!modelos!animais!de!diabetes!tipo!1!e!tipo!2!foi!pela!

primeira!vez!analisada!(Capítulo!5).!Houve!um!efeito!antihiperglicémico!significativo!após!a!

administração!oral!a!ambos!os!modelos,!embora!o!efeito!antihiperglicémico!tenha!sido!mais!
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prolongado!no!modelo!de!diabetes!tipo!1.!A!biodistribuição!das!nanopartículas!foi!também!

avaliada,! revelando! uma!maior! interação! das! nanopartículas! com! as! paredes! do! intestino!

delgado,!o!que!pode!ser!justificado!pelas!propriedades!mucoadesivas!do!quitosano.!

! Finalmente,!nesta!tese,!a!eficácia!das!nanopartículas!ao!nível!da!permeabilidade!da!

insulina! através! das! células! epiteliais! do! intestino! foi! integralmente! avaliada.! Foi! realizada!

uma! avaliação! sistemática! dos! mecanismos! celulares! e! moleculares! utilizados! pelas!

nanopartículas!para!o!transporte!de!insulina!através!do!intestino!(Capítulo!6).!Até!agora,!se!a!

absorção!da!insulina!ocorria!através!de!um!ou!mais!mecanismos!de!transporte!era!ainda!um!

facto!desconhecido,!uma!vez!que!os!estudos!que!elucidavam!os!mecanismos!de!absorção!da!

insulina! não! usavam! modelos! celulares! intestinais! que! representam! simultaneamente! os!

enterócitos,! as! células! de! goblet! e! as! células! M.! A! permeabilidade! das! nanopartículas!

contendo! insulina! diminuiu! após! redução! da! temperatura! e! após! co−incubação! com!

clorpromazina,! sugerindo! um! transporte! ativo! da! insulina! por! endocitose! mediada! por!

clatrina.! Além! disso,! a! inibição! da! permeabilidade! com! o! pré−tratamento! com! clorato! de!

sódio! sugeriu! que! a! interação! entre! o! glicocálice! e! as! nanopartículas! foi! crítica! para! a!

permeação!de!insulina.!
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ABSTRACT!

!

! The!oral!route!is!the!most!suitable!and!physiological!delivery!route.!Oral!insulin!able!

to! induce! an! efficient! antihyperglycemic! effect! either! to! replace! or! complement! diabetes!

therapy! is! the! major! goal! of! health! providers,! governments! and! diabetic! patients.! Oral!

therapy! is!associated!not!only!with!the!desire!to!exclude!needles!from!the!daily!routine!of!

diabetic!patient!but!also!with!the!physiological!provision!of!insulin!they!would!get,!resulting!

in!a!better!glucose!homeostasis.!However,!it!is!limited!by!various!physiological!barriers!and!

despite!the!numerous!efforts!over!the!past!few!decades!to!develop!insulin!delivery!systems,!

there! is!still!no!commercially!available!oral! insulin.!The!desire!to!deliver! insulin!by!the!oral!

route! in! a! conveniently! and! effectively! way! has! led! to! the! intense! investigation! of! new!

delivery!systems.!!

! The! understanding! of! the! effect! of! nanoparticles! (NP)! on! enhancing! insulin!

therapeutic!effect!after!oral!delivery!is!crucial!for!the!design!of!an!adequate!delivery!system.!

This!thesis!emerged!in!this!context!and!aims!to!develop!a!nanodelivery!system!with!suitable!

physical!characteristics!for!oral! insulin!administration,!by!evaluating!its!behavior!across!the!

gastrointestinal!(GI)!tract!and!at!the!cellular!level.!!

! First,! insulin−loaded!alginate/dextran! sulfate−based!NP! (ADS−NP)!produced!by! the!

emulsification/internal! gelation! technique! were! developed! in! order! to! achieve! a!

biopolymer−based!nanosystem!with! the! required!physical!properties! for!oral!delivery.!The!

effect!of!the!emulsion!droplet!size!on!the!resultant!particles!was!carefully!evaluated,!while!

probing! the!activity!of! insulin! after!each! step!of! the!process.! There!was!a!decrease! in! the!

emulsion!droplet!size!when!ultrasonication!was!used!during!emulsification,!which!was!more!

pronounced!when!a!cosurfactant!was!added.!The!interactions!between!the!biopolymers!and!

insulin! were! predicted! using! molecular! modeling! studies! through! quantum! mechanics!

calculations! that! allowed! for! the! prediction! of! the! interaction!model.! The! in" vitro" release!

studies!indicated!well−preserved!integrity!of!the!NP!in!simulated!gastric!fluid!(SGF)!and!the!

conformational!stability!of!insulin!was!ensured!by!circular!dichroism!(CD)!spectroscopy!and!

Fourier!transform!infrared!(FTIR)!spectroscopy!technique!(Chapter!2).!!Biopolymers!have!an!

important!effect!on!the!NP’!properties!and!may!have!influence!on!their!biological!behavior.!

Polycationic! biopolymers! such! as! chitosan! (CS)! can! be! used! to! crosslink! with! polyanionic!

alginate−based!NP!to!provide!them!the!ability!to! improve!bioadhesion!and!permeability!at!
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the!cellular!level.!In!this!sense,!a!rational!study!involving!the!CS!coating!of!the!NP!to!enhance!

their!physicochemical!parameters!was!explored!(Chapter!3).!!

! Giving!the!high!surface!area−to−volume!ratio!of!NP,!the!factors!influencing!their!GI!

uptake,! more! precisely! their! size! and! aggregation! phenomena,! were! studied! across!

simulated!GI!fluids.!The!individual!effects!of!the!CS!coating,!as!well!as!the!further!coating!of!

albumin!(ALB),!were!carefully!evaluated.!The!application!of!ALB!as!an!outermost!coat!to!the!

CS−coated!NP!was!carried!out,!since!ALB!has!revealed!to!act!as!a!sacrificial!target!to!avoid!

insulin! degradation! by! preventing! proteases! from! accessing! insulin!within! the! NP,! and! by!

stabilizing!the!NP!either!in!the!acidic!or!intestinal!environment.!Then,!the!effect!of!the!NP!on!

enhancing! the! insulin! in" vitro! permeation! through! the! intestinal! membrane! was! also!

evaluated,!using! in"vitro!models!of!Caco−2,!Caco−2/HT29−MTX!and!Caco−2/HT29−MTX/Raji!

B! co−cultures! (Chapter!4).! The!double! coating!with!CS!and!ALB!was! successfully! achieved,!

taking! advantage! of! their! protective,!mucoadhesive! and! absorption−enhancing! properties.!

The!ALB!application! showed! to!provided!better!NP’! size! stability! in!GI! conditions!with! less!

aggregation!and!more!uniformity!of!size!distribution,!preventing!the!release!of!the!majority!

of!insulin!in!the!gastric!pH!and!sustaining!the!release!in!the!intestinal!pH!to!allow!insulin!to!

be! released! in! the! sites! of! absorption.! In! the! cellular! experiments,! the! NP!were! found! to!

significantly! increase! the! permeability! of! insulin! across! the! in" vitro!models,! a! pattern! that!

was!in!accordance!with!the!insulin!release!profile.!!

! Then,!the!ability!of!this!nanosystem!to!improve!the!oral!pharmacological!availability!

(PA)!of!insulin!in!both!the!type!1!DM!(T1D)!and!type!2!DM!(T2D)!animal!models!was!for!the!

first!time!carried!out!(Chapter!5).!There!was!a!significant!antihyperglycemic!effect!after!oral!

administration! for!both!models,!although!the!antihyperglycemic!effect! lasted! longer! in! the!

model!of!T1DM.!The!biodistribution!of!the!NP!was!also!evaluated,!revealing!an!augmented!

interaction! of! the! NP! with! the! small! intestinal! walls,! which! could! be! explained! by! the!

mucoadhesive!properties!of!CS.!!

! Finally,! in! this! thesis,! the! effectiveness! of! the! insulin−loaded! NP! on! the! insulin!

permeability! across! intestinal! epithelial! cells! was! thoroughly! assessed.! A! systematic!

evaluation! of! the! cellular! and!molecular!mechanisms! used! by! the! NP! to! transport! insulin!

across!the!intestine!was!performed!(Chapter!6).!So!far,!whether!the!insulin!uptake!occurred!

through! one! or! more! pathway! was! still! unknown,! since! the! studies! elucidating! the!

absorption! mechanisms! of! insulin! did! not! make! use! of! cell−based! intestinal! models! that!
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reproduce!the!enterocytes,!and!goblet!and!M!cells!simultaneously.!The!permeability!of!the!

insulin−loaded! NP! was! reduced! after! the! temperature! was! decreased! and! after!

co−incubation! with! chlorpromazine,! suggesting! an! active! insulin! transport! by!

clathrin−mediated! endocytosis! (CME).! Moreover,! the! permeability! inhibition! with! the!

pre−treatment!with!sodium!chlorate!suggested!that!the! interaction!between!the!glycocalix!

and!the!NP!was!critical!for!the!insulin!permeation.!
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Figure! 1.1.! Schematic! representation! of! the! culture! model! systems! utilized.!

(A)Human! colonic! epithelial! cells! (Caco−2)! monolayer.! (B)! Co−culture! of!

Caco−2/HT29−MTX! mucus−producing! goblet! cells.! (C)! Triculture! of!

Caco−2/HT29−MTX/Raji!B!cells.! !

!

Figure! 1.2.!A!diagrammatic! representation! (particles!not!drawn!to!scale)!of!some!

intestinal!structures!where!the!flow!and!transport!of!NP!can!occur.!This!can!be!in!

the!direction!of!the!(A)!blood!and!(B)!lymphatic!flow.!Following!oral!administration,!

the! insulin−loaded!NP!may! (C)! flow! into!the!GI! tract,! (D)!access!and!adhere!to!M!

cells!of!the!Peyer's!patches!(PP)!or!enterocytes!and!(E)!flow!into!the!lymph!vessels!

and!entrapment!in!the!lymphatic!pathway.!

!

Figure! 1.3.! The! possible! pathways! for! insulin−loaded! NP! to! reach! the! systemic!

circulation!after!intestinal!uptake.! !

!

Figure!1.4.!Schematic!representation!(particles!not!shown!to!scale)!of!the!intestinal!

structures! and! the! route! of! NP! absorption! across! the! intestinal! epithelium:! (A)!

paracellular!transport;!(B)!transcytosis!through!enterocytes;!(C)!receptor−mediated!

transcytosis;! and! finally,! (D)! the! transcellular!pathway!used!by! the!M!cells! in! the!

PP.!

!

Figure! 1.5.! Schematic! illustration! (particles! not! shown! to! scale)! shows! the!

presumed! mechanism! of! paracellular! transport! of! insulin! released! from!

disintegrated!CS−based!NP.! (A)!pH−sensitive!CS−based!NP!becoming! (B)!unstable!

and! (C)! broken! apart,! releasing! (D)! insulin.! (E)! Intact! insulin−loaded! NP! can!

theoretically!pass!through!opened!TJ.!

!

Figure! 1.6.! Timeline! of! oral! insulin! history! and! development! to! the! present! day.!

The!search!engine!Web!of!Science™!was!used!to!search!for!scientific!publications.!

!
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Figure!1.7.!Some!forms!of!insulin,!functional!excipients!and!drug!delivery!systems!

used!in!the!design!of!oral!insulin!dosage!forms.!

!

Figure! 1.8.! Distribution! of! the! number! of! publications! related! to! oral!

administration!of!insulin,!refining!the!research!subject,!over!the!last!two!decades.!

!

Figure!2.1.! Influence!of!the!ultrasonication!time!on!the!emulsion!size!distribution.!

Notes:! Empty! circles:!without! sonication.! After! 15!min! (full! squares)! and! 30!min!

(full!triangles)!of!ultrasonication!exposure.!

!

Figure!2.2.!Influence!of!the!cosurfactant!addition!on!the!emulsion!size!distribution.!

Notes:!After!10!min!(empty!squares),!15!min!(full!diamonds),!20!min!(full!triangles),!

25!min!(empty!circles),!and!30!min!(empty!triangles)!of!ultrasonication!exposure.!!

!

Figure! 2.3.! Influence! of! the! protocol! extractions! (A–F)! on! the! insulin−based!

particles! recovery! yield! from! the! oil! phase.! Note:! Each! value! represents!mean! ±!

s.d.,!n!=!3.!

!

Figure!2.4.!Size!distribution!of! the!particles!under!the!following!processing!steps.!

Notes:!Full!!circles:!single!surfactant−assisted!particles.!Empty!circles:!cosurfactant!

and!ultrasonication−assisted!particles.!Full! squares:!after!5!min!of!ultrasonication!

exposure.!Empty!squares:!after!10!min!of!ultrasonication!exposure.!

!

Figure! 2.5.! (A)! Scale! bar! =! 20! μm;! SEM! microphotograph! of! the! single!

surfactant−assisted!particles.!(B)!Scale!bar!=!1!μm;!cryo−SEM!microphotograph!of!

the!cosurfactant!and!ultrasonication−assisted!particles.!

!

Figure!2.6.!Insulin!release!profile!simulated!in!pH!1.2!SGF!for!2!h!followed!by!4!h!in!

pH!6.8!SIF!at!37!°C.!Note:!Each!value!represents!mean!±!s.d.,!n!=!3.!

!

Figure!2.7.!Predicted!interaction!between!biopolymers!based!on!the!distribution!of!

the! frontier!molecular!orbitals! (HOMO!and!LUMO).!Notes:! (A)!HOMO−LUMO!gap!
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and! (B)! interaction! between! alginate! (I)! and! dextran! sulfate! (II)! based! on! their!

distribution! coefficients! of! the! HOMO! and! LUMO,! respectively.! The! positive! and!

negative!regions!are!represented!by!blue!and!red!colors,!respectively.!

!

Figure!2.8.!CD!spectra!of!insulin!in!PBS!at!pH!7.4!and!25!°C.!Notes:!Solid!black!line:!

nonencapsulated! insulin.! Solid! blue! line:! insulin! released! from! the! NP! after!

recovery.!Solid! red! line:! insulin! released! from!the!NP!after! rotoevaporation.!Solid!

grey!line:!insulin!released!from!the!NP!after!ultrasonication!exposure.!

!

Figure! 2.9.! FTIR! spectra! of! insulin.! Notes:! FTIR! spectra! of! the! nonencapsulated!

reference! insulin! in!solution! (solid!black! line),!nonencapsulated! insulin! in!solution!

after!10!min!of!ultrasonication!exposure!(dashed!black!line),!insulin!entrapped!into!

the! NP! (solid! grey! line),! and! insulin! entrapped! into! the! NP! after! 10! min! of!

ultrasonication!exposure!(dashed!grey!line).!

!

Figure! 2.10.! Blood! glucose! levels! of! diabetic! Wistar! rats! after! the! s.c.!

administration! of! insulin.! Notes:! Full! circles:! nonencapsulated! insulin.! Empty!

diamonds:! insulin! released! from! the! NP.! Comparison! is! made! to! the! extracted!

unloaded!NP!(empty!circles).!The!formulations!were!administered!in!sodium!citrate!

in! PBS! at! pH! 7.4.! The! results! are! expressed! as! mean! ±! s.d.,! n! =! 6! per! group.!

Statistically!different!from!the!empty!NP:!*p"<!0.05;!**p!<!0.01.!

!

Figure! 2.11.! Blood! glucose! levels! of! diabetic! Wistar! rats! after! the! s.c.!

administration! of! 2! IU/kg! of! insulin! in! water.! Notes:! Empty! diamonds:!

nonencapsulated!insulin.!Full!circles:!insulin!entrapped!into!the!NP.!Comparison!is!

made!to!the!unloaded!NP!(empty!circles).!The!formulations!were!administered! in!

water.! The! results! are! expressed! as! mean! ±! s.d.,! n! =! 6! per! group.! Statistically!

different!from!the!empty!NP:!*p""<!0.05;!**p"<!0.01;!***p"<!0.001.!

!

Figure!3.1.!Chemical!structure!of!CS!(R!=!COCH3).!!

!

Figure!3.2.! Influence!of!the!CS!concentration!(0.03,!0.30!and!1.00%![w/v])!on!the!
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ALB/CS−coated!NP!size.!

!

Figure!3.3.!Influence!of!the!CS−!and!ALB/CS−coatings!on!the!NP!size!distribution.!

!

Figure!4.1.!Cryo−SEM!images!of!the!(A)!ADS−,!(B)!CS−!and!(C1,!C2!and!C3)!ALB−NP;!

Scale!bar!=!1!μm.!!

!

Figure!4.2.!Thermograms!of!A)!alginate!(black!solid!line),!dextran!sulfate!(grey!solid!

line),! CS! (dashed! line)! and! alginate/dextran! sulfate/CS! physical! mixture! (dotted!

line);!B)!ADS−!(solid!line),!CS−!(dashed!line)!and!ALB−NP!(dotted!line).!!

!

Figure! 4.3.! Size!distribution!of! the!A)!ADS−,!B)!CS−,! and!C)!ALB−NP!during!2!h! in!

contact!with!SGF!at!pH!range!1.2−4.2!and!with!SIF!at!pH!range!4.7−8.2.!Error!bars!

represent!the!mean!±!s.d.!(n!=!3).!

!

Figure!4.4.!Insulin!release!profile!in!SGF!(pH!1.2)!for!2!h!followed!by!6!h!in!SIF!(pH!

6.8)!at!37!°C!of!the!ADS−,!CS−!and!ALB−NP.!Error!bars!represent!mean!±!s.d.!(n!=!3)."

!

Figure! 4.5.! Remaining! ratio!of! insulin!after! the! incubation!of! the! free! insulin!and!

the! insulin−loaded! ALB−NP! in! SGF! (pH! 1.2)! with! pepsin! at! 37! °C.! ! Error! bars!

represent!mean!±!s.d.!(n!=!3).!

!

Figure! 4.6.! In" vitro! cumulative! permeability! profiles! of! insulin! across! the! in" vitro!

models.! The! level! of! significance!was! set! at!probabilities!of! *p! <! 0.05,! **p! <! 0.01,!

and!***p!<!0.001.!Error!bars!represent!mean!±!s.d.!(n!=!3).!

!

Figure!4.7.!Comparison!between!the!fraction!of!the!released!vs!permeated!insulin!

for!4!h−testing!for!the!ALB−NP.!The!data!from!the! in"vitro!release!of!insulin!in!SIF!

(black! circles)! was! linearized! (black! line)! according! to! the! mathematical! model!

designed!to!fit!the!release!profile!and!plotted!against!the!permeability!through!the!

Caco−2! (black! bars),! Caco−2/HT29−MTX! (red! bars)! and! Caco−2/HT29−MTX/Raji! B!

(green!bars)!models.!All!the!data!sets!were!compared!to!the!permeation!of!insulin!
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across!the!Caco−2!monolayer.!The!level!of!significance!was!set!at!probabilities!of!*p!

<!0.05,!**p!<!0.01,!and!***p!<!0.001.!!

!

Figure!5.1.!Cryo−SEM!image!of!the!NP;!Scale!bar!=!500!nm.!

!

Figure! 5.2.! Glycemia! of! GK! rats! following! the! oral! glucose! challenge! after! s.c.!

administration!of!2!IU/kg!nonencapsulated!insulin,!insulin!released!from!the!NP!or!

insulin−loaded!NP.!Error!bars!represent!mean!±!s.d.!(n!=!12!per!group).!

!

Figure!5.3.!Plasma!glucose!levels!of!Wistar!diabetic!rats!receiving!50!and!100!IU/kg!

insulin−loaded!NP!or! empty!NP! all! orally! delivered! and! 2! IU/kg! nonencapsulated!

insulin!subcutaneously!injected.!The!level!of!significance!was!set!at!probabilities!of!
*p!<!0.05!and!***p!<!0.001.!Error!bars!represent!mean!±!s.d.!(n!=!10!per!group).!

!

Figure!5.4.!Glycemia!following!oral!glucose!challenge!10!h!after!the!A)!oral!delivery!

of!the!50!IU/kg!insulin−loaded!NP!and!empty!NP!to!diabetic!Wistar!rats!(n!=!8!per!

group)!and!after!B)!oral!delivery!of! the!50! IU/kg! insulin−loaded!NP,!empty!NP!or!

without!administration!to!GK!rats,!compared!with!control!Wistar!rats.!The!level!of!

significance!was!set!at!probabilities!of!*p!<!0.05!(statistically!different!from!empty!

NP)!or!+p<0.05;!++p<0.01!(statistically!different!from!no!administration).!Error!bars!

represent!mean!±!s.d.!(n!≥!10!per!group).!

!

Figure!5.5.!Progress!over!time!of!the!99mTc−ALB!and!99mTc−ALB−NP!observed!after!

oral! administration! to! a! mice! model.! The! number! 1! and! 2! in! each! image! are!

anatomical!marks,!which!indicate!the!stomach!and!cecum,!respectively.!

!

Figure! 5.6.! Percentage! of! the! administered! activity! of! the! 99mTc−ALB! and!
99mTc−ALB−NP!per!mg!of! stomach,! small!and! large! intestine’s!walls!and!contents.!

The!level!of!significance!was!set!at!probabilities!of!*p!<!0.05,!**p!<!0.01,!and!***p!<!

0.001.!Error!bars!represent!mean!±!s.d.!(n!≥!3).!!

!

Figure! 6.1.! Schematic! representation! of! the! emulsification/internal! gelation!
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technique! used! to! prepare! the! insulin−loaded! ADS−NP.! The! formation! of! the!

egg−box! structure! (calcium/alginate! gel)!was! induced! by! the! pH! decrease! of! the!

W/O! nanoemulsion,! which! enabled! the! controlled! release! of! calcium.! Insulin!

entrapment! in! the!NP!matrix!was! reinforced! by! the! presence! of! dextran! sulfate.!

The!dual!coating!was!applied!by!polyelectrolyte!complexation!by!dropwise!addition!

of!CS!and!ALB,!sequentially.!!

!

Figure!6.2.!TEM!images!of!the!(A)!ADS−,!(B)!CS−,!and!(C)!ALB−NP.!Scale!bars!=!500!

nm.!Scale!bars!in!inset!=!200!nm.!

!

Figure! 6.3.! The! pH−dependent! morphology! of! the! ADS−,! CS−! and! ALB−NP! after!

incubation! in!HBSS−MES! (pH! 5.5)! and!HBSS−HEPES! (pH! 7.4)! for! 30!min! and! 3! h.!

Scale!bars!=!200!nm.!!

!

Figure! 6.4.! In" vitro! cumulative! release!profiles!of! insulin! from! the!ADS−,!CS−!and!

ALB−NP! at! pH! 1.2! for! 2! h! followed! by! (A)! pH! 5.5! and! (B)! pH! 7.4! for! 6! h.! All! the!

experiments!were!performed!at!37! °C!and!100! rpm.!Data! sets! from!5!h!onwards!

were! compared! to! nonencapsulated! insulin.! The! level! of! significance! was! set! at!

probabilities!of!*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001.!Error!bars!represent!mean!±!

s.d.!(n!=!3).!

!

Figure! 6.5.! Cell! viability! of! the! intestinal! cells! exposed! to! the! ADS−,! CS−! and!

ALB−NP,! assessed! by! the! CellTiter−Glo®! luminescence! assay.! The! ATP−content! of!

AGS!(A),!Caco−2!(B)!and!HT29−MTX!(C)!cells!after!3!(A)!and!6!h!(B!and!C)!incubation!

with! different! NP! concentrations! at! 37! °C! was! investigated.! All! data! sets! were!

compared!to!the!negative!control!HBSS−HEPES!buffer.!The!level!of!significance!was!

set!at!probabilities!of! *p!<!0.05,! **p!<!0.01,!and!***p!<!0.001.!Error!bars! represent!

mean!±!s.d.!(n!≥!3).!

!

Figure! 6.6.! Qualitative! cell−NP! localization! by! confocal! fluorescence! microscopy!

after!incubation!of!the!NP!with!the!cells!for!3!h!at!37!°C.!The!NP!were!labeled!with!

Alexa!Fluor®!488!and!the!cells’!membrane!were!stained!with!CellMaskTM!DeepRed!
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(Invitrogen,!USA).!Red:!cell!membranes!stained!with!Cell−MaskTM!Deep!Red;!green:!

Alexa! Fluor®! 488−labeled! NP;! yellow:! co−localization! of! the! NP! and! the! cell!

membranes.!!

!

Figure!6.7.!Flow!cytometry!quantification!of!the!interactions!of!the!ADS−,!CS−!and!

ALB−NP! with! the! Caco−2/HT29−MTX! co−culture! cells.! The! cells! were! incubated!

with! the! NP! for! 3! h! at! 37! °C.! The! table! summarizes! the! percentage! of! positive!

events!for!each!sample.!Data!is!shown!as!mean!±!s.d.!(n!≥!3).!

!

Figure!6.8.! In"vitro!cumulative!permeability!profiles!and!Papp!!coefficient!of! insulin!

and! insulin−loaded! NP! across! the! Caco−2/HT29−MTX/Raji! B! co−culture!

monolayers.! All! experiments! were! conducted! from! the! apical−to−basolateral!

direction! in! (A)!HBSS−MES!(pH!5.5)!and! (B)!HBSS−HEPES!buffer! (pH!7.4)!at!37!°C.!

Data!sets!were!compared!to!nonencapsulated!insulin!(*p!<!0.05,!**p!<!0.01,!and!***p!

<!0.001),!between!them!(#p!<!0.05,!##p!<!0.01,!and!###p!<!0.001),!and!between!the!

different!pHs!(+p!<!0.05,!++p!<!0.01,!and!+++p!<!0.001).!Error!bars!represent!mean!±!

s.d.!(n!≥!3).!

!

Figure! 6.9.! TEM! images! of! flat! embedded! ultrathin! sections! showing! the!

interaction! of! the! NP! (delimitated! by! red! dotted! lines)! with! the!

Caco−2/HT29−MTX/Raji!B!co−culture!monolayers!in!HBSS−HEPES!buffer!(pH!7.4)!at!

37! °C.! No! ADS−NP! were! found! in! the! monolayers;! the! CS−! and! ALB−NP! were!

observed!in!the!vicinity!of!the!cell!membranes.!Scale!bars!=!500!nm.!

!

Figure! 6.10.! Amount! of! FITC−insulin! attached! or! uptaken! in! the!

Caco−2/HT29−MTX/Raji!B!co−culture!monolayers!in!(A)!HBSS−MES!(pH!5.5)!and!(B)!

HBSS−HEPES! buffer! (pH! 7.4)! at! 37! °C.! Data! sets! were! compared! to!

nonencapsulated!insulin!(*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001)!and!between!them!

(#p!<!0.05,!##p!<!0.01,!and!###p!<!0.001).!Error!bars!represent!mean!±!s.d.!(n!≥!3).!

!

Figure!6.11.!Insulin!permeability!of!the!ALB−NP!across!the!Caco−2/HT29−MTX/Raji!

B!co−culture!monolayers!at!different!conditions.!Data!sets!were!compared!to!the!
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control!(*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001).!Error!bars!represent!mean!±!s.d.!(n!

≥!3).!

!
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1.1!INTESTINAL!ABSORPTION!OF!INSULIN−LOADED!NP:!CONTRIBUTION!OF!M!CELLS!

!

1.1.1!Insulin!−!The!pathway!for!oral!administration!!

!

! Diabetes! is! a! chronic! disease! that! has! assumed! epidemic! dimensions! around! the!

world.! Insulin! administration! is! indispensable! for! the! treatment! of! T1D! patients! and! is!

required! at! a! later! stage! in! patients! with! T2D! [1].! Currently,! the! most! predictable! and!

traditional! method! for! administrating! insulin! is! the! parenteral! route,! specifically!

subcutaneous! (s.c.)! injections.! However,! nonparenteral! routes! of! administration! would!

minimize! the! health! hazard! created! through! repeated! injection! of! insulin,! surpass!

complications! arising! from! the! necessity! for! sterile! techniques! associated! with! parenteral!

formulations! and! could! provide! a!more! suitable!way! of! controlling! insulin! release! profile.!

Despite! the! limited! success! of! these! routes,! the!desirability! of! oral! insulin! encourages! the!

continuation! of! the! research! [2].! The! convenience! of! an! oral! pill! would! improve! patient!

compliance!to!insulin!therapy,!and!therefore,!better!metabolic!control!would!be!achieved!as!

well! as! the! reduction! of! diabetes−related! complications! and! all! of! their! consequences.!

However,! the!enhanced!quality!of! life!allowed!by!oral! insulin! is!not! the!only!characteristic!

that!makes!oral!insulin!the!most!desirable!route.!!

! The! general! therapeutic! goal! of! insulin! therapy! is! to! reproduce,! as! accurately! as!

possible,! the!physiological!pattern!of! insulin!secretion!to!control!glycemia!(which!generally!

fluctuates! between! 4! and! 8! mmol/L! during! the! course! of! a! day)! [3],! avoiding! the!

complications! arising! from! hyperglycemia! [4].! Under! normal! physiological! conditions,! the!

liver!receives!a!maximum!of!75%!of! its!blood!from!the!digestive!tract! (portal!veins),!which!

contains! 100%!of! the! insulin! produced!by! the!pancreas.! Subsequently,! insulin! is! shed! into!

the! liver! in! response! to! elevated! blood! sugar.! Thus,! the! liver! metabolizes! 50! to! 75%! of!

secreted!insulin![5].!However,!the!liver!only!receives!25%!of!its!blood!supply!from!the!heart!

via!the!hepatic!artery,!therefore!only!25%!of!the!s.c.!insulin!reaches!the!liver![6],!which!is!its!

primary! site! of! action! [7].! Therefore,! the! oral! route! is! the! most! convenient! and!

physiologically!relevant!alternative,!since!after!GI!absorption,!insulin!may!be!taken!up!by!the!

gut−associated! lymphoid! tissue.! This! causes! it! to! undergo! the! first! hepatic! bypass,! which!

provides!better!glucose!homeostasis.!!

! Overall,!oral! insulin!is!the!optimal!method!of!insulin!delivery,!as!it! is!secure,!makes!
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the! hormone! available! in! a! way! that! compensates! for! the! metabolic! abnormalities! of!

diabetes!and!is!psychologically!and!socially!acceptable![8].!

! After! oral! administration,! insulin! encounters! several! issues! including! proteolytic!

degradation! and! poor! absorption! through! the! intestinal!mucosa.! This! is!mainly! due! to! its!

particularly! high!molecular!weight,! hydrophilicity! and! surface! charge! [9,10].! As!with! other!

peptides,! insulin! shows! poor! physical! and! chemical! stability! and! a! relatively! short! plasma!

half−time![11].!Therefore,!strategies!to!enhance!the!oral!BA!of!insulin!have!been!developed,!

which!include!the!use!of!absorption!enhancers![10,12],!enzyme!inhibitors![13−16],!chemical!

modifications! [17,18],! cell! penetration! peptides! [19],! vitamin! B12! [20,21],! conjugation! of!

cyclodextrin! [22],! polymeric! carriers! [23,24],! liposomes! [25,26]! and! colon! targeting!where!

the!enzymatic!activity!is!relatively!low![27,28].!!

! The!use!of!particulate!systems!is!a!promising!strategy!to!improve!the!oral!delivery!of!

insulin.!Insulin!that!is!encapsulated!in!NP!is!less!sensitive!to!enzymatic!degradation![29]!since!

its!association!with!polymers!facilitates!better!absorption!through!the!GI!tract!compared!to!

its!native!counterpart![30].!Consequently,!the!submicron!size!carrier!favors!the!absorption!of!

insulin!through!the!intestinal!membranes![29,31].!

! Several!NP!formulations!have!been!disclosed!to!be!able!to!protect! insulin! in!the!GI!

tract!pH!range!and!exposure!to!digestive!enzymes![32−34].!Therefore,!intestinal!absorption!

of!insulin−loaded!NP!is!considered!the!main!obstacle!to!be!overcome.!Thus,!it!is!essential!to!

better!understand!how!insulin−loaded!NP!are!trafficked!through!the!intestinal!epithelium!by!

using! translational! in" vitro! or" in" vivo" models! whenever! possible.! Only! a! few! orally!

administered! NP! are! taken! up! across! the! intestinal! epithelium! and! able! to! attain! their!

pharmacological! target! [35,36].! Interactions! between! NP! and! biological! barriers! are!

extremely! complex! and! several! studies! have! been! performed! to! elucidate! the! role! of! the!

intestinal! cells! in! the! transport! of! insulin−loaded!NP.! Some! of! these! studies! [37−39]! have!

implicated!M!cells!involvement!in!this!process.!However,!many!intestinal!absorption!studies!

have! been! performed! using! NP! possessing! peculiar! physicochemical! characteristics,! in!

specific!models! and! experimental! conditions,!which! not! allow! the! results! to! be! accurately!

compared.!!

! Intestinal! absorption! studies! of! insulin−loaded! NP!will! be! explored,! followed! by! a!

critical!analysis!of!the!contribution!of!M!cells!in!order!to!better!understand!the!role!of!these!

specific! cells.! Redundancy! was! avoided,! however,! in! some! studies,! i.e.,! experiments!
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assessing! enterocytes! and!M! cell! uptake! of! insulin−loaded!NP,! the! same! formulation!may!

appear!in!different!sections.!

!

!

1.1.2!Probing!insulin−loaded!NP!pathways!through!the!intestinal!epithelium!!

!

! The! uptake! of! nanosystems! through! the! GI! tract! is! a! well−known! and! accepted!

phenomenon!on!which!excellent!reviews!have!been!published![3,40].!!

! The!study!of!the! intestinal!absorption!pathways!of! insulin−loaded!NP! is!mandatory!

since! the! administration! of! NP! has! led! to! antihyperglycemic! effects.! Different! coexisting!

mechanisms!allow! insulin−loaded!NP!to!be!taken!up!by!the! intestinal!epithelium,!although!

uptake!depends!on!the!nature!of!the!polymers!and!the!coating!material!utilized.!As!a!matter!

of!fact,!the!properties!of!NP!including!size,!charge!and!tendency!to!aggregate!determine!and!

define! their! uptake! by! intestinal! cells.! There! is! a! tendency! to! increase! the! use! of! in" vitro!

studies! due! to:! the! evolution! of! these! same! models,! biological! closure! of! the! human!

intestinal! epithelium! and! the! possibility! of! simultaneously! studying! a! large! number! of!

formulations.!!

! The! increasing! usefulness! of! cell! culture! models! that! mimic! the! human! intestinal!

epithelial! barrier! provides! an! ideal! system! for! the! rapid! assessment! of! the! intestinal!

permeability!of!drug!candidates![41].!Further!improvement!of!the!permeability!of!candidate!

NP! for! oral! delivery! can! be! obtained! if! they! are! previously! submitted! to! the! GI! tract!

environment.!Therefore,! the! results!will! reveal!a!higher! in"vitro/in"vivo! correlation.!Among!

the!several!human!cell! lines,!Caco−2,!HT29−MTX!and!Raji!B!cells!have!been!considered!for!

the! screening! of! insulin−loaded! NP! as! intestinal! carriers,! due! to! their! ability! to! express!

morphologic!features!of!mature!enterocytes,!goblet!cells!and!M!cells,!respectively![42,43].!A!

schematic!representation!of!the!cell!culture!models!that!have!been!used!to!assess!intestinal!

absorption!of!insulin−loaded!NP!can!be!seen!in!Figure!1.1.!!
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!

Figure! 1.1.! Schematic! representation! of! the! culture! model! systems! utilized.! (A)! Human!

colonic! epithelial! cells! (Caco−2)! monolayer.! (B)! Co−culture! of! Caco−2/HT29−MTX!

mucus−producing!goblet!cells.!(C)!Triculture!of!Caco−2/HT29−MTX/Raji!B!cells.! !

!

!

! Although! Caco−2! cells!monolayer! (Figure! 1.1A)! is! probably! the!most! used! in" vitro!

model! to! assess! NP! crossing! properties! through! enterocytes,! these! cells! are! not! able! to!

produce!mucus.!The!co−culture!of!Caco−2!cells!with!mucus−secreting!cells!(Figure!1.1B)!has!

disclosed! the! important! role! of! HT29−MTX! mucus! producing! goblet! cells! in! insulin!

absorption! [37,44,45].! An! intimate! contact! of! nanoencapsulated! insulin! to! the! intestinal!

mucosa! has! been! described! by! the! diffusion! theory! of! mucoadhesion! related! to!

interpenetration!and!entanglement!of!NP!polymer!chains!within!the!mucus!layer![43].!Thus,!

the!addition!of!mucus−producing!cells!to!the!monolayer!provided!a!better!simulation!of!the!

natural!conditions,!which!contribute!to!insulin−loaded!NP!absorption![31].!!

! The! triple! co−culture! Caco−2/HT29−MTX/Raji! B! lymphocytes! mimics! in! a! more!

accurately! way! the! small! intestinal! epithelial! layer! (Figure! 1.1C),! representing! an! in" vitro!

model!of!the!human!follicle!associated!epithelium!(FAE).!Several!studies!revealed!the!ability!

of! this! triple! co−culture!model! to! transport! NP! [46−49].! The! apparent! permeability! (Papp)!

coefficient!values!of!nanoencapsulated! insulin!across! the! in"vitro! cellular!model! correlated!

well!with!the!fractions!of!nanoencapsulated!insulin!that!permeated!the!ex"vivo!model!of!the!

rat!intestinal!mucosa.!Consequently,!in"vitro!experimental!models!are!available!to!effectively!

probe! intestinal! pathways! that! can! be! exploited! for! the! transport! of! NP,! particularly!
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insulin−loaded!NP.!! !

! The!microvilli!present!on!the!absorptive!mucosal!cells!of!the!small!intestine!provide!

extended!surface!area!for!the!absorption!of!NP!after!which!they!enter!the!bloodstream!or!

lymphatic! circulation! [50].! After! NP! uptake! by! M! cells,! two! main! hypothesis! can! be!

considered![51],!as!can!be!seen!in!Figure!1.2!and!1.3.!In!the!first,!insulin!is!transported,!free!

or!encapsulated,!to!capillary!vessels! in!the!center!of!the!villi!and!then!carried!to!the!portal!

circulation! where! it! first! reaches! the! liver.! The! insulin! eventually! results! in! first−pass!

metabolism! by! the! hepatic! enzymes! before! it! reaches! systemic! circulation.! In! the! case! of!

insulin−loaded!NP,!when!following!this!route,! they!are!expected!to!behave!similarly! to! the!

physiologic! insulin.!The!other!hypothesis!consists!of!NP!transport!by!the!mesenteric! lymph!

nodes!in!the!center!of!the!villi,!which!are!situated!next!to!the!blood!vessels,!and!then!deliver!

to!the!systemic!circulation!by!the!thoracic!duct.!Here,!insulin−loaded!NP!would!act!similarly!

to! s.c.! injected! insulin! [6].! Several! studies! in! rodents! [48,49]! and! pigs! [48]! have! identified!

that!the!size!of!Pluronic®−stabilized!polypropylene!sulfide!and!expansile!polymer!NP!must!be!

between!25!and!100!nm!in!order!to!be!transported!by!the!lymphatic!system.!Other!studies!

have!characterized!additional!promigratory!criteria!using!poly(lactic−co−glycolic!acid)!(PLGA)!

NP,!with!migration!properties!and!lymphatic!nodal!retention!directly!related!to!the!anionic!

charge!since!there! is! less!particle!aggregation!and!greater! lymphatic!uptake! [52].!Similarly,!

rapid! lymphatic! migration! of! 50! nm! of! the! above−mentioned! expansile! polymer! NP! was!

observed,!which!can!be!attributed!to!their!smaller!size!and!more!negative!ζ−potential!when!

compared! to! nonmigratory! 100! nm! NP! [48].! These! studies! confirm! the! impact! of! NP!

properties,!including!size,!surface!charge!and!aggregation,!on!their!lymphatic!migration.!The!

influence! of! protein−loaded! NP! properties! on! the! post−intestinal! epithelium! pathways!

remains!unclear!and!the!use!of!a!lipoprotein!assembly!Caco−2!cells!model!may!be!useful!in!

determining!the!effects!of!NP!composition!on!the!lymphatic!transport!of!insulin![53].!!
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Figure!1.2.!A!diagrammatic!representation!(particles!not!drawn!to!scale)!of!some!intestinal!

structures!where!the!flow!and!transport!of!NP!can!occur.!This!can!be!in!the!direction!of!the!

(A)!blood!and! (B)! lymphatic! flow.!Following!oral!administration,! insulin−loaded!NP!may! (C)!

flow! into! the! GI! tract,! (D)! access! and! adhere! to! M! cells! of! the! Peyer's! patches! (PP)! or!

enterocytes!and!(E)!flow!into!the!lymph!vessels!and!entrap!in!the!lymphatic!pathway.!
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!

!

Figure! 1.3.! The! possible! pathways! for! insulin−loaded!NP! to! reach! the! systemic! circulation!

after!intestinal!uptake.! !

!

!

! Once!in!the!blood,!NP!might!interact!with!erythrocytes,!which!can!lead!to!increased!

particulate! circulation! times! and! thus! marginally! affect! the! circulation! half−life! of! the!

erythrocytes!themselves![54].!More!research!is!needed!to!study!the!influence!of!NP!on!the!

flow!of!the!systemic!and!lymphatic!circulation.!This!is!especially!important!to!consider!in!the!

bifurcating! and! complex! networks! of! the! capillaries! and! in! tissues.! Because!not! all!NP! are!

spherical,! it! is! a! priority! to! understand! their! flow! and! deposition! patterns! as!well! as! their!

aggregation!potential.!The!shape!of!particles!is!an!important!consideration!and!can!have!an!

influence!on!the!rate!of!cellular!uptake,!circulatory!system!and!body!distribution![55].!
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1.1.3!Pathways!of!insulin−loaded!NP!across!the!intestinal!epithelium!!

!

! The! epithelium! of! the! GI! tract! is! composed! of! various! cell! types! and! the! ease! of!

permeation! varies! depending! on! the! cell! type.! In! the! small! intestine,! the! surface! area! is!

enlarged!by!folds,!villi!and!microvilli!(the!brush!border),!which!play!an!important!role!in!the!

absorption! of! NP.! The! epithelium! covering! the! villi! is! composed! of! approximately! 85%!

absorptive! cells! and! the! additional! 15%! is! a! mixture! of! mucus−secreting! globet,!

antimicrobial,! peptide−secreting! and! endocrine! cells.! Interspersed! between! the! villi! are!

isolated!lymphoid!follicles!or!their!aggregates,!PP,!which!contain!specialized!M!cells.!M!cells!

differ! from! columnar! enterocytes! since! they! have! an! underdeveloped! microvillus! and!

glycocalyx!structures!and!contain!apical!microfolds,!increased!intracellular!vacuolization!and!

no!mucus![56].!

! Figure!1.4!schematically! illustrates! intestinal! structures!and! the!different!pathways!

that! have! been! hypothesized! to! be! involved! in! the! transport! of! either! free! and/or!

NP−associated! insulin.! These! pathways! include:! A)! paracellular! transport;! B)! transcytosis!

through! enterocytes;! C)! receptor−mediated! transcytosis;! and! finally,! D)! the! transcellular!

pathway!used!by!M!cells!in!the!PP.!!

!

!

!

Figure! 1.4.! Schematic! representation! (particles! not! shown! to! scale)! of! the! intestinal!

structures!and!the!route!of!NP!absorption!across!the! intestinal!epithelium:!(A)!paracellular!

transport;! (B)! transcytosis! through! enterocytes;! (C)! receptor−mediated! transcytosis;! and!

finally,!(D)!the!transcellular!pathway!used!by!the!M!cells!in!the!PP.!
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! NP!do!not!diffuse!through!the!paracellular!route,!although!NP’!components,!such!as!

CS,!can!affect!tight!junctions!(TJ)!structure![3,57,58].!Rather,!NP!can!be!taken!up!by!M!cells,!

which!demonstrate!significantly!higher!transport!activity!than!do!enterocytes.!According!to!

the! physicochemical! properties! of! the! NP! and! the! nature! of! the! target! cells,! two! main!

absorption!pathways!may!be!utilized:!either!phagocytosis!or!the!other!endocytic!pathways!

(i.e.,! clathrin−! and! caveolae−mediated! endocytosis).! The!main! assembly! unit! is! clathrin,! a!

cytosolic! coat! protein.! CME! occurs! either! via! specific! receptor–ligand! interactions! or! via!

non−specific! endocytosis! [59].! Specific! CME! involves! a! concentration! of! high−affinity!

transmembrane! receptors! and! their! bound! ligands! within! “coated! pits”! in! the! plasma!

membrane.!Coated!pits!invaginate!until!the!vesicle!fission!occurs,!which!requires!the!GTPase!

dynamin!to!form!endocytic!vesicles!(100!to!120!nm).!They!are!encapsulated!by!a!polygonal!

clathrin!coat!and!carry!concentrated!receptor–ligand!complexes!into!the!cell![3].!When!CME!

involves! non−specific! charge! or! hydrophobic! interactions! with! the! cell! membrane,! it! is!

considered!to!be!a!nonspecific!adsorptive!pinocytosis.!In!both!cases,!after!the!formation!of!

vesicles,! early! endosomes! are! acidified! by! ATP−dependent! proton! pumps! and! the! fusion!

occurs! with! late! endosomes! where! the! cargo! will! be! degraded! [59−61].! Both! CME! and!

phagocytosis! are! receptor−mediated! uptake! processes,! and! macropinacytosis! is! also! an!

active,!actin!dependent!process!used!for!transferring! large!volumes!of!particles−containing!

fluid![62].!

! A! systematic! evaluation!of! the! intestinal! absorption! studies! for! insulin−loaded!NP,!

based! on! the! characterized! pathways,!was! performed.! For! some!NP! formulations,! several!

reported! pathways! were! based! on! previous! works! or! disclosed! properties! of! the! NP’!

polymers! rather! than! confirmed! experimentally.! For! example,! the! absorption! of!

insulin−loaded! NP! is! often! justified! by! the! mucoadhesive! properties! of! the! NP’! polymers!

without!performing!mucoadhesion!studies!of! insulin−loaded!NP,!either! intact!or!previously!

submitted!to!the!GI!tract.!As!a!consequence,!it!may!happen!that!the!influence!of!parameters!

such!as! insulin! loading,!absorption!enhancers!and/or!polymers! interactions!may!have!been!

neglected.!!

! The! reproducibility!of! the! results! is! a!main! concern! in! the!area!of!nanotechnology!

since! many! different! characteristics! of! NP! can! affect! the! results.! Thus,! in! order! to! keep!

focused!on!insulin−loaded!NP!intestinal!absorption!studies,!whenever!NP’!properties!such!as!

size!or! charge,! among!others,!were! considered! crucial! for! discussion!of! results,! they!were!
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discriminated.!

!

!

1.1.3.1!Mucus!layer!

!

! The!major!components!of!the!mucus!layer!are!glycoproteins!(mucin),!which!act!as!a!

barrier! to! insulin−loaded! NP! absorption! by! stabilizing! the! unstirred! water! layer! and! the!

interactions!between!the!diffusing!NP!and!the!components!of!the!mucus!gel! layer![63−65].!

The! unstirred!water! layer! separates! the! brush! border!membrane! of! the! enterocytes! from!

the!bulk! fluid!phase!of! the! small! intestine! lumen.! Together!with! the! intestinal!mucus,! the!

unstirred!water!layer!forms!an!acidic!microclimate!adjacent!to!the!brush!border!membrane,!

reducing! the! Papp! of!NP.!NP! in! the! bulk! phase! of! the! intestinal! lumen!must! penetrate! the!

unstirred! water! layer! to! closely! contact! with! the! cell! membranes! [66,67].! In! addition! to!

electrostatic! interactions,!mucoadhesion! can! arise! from!hydrophobic! interactions,! van! der!

Waals!interactions!and!polymer!chain!interpenetration![68].!!

! Cationic! polymers! including! CS! and! its! derivatives,! which! coat! NP! with! cationic!

groups!or!with!mucin!binding!groups!can! form!NP!that!maintain!a!prolonged!contact! time!

with!the!intestinal!layer.!This!leads!to!a!wide!absorptive!surface!and!subsequently!enhanced!

absorption.!Loaded!NP,!particularly!with!proteins!such!as!insulin,!are!characterized!by!higher!

number!of! intermolecular! interactions!as!compared! to!unloaded!NP!and! the!availability!of!

less! number! of! sites! for! mucoadhesion! results! in! the! reduction! of! the! mucoadhesive!

properties.!Still,! several! insulin−loaded!NP!have!shown!mucoadhesive!properties!as!can!be!

seen!in!Table!1.1.!!

!

!

Table! 1.1.! Composition! of! insulin−loaded! NP! formulations! and! impact! of! their!

mucoadhesivity!on!in"vitro!and!in"vivo!intestinal!absorption!of!insulin.!

!

NP!composition! Size!(nm)! Study!model! Outcome! Ref.!

CS−coated!alginate!

NP!!

750! Ex"vivo"

Wistar!rats!

Retention!of!insulin!on!the!

mucosa!due!to!NP’!

mucoadhesion!and!further!

[69]!
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insulin!absorption!appears!to!

be!demonstrated!by!the!

presence!of!FITC−insulin!on!the!

apical!membrane!of!the!

intestine!3!h!after!

administration.!

TMC−Cys!NP!!

!!

100−200! In"vitro"

Mucin!solution!

TMC−Cys/insulin−loaded!NP!

showed!a!2.1–4.7−fold!

increase!in!the!mucoadhesion!

compared!to!

TMC/insulin−loaded!NP,!which!

might!be!partly!attributed!to!

disulfide!formation!between!

TMC−Cys!and!mucin.!

[70]!!

TMC!and!PEGylated!

TMC!NP!!!

!

150−300! In"vitro"

Mucin!assay!

HT29−TX−E12!

cells!monolayer!

Compared!to!TMC,!

insulin−loaded!NP!based!on!

PEGylated!TMC!copolymers!

demonstrated!no!evidence!of!

insulin!uptake!improvement!

due!to!complete!release!of!

insulin!from!NP!after!adhering!

to!mucus.!

[71]!

Lauryl!succinyl!

CS−based!NP!!

315! Ex"vivo"

Jejunum!of!rat!

intestine"

In"vitro"

Caco−2!cells!

monolayer"

Modified!CS!with!both!

hydrophilic!(succinyl)!and!

hydrophobic!(lauryl)!moieties!

improved!the!release!

characteristics,!mucoadhesivity!

as!well!as!the!absorption!of!

insulin!compared!to!the!native!

CS−based!particles.!

[72]!

ALB/CS−!

poloxamer!188−!

300! Ex"vivo"

Intestinal!

The!correlation!of!

Caco−2/HT29!co−culture!cells!

[31]!
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coated!ADS−NP!!

!

segments!of!

Wistar!rats!!

In"vitro"

Caco−2!cells!

monolayer!and!

Caco−2/HT29!

co−culture"

with!the!animal−model!

intestinal!membrane!

demonstrated!that!the!mucus!

layer!plays!a!significant!role!in!

determining!the!effectiveness!

of!NP!in!delivering!insulin.!

CS−coated!SLN!!

!!

450! In"vitro"

Caco−2!cells!

monolayer!and!

Caco−2/HT29!

co−culture"

The!percentage!of!insulin!

transport!for!CS−coated!SLN!

through!the!cells!co−culture!

was!higher!than!through!

Caco−2!monolayer,!

highlighting!the!enhancement!

of!NP!mucoadhesion!

properties!due!to!CS.!

[45]!

CS/PLGA−based!NP!! 135! Ex"vivo"

Sprague−Dawle

y!rats!!

In"vivo"

Sprague−Dawle

y!rats"

CS/PLGA−based!NP!exhibited!

stronger!bioadhesive!potency!

than!PLGA–NP!and!much!

greater!relative!PA!with!regard!

to!orally!delivered!insulin.!

[73]!

!!

Abbreviations:! FITC,! fluorescein! isothiocyanate;! TMC−Cys,! trimethyl! chitosan−cysteine!

conjugate;! TMC,! N−trimethyl! chitosan;! PEG,! poly(ethylene! glycol);! SLN,! solid! lipid!

nanoparticles.!

!

!

! Thiolated! CS−based! NP−bearing! thiol! groups! [74]! and! TMC−Cys! NP! [70]! with!

100−200! nm! have! been! described! as!mucoadhesion! enhancers! due! to! the! formation! of! a!

disulfide! bond! between! the! cysteine−rich! subdomains! of! the! mucus! layer! and! thiolated!

polymers.!!

! The!effect!of!a!nanodelivery!system!was!evaluated!for!the!ability!to!enhance!insulin!
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absorption! through! the! intestinal! epithelium.! To! accomplish! this,! different! intestinal!

epithelial!models!were!used!including!cell!cultures!and!excised!intestinal!tissues![31,71−73].!

The! enhancement! ratio! of! insulin! transported! by! CS−coated! SLN! sizing! 450! nm! [75]! and!

multilayered!NP! consisting!of!ALB/CS−poloxamer!188−coated!ADS! core! sizing! 300!nm! [31]!

through! Caco−2/HT29−MTX! co−culture! was! approximately! 3! and! 3.7! times,! respectively,!

than! when! transported! through! the! Caco−2! cells! monolayer.! For! the! same! co−culture!

system,!it!was!found!that!the!presence!of!mucus!was!propitious!to!the!transport!of!insulin!in!

TMC! chloride! NP! (325! nm),! which! was! further! increased! after! CSKSSDYQC! goblet! cells!

targeting! peptide! modification! [76].! These! findings! emphasize! that! the! mucoadhesive!

properties!of!NP!increase!the!concentration!of!insulin!at!the!site!of!absorption!and!either!its!

para−!or!transcellular!absorption![75].!!

! After! injection!of!PEG−grafted! SLN! (commonly!designated!as!pegylated! SLN)! sizing!

190!nm! into! the!Sprague–Dawley! rat! intestinal! loop,! they!were! found! to!permeate!deeply!

into! the! villi! [77].! The!modification! of! the! particle! surface! by! the! addition! of! PEG! allowed!

poly(sebacic! acid)! NP! (175! nm)! to! rapidly! penetrate! through! the! highly! viscoelastic! small!

intestinal!mucus! by! facilitating! its!movement! through! the! openings! between!mucin!mesh!

fibers![78].!On!the!other!hand,!in!the!absence!of!PEG,!poly(sebacic!acid)!NP!would!penetrate!

the!mucus! layer!at!a!very! low!efficiency.!Furthermore,! these!poly(sebacic!acid)!NP!may!be!

efficiently! removed! from!mucosal! surfaces! as! the!mucus! is! cleared! from! the!GI! tract.! This!

implies! that!PEGylated!poly! (sebacic!acid)!NP!experience! the! low−viscosity!environment!of!

the! interstitial! fluid! between! the! mucus! mesh! elements,! which! gives! them! the! ability! to!

rapidly!penetrate!secreted!mucus![79].!!

! The!impact!of!mucin's!role!in!the!mucoadhesive!properties!of!NP!has!been!recently!

reviewed! [32].! It! seems! clear! and! consensual! that! the! role! of! mucin! in! NP! transport! is!

strongly! dependent! on! NP! composition! [32,80]! and! an! influence! of! the! loaded! protein!

cannot! be! excluded.!When! insulin! is! encapsulated!with! polymers! capable! of! promote! the!

mucoadhesion! and! prolong! the! contact! time! with! the! intestinal! layer,! wide! absorptive!

surface!and!high!concentration!at!the!site!of!absorption!are!obtained.!!

! Since!NP! immobilized!by!mucus!can!be!cleared! from!the!mucosal! tissue,! their! size!

must!be! less! than!500!nm! [64]! to! avoid! significant! steric! inhibition!by! the! fiber!mesh! and!

adhesion! to!mucin! fibers! [79].! Concomitantly,!NP! should! be!mucoadhesive! to! prolong! the!

retention! time!and!contact!with! the! intestinal!mucosa! [3].!Positive! charged!NP!attract! the!
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negatively!charged!mucin,!however,!as!mentioned!before,!other! type!of! interactions!could!

occur!between!NP!and!the!mucus!layer.!

!

!

1.1.3.2!Paracellular!route!

!

! The!paracellular! route! is! limited!due!to!restrictions! in! the!permeation!by!TJ,!which!

frequently! block! particles! larger! than! 1! nm! [81].! Additionally,! the! total! area! of! the!

paracellular! pathway,! relative! to! the! transcellular! route,! has! been! reported! to! range!

between!0.01%![82]!and!0.1%![81].!The!paracellular!pathway!can!move!insulin!released!from!

NP!or! incorporated!on!crumbled!NP,!by!allowing! its!passage! through! junctional!complexes!

[83].! To! improve! NP! paracellular! transport,! the! TJ! must! be! reversibly! opened! using!

absorption! enhancers! including:! cationic! (polyethyleneimine,! CS! and! its! derivatives)! and!

anionic! (polyacrylic! acid! and! its! derivatives)! polymers! and! calcium! chelators! (diethylene!

triamine! pentaacetic! acid! [DTPA]! and! ethylene! glycol! tetraacetic! acid! [EDTA])! [40].! The!

opened! TJ! are! less! than! 20! nm!wide! [84],! therefore! intercellular! spaces! remain! limited! in!

order! to! transport! intact!NP! into! the!bloodstream.!Those! intact!NP!with!a! size!of!150!nm,!

without!disintegration,! cannot!permeate! through! the!paracellular! pathway! in!Caco−2! cells!

monolayer,!even!when!their!TJ!are!fully!opened![25].!Therefore,!it!is!difficult!to!expect!that!

intact! NP! absorption! can! occur! through! the! intestinal! barrier! along! the! paracellular! route!

without!unwanted!secondary!effects!including!irreversible!opening!of!the!TJ![3,40].!!

! The!colonic!TJ!are!impermeable!to!molecules!with!radii!larger!than!8−9!Å.!However,!

in!the!case!of!polypeptides!with!a!high!degree!of!conformational!flexibility,!as!is!the!case!of!

poly−D−glutamic!acid,! it! is! possible! that!even! larger!molecules! are!able! to!diffuse! through!

the! TJ.! An! absorption! study! of! this! model! polypeptide! across! Caco−2! cells! monolayer!

confirmed! that! the! transport! occurred! through! the! paracellular! pathway,! since! the! EDTA!

treatment!significantly!increased!its!transport![85].!!

! There! are! studies! that! report! successful! paracellular! absorption! of! free! or!

encapsulated!insulin!through!the!use!of!cationic!polymers!and!also!calcium!chelation!of!NP,!

as!can!be!seen!in!Table!1.2.!!

!

!
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Table! 1.2.! Composition!of! insulin−loaded!NP! formulations!and! impact!of! their!paracellular!

effect!on!in"vitro,"ex"vivo!and!in"vivo!intestinal!absorption!of!insulin.!

!

NP!composition! Size!(nm)! Study!model! Outcome! Ref.!

CS−coated!γ−PGA!

NP!!

250! In"vitro"

Caco−2!cells!

monolayer"

NP!could!transiently!open!the!TJ!

between!Caco−2!cells!and!thus!

increase!the!paracellular!

permeability.!

[86]!

CS/γ−PGA/TPP/!

magnesium!sulfate!

NP!!

!

220! In"vitro"

Caco−2!cells!

monolayer!

Insulin!was!more!effectively!

transported!with!these!NP!than!

with!TPP/magnesium!

sulfate−free!NP;!confocal!

visualization!validated!the!

enhanced!absorption!of!insulin!

via!the!paracellular!pathway.!

[87]!

Quaternized!alkyl!

CS−based!NP!!

200! In"vitro"

Caco−2!cells!

monolayer!

NP!consisting!of!CS!and!its!QA!

derivatives!loaded!with!insulin!

were!less!effective!in!facilitating!

paracellular!transport!across!

Caco−2!cells!monolayer!than!the!

corresponding!free!polymers.!

[88]!

Aspart−insulin!

loaded!CS/γ−PGA!

NP!!

250! In"vitro"

Caco−2!cells!

monolayer"

NP!could!transiently!and!

reversibly!open!the!TJ!between!

Caco−2!cells!and!allow!the!

transport!of!aspart−insulin.!

[89]!

CS−based!NP! NA! In"vitro"

Caco−2!cells!

monolayer"

The!opening!of!the!TJ!by!CS!was!

transient!and!reversible,!

allowing!the!passage!of!soluble!

agents!such!as!insulin.!

[12]!

CS/γ−PGA−DTPA!

NP!!

250! Ex"vivo"

Segments!of!

the!small!

NP!may!facilitate!the!

paracellular!absorption!in!the!

pH!conditions!from!the!proximal!

[15]!
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intestine" duodenum!to!the!distal!ileum!

along!the!intestinal!tract.!

!

Abbreviations:! QA,! quaternary! ammonium;! γ−PGA,! poly(γ−glutamic! acid);! TPP,!

tripolyphosphate.!

!

! The! mucoadhesive! properties! of! NP! facilitate! their! paracellular! uptake,! making!

somehow! difficult! to! differentiate! between! both! effects.! The! transepithelial! electrical!

resistance!(TEER)!and!the!transport!experiments!demonstrated!that!multi−ion!cross−linked!

NP!(220!nm)!composed!of!CS!and!γ−PGA!blended!with!TPP!and!magnesium!sulfate!have!the!

ability! to!significantly! increase!the!paracellular! flux!of! insulin.!The!visualization!by!confocal!

microscopy!further!validated!that!multi−ion!cross−linkage!could!enhance!NP!absorption!by!

this!pathway![87].!While!the!addition!of!CS!derivatives! in! free!soluble! forms!can!reversibly!

open!TJ!and!thus!increase!insulin!absorption,!quaternized!alkyl!CS−based!NP!alone!(200!nm)!

had!only!a!minor!effect!on!the!TJ!opening!and!on!the!paracellular!transport!of!insulin!across!

the!Caco−2!cells!monolayer.!These!data!convincingly!show!that!NP!consisting!of!CS!and! its!

QA!derivatives! that!are! loaded!with! insulin!are! less!effective! in! facilitating! the!paracellular!

transport! across! the! Caco−2! cells! monolayer! than! the! corresponding! free! polymers.! One!

possible! explanation! is! due! to! the! fact! that! CS! derivatives! in! NP! form! have! less! positive!

surface!charge!and!their!interactions!with!TJ!are!limited![88].!

! Insulinqloaded!NP!coated!with!CS!may!transiently!mediate!TJ!opening!between!the!

epithelial!cells,!while!they!become!unstable!and!tend!to!degrade!or!break!apart!due!to!their!

sensitivity! to!pH.! Insulin!released!from!the! fragmented!NP,!as!can!be!seen! in!Figure!1.5,! is!

then! able! to! permeate! the! cells! using! the! paracellular! pathway! until! its! release! into! the!

bloodstream,! its! ultimate! destination! [25,86].! Double−functional! NP! with! tailored! pH!

sensitivity! and! mucoadhesivity! can! be! designed! [89].! However,! the! properties! of!

mucoadhesivity! and! pH! sensitivity! may! not! act! synergistically,! since! in! the! stomach! the!

positive! charge! of! the! mucoadhesive! polymer! may! reduce! NP! stability! [83],! while! in! the!

intestine! the! pH−sensitive! polymer! would! weaken! the! NP! positive! charge! [90].! It! was!

recently! suggested! that! placing! the! double−functional! NP! into! an! enteric−coated! capsule!

composed!of!Eudragit®! S100!and!L100−55,! could!promote! the! synergism!and!maintain! the!

efficacy![83,91].!
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!

!

Figure! 1.5.! Schematic! illustration! (particles! not! shown! to! scale)! shows! the! presumed!

mechanism!of!paracellular!transport!of!insulin!released!from!disintegrated!CS−based!NP.!(A)!

pH−sensitive!CS−based!NP!becoming!(B)!unstable!and!(C)!broken!apart,!releasing!(D)!insulin.!

(E)!Intact!insulin−loaded!NP!can!theoretically!pass!through!opened!TJ.!

!

!

1.1.3.3!Transcellular!route!

!

! The!passage!of! insulin−loaded!NP!through!the! intestinal! transcellular!pathway!may!

include! passive,! carrier−mediated! (active! or! facilitated)! and! endocytic! transport! processes!

[92,93].!Theoretically,!due!to!their!size,!insulin−loaded!NP!cannot!permeate!cells!by!passive!

diffusion,!whereas!the!carrier−mediated!route!may!occur!when!a!NP’!component! interacts!

with!key!groups!on! the!plasma!membrane! surface!and!binds! reversibly! to! complexes.! The!

bound!molecule! complex! is! then! able! to! cross! the!plasma!membrane! to! the! inside!of! the!

cell.!At!this!stage!the!bound!molecule!complex!dissociates!and!passes!to!the!basolateral!side!

of! the! cell!where! the!molecule! forms! a! new! complex!with! the!bilayer! and! is! then! able! to!

leave!the!cell![94].!

! Different! types! of! endocytosis! involve! the! formation! of! intracellular! vesicles! after!

invagination!of!the!plasma!membrane!or!ruffling!which!gives!rise!to!larger!vesicles![95].!Two!

main!endocytosis!mechanisms!have!been!described! for!NP:!phagocytosis,!which! is!used! to!

transport! large!particles;!and!pinocytosis,!which!is!used!to!internalize!fluid!surrounding!the!

cell.!In!regards!to!pinocytosis,!all!substances!in!the!fluid!phase!area!are!simultaneously!taken!

up![95].!!
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! Fluorescently! labeled! PLGA! NP! of! 180! nm! were! incubated! with! the! Caco−2! cells!

monolayer!in!order!to!study!the!uptake!process!and!the!intracellular!fate!of!NP,!assessed!by!

flow!cytometry! and! confocal! laser! scanning!microscopy.! The! kinetics!of! absorption! is! time!

dependent! and! occurs! by! CME.! Subsequently! intracellular! traffic! leads! to! basolateral!

exocytosis!of!the!NP![96].!Furthermore,!NP!endocytosis!can!be!also!mediated!by!adsorbing!

covalently!conjugating!ligands,!including!proteins!or!vitamins,!to!their!surfaces.!Then,!insulin!

may!be!taken!up!by!a!receptor−mediated!process!as!described!by!Bendayan!et"al.! [97,98].!

Shah!and!Shen![99]!investigated!the!carrier−mediated!transport!of!insulin!across!the!Caco−2!

cells! monolayer.! They! observed! that! the! transport! of! insulin−transferrin! conjugate! was!

mediated! via! the! transferrin! receptor! and! not! through! the! insulin! receptor.! The! study!

revealed!that!conjugated!insulin!transport!across!the!Caco−2!cells!monolayer!was!increased!

by!5−!to!15−fold!compared!to!free!insulin.!!

! Among!several!ligands!available![100,101],!some!of!them!described!in!Table!1.3,!we!

can! find! lectins! [102],! proteins! that! bind! sugars! reversibly! and! are! involved! in! many! cell!

recognition!and!adhesion!processes![103].!Tomato!lectin−conjugated!NP!resist!the!digestion!

process! [104]! and! increase! the! bioadhesive! and! endocytic! potential! of! latex! particles!

[39,105].! Wheat! germ! agglutinin! (WGA)! specifically! binds! N−acetylglucosamine! and!

sialic−acid![106]!and!has!been!described!not!only!to!bind!to!the!surface!of!the!Caco−2!cells!

monolayer!and!enterocytes,!but!also!to!be!taken!up!by!receptor!mediated!endocytosis.!This!

process!also!involves!the!epidermal!growth!factor!receptor!that!is!expressed!in!considerable!

density!on!enterocytes![107].!Lectin!insulin!liposomes!(190!nm)!modified!with!a!hydrophobic!

anchor,! N−glut−PE,! promoted! the! oral! absorption! of! insulin! due! to! the! site−specific!

combination! of! the! GI! cell!membrane! [26]! and! vitamin! B12−coated! dextran! NP! (150−300!

nm)!improved!the!cellular!uptake!of!absorptive!enterocytes![108].!However,!in!both!studies,!

the! conclusions! were! based! on! PA! rather! than! on! experimental! measurements! of! the!

intestinal!absorption.!!

! Despite!the!promising!results!with!agents!that! increase!specific!receptor−mediated!

endocytosis,! insufficient! quantities! of! insulin−loaded! particles! are! absorbed! through! the!

intestinal! epithelium! [40].! Ligand! density! on! the! particle! surface! is! somehow! difficult! to!

reproduce!and!must!be!optimized! to!allow!the!cellular!uptake! in!order! to!achieve!optimal!

therapeutic!efficacy.!

!
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Table!1.3.!Composition!of! insulin−loaded!NP!formulations!and! impact!of! their! transcellular!

contribution!effect!on!in"vitro!and!in"vivo!intestinal!absorption!of!insulin.!

!

NP!composition!! Size!(nm)! Study!model" Outcome! Ref.!

Lectin−modified!

SLN!!

!

75! In"vivo"

Sprague−!

Dawley!rats!

WGA−modified!SLN!enhanced!

the!intestinal!absorption!of!

insulin!sufficiently!enough!to!

drop!the!blood!glucose!level.!

[102]!

Vitamin!

B12−coated!

dextran!NP!!

!!

150−300! In"vivo"

NOD/J!mice"

Insulin!delivery!was!found!to!be!

predominantly!vitamin!B12!

specific,!as!co−administration!of!

excess!of!free!vitamin!B12!

significantly!reduced!the!

hypoglycemic!effects.!

[108]!

Quaternized!

alkyl!CS−based!

NP!!

200! In"vitro"

Caco−2!cells!

monolayer"

The!CS!derivatives!in!NP!form!

have!less!positive!surface!

charge!and!their!interactions!

with!TJ!are!limited!and!hence!

insulin!transport!across!the!

monolayer!is!more!likely!

through!the!transcellular!

pathway.!

[88]!

QA!moyeties−!

insulin!

nanocomplexes!

120! In"vitro"

Caco−2!cells!

monolayer!

Insulin!uptake!was!reduced!by!

co−incubation!with!sodium!

azide,!an!active!transport!

inhibitor.!

[101]!

PLGA!NP!! 180! In"vitro"

Caco−2!cells!

monolayer"

CME!of!NP!and!intracellular!

traffic!that!leads!to!the!

basolateral!exocytosis!of!NP!

was!demonstrated.!

[96]!

Hyaluronic!acid!

NP!!

180! In"vitro"

Caco−2!cells!

The!efflux!ratio!of!Papp!(B!to!A)!

to!Papp!(A!to!B)!less!than!1!

[100]!
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!! monolayer! demonstrated!that!hyaluronic!

acid!NP−mediated!the!transport!

of!insulin!across!the!Caco−2!

cells!monolayer!underwent!

active!transport.!

!

!

1.1.3.4!M!cells!

!

! Among! enterocytes! in! the! villous! epithelium,! PP−independent! M! cells! that! share!

similar! characteristics! with! the! M! cells! originally! found! in! the! FAE! were! identified! and!

termed!villous!M!cells![109].!Due!to!their!high!transcytotic!capacity!and!ability!to!transport!

NP! [110],!M! cells! offer! a! putative!way! for! the!oral! delivery! of! nanoencapsulated!peptides!

[111,112].! Villous! M! cells! are! recognized! by! Ulex! europaeus! agglutinin! I! lectin! and! M!

cell−specific!NKM16−2−4!antibody,!a!marker!of!murine!M!cells,!and!represent!an!alternative!

internalization! site,! namely! in! the! villi−containing! portion! of! the! intestine.! The! binding! of!

orally! administered!NP! to!M! cell! lectins!was! studied! in!murine!models! and! indicated! that!

they!are!able!to!bind!specifically! to!M!cells!and,! to!a! lesser!degree,!enterocytes.!However,!

the! characterization! of! murine! M! cells! by! this! lectin−binding! pattern! did! not! reflect! the!

glycosylation! patterns! present! on! human!M! cells.! Unfortunately,! human!M! cells! features,!

function,! and! differentiation! from! neighboring! enterocytes! are! still! not! well! understood!

[113].!!

! Insulin−loaded! NP! may! interact! with! M! cells! via! both! specific! and! non−specific!

receptor−mediated!mechanisms.!M!cells! are! able! to!use!CME! [114,115],!macropinocytosis!

[116]! and! phagocytosis! [117]! to! uptake! particles,! as! excellently! reviewed! elsewhere! [3].!

Nonspecific! mechanisms! allow! insulinqloaded! NP! to! interact! selectively! with! M! cells,! as!

described!for!NP! in!general,!and!may!depend!on!the!surface!charge!and!hydrophobicity!of!

NP![118].!!

! Several! in" vitro,! ex" vivo! and! in" vivo! studies! showed! partial! or! total! intestinal!

absorption!of!insulin−loaded!NP!involving!M!cells!(Table!1.4).!

! A! pilot! work! demonstrated! for! the! first! time! that! insulin! encapsulated! in!

polyalkylcyanoacrylate!NP!with!285!nm!remained!biologically!active!after!oral!administration!
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in!diabetic!rats![119].!Those!NP!labeled!with!a!tracer!were!administered!in!the!lumen!of!an!

isolated! rat! ileal! loop! and!were! able! to!pass! through! the! ileal!mucosa! via! the!paracellular!

pathway!in!the!nonfollicular!epithelium.!The!M!cells!and!adjacent!enterocytes!in!the!PP!were!

the!predominant!cells!that!took!up!the!tracer![112].!The!administration!of!the!NP!that!were!

prepared!using!a!blend!of!a!biodegradable!polyester!poly(−ε−caprolactone)!(PCL)![120,121]!

and! a! polycationic! polymer! (Eudragit®RS)! (360! nm)! increased! the! serum! insulin! levels! and!

improved!glycemia! in!response!to!a!prolonged!oral!glucose!challenge![38].!The!mechanism!

of! local! absorption! of! insulin! was! examined! using! FITC−insulin.! The! FITC−insulin! indicated!

that! the!NP! strongly! adhered! to! the! intestinal!mucosa.! Insulin,! either! released!and/or! still!

inside!the!NP,!appeared!as! isolated!fluorescent!particles!or!small!clusters!that!were!mainly!

concentrated!in!the!PP.!This!agreed!well!with!the!hypothesis!that!lymphatic!uptake!occurred!

via! M! cells.! After! oral! administration! of! alginate/CS−based! NP! (750! nm)! containing!

FITC−insulin,!fluorescence!was!observed!on!the!surface!of!the!M!cells!throughout!the!ileum.!

These! data! together! with! the! longer! antihyperglycemic! response! following! oral!

administration! of! the! insulin−loaded! NP! also! suggested! that! they!were! taken! up,! at! least!

partially,! by! the! PP! [69].! Similar! conclusions! were! made! by! Yin! et" al.! [70]! following! the!

detection! of! fluorescent! particles! or! small! clusters! 15! min! after! oral! administration! of!

insulin−loaded!TMC−Cys!NP!(100−200!nm).!It!was!found!that!TMC−Cys!NP!induced!increased!

the!insulin!transport!through!the!rat!intestine!and!promoted!its!internalization!in!the!Caco−2!

cells!monolayer!and!augmented! its!uptake! in! the!PP.!The!effect!of! these!NP!on! facilitating!

the! insulin! transport!was! significantly!higher! than! the! corresponding! soluble!polymer.! The!

transport!of!insulin−loaded!TMC−Cys!NP!across!the!intestinal!epithelium!could!be!associated!

with!lymphatic!uptake!of!the!PP!via!M!cells!among!other!pathways.!!

! In! order! to! better! approach! the! absorption! mechanisms! of! insulin−loaded!

ADS/CS/ALB!NP!(800!nm),!FITC−insulin−loaded!NP!were!tracked!after!injection!into!an!in"situ!

isolated! intestinal! loop! and! their! uptake! was! monitored! by! spectrofluorometry! and!

observation! of! intestinal! mucosa! cryosections! [11].! The! FITC−insulin! concentration!

decreased! as! a! function! of! time! in! the! intestinal! lumen! and! increased! in! parallel! in! the!

intestinal! mucosa! and!mesenteric! blood.! This! indicated! that! it! passed! from! the! intestinal!

lumen! to! the! blood! compartment.! Insulin,! either! liberated! from! the! NP! in! the! intestinal!

lumen! or! still! associated! with! the! NP,! could! be! taken! up! by! the! intestinal! mucosa.! This!

process!mainly!occurred!at!the!tip!of!the!villi!where!a!physiological!desquamation!occurs!in!
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the!mature! enterocytes.! However,! the! PP!were! found! to! have! the!most! intense! labeling,!

which! suggested! that! NP!may! be! taken! up! by! endocytosis! of! the!M! cell! membrane.! This!

labeling! was! more! pronounced! when! compared! to! alternate! strategies! including!

PCL−Eudragit®RS! insulin−loaded! NP! [38]! or! any! type! of! alginate/CS−based! NP! [69].! The!

transport!of! insulin!with! the!PP! in! the! rat! ileum!also! increased!more! than!2! times!when! it!

was! delivered! by! TMC−Cys! [70],! ALB/CS−poloxamer! 188−coated! ADS! core! [31]! and! poly!

(acrylic!acid−coacrylamide)/O−carboxymethyl!CS−based!porous!NP![122].! In! an!

attempt! to! assess! the! role! of! NP! in! the! uptake! of! insulin! and! internalization! by! the! small!

intestinal!cells!of!Wistar!rats,!insulin!and!alginate!were!independently!labeled!with!FITC!and!

rhodamine! B! isothiocyanate,! respectively.! Following! oral! administration! of! the! previously!

described! insulin−loaded! multilayered! NP,! the! intestinal! sections! were! observed,! which!

revealed!that!the!nanoencapsulated!insulin!permeated!the!intestinal!mucosa!by!absorption!

into!the!enterocytes!and!uptake!by!the!PP![123].!!

! More!recently,!a!Caco−2/HT29−MTX/Raji!B!lymphocytes!triple!coculture!model!was!

developed! to! obtain! a! simulated! intestinal! barrier! [37].! This! model! with! the!

mucus−producing! properties! and! the!M! cells! in! the! PP! has! been! proposed! to! be! a! better!

system!for!assessing!insulin!absorption!in!a!mechanistic!manner.!The!small−scale!size!range!

is!advantageous!for!assessing!insulin!absorption!both!in!solution!and!associated!with!NP.!It!

was! found! that! the! cocultured! Caco−2/Raji! B! cells! showed! increased! insulin! permeability!

when! compared! to! the! Caco−2! cells! monolayer.! Still,! no! comparison! between! the!

permeability!of!insulin−loaded!dextran!sulfate/CS−based!NP!through!the!Caco−2/HT29−MTX!

and! Caco−2/HT29−MTX/Raji! B! cells! co−cultures! could! be! performed! to! predict! a! more!

incisive!role!for!the!M!cell−like!Raji!cells.!! !

! Among!the!possible!strategies!used!for!the!oral!delivery!of! insulin,!SLN!represent!a!

promising!approach.!Besides!their!protective!power!against!the!GI!tract,!the!carrier!itself!can!

be!taken!up,!to!a!certain!extent,!by!the!epithelial!cells!or! lymphoid!tissues! in!the!PP![124].!

The!concentration!of! insulin!of!WGA−modified!SLN! (<!100!nm)! in! the!PP!of! jejunal!or! ileal!

tissues!was!higher!than!in!the!non−PP!tissues,!therefore!we!could!conclude!that!most!of!the!

SLN!were!transported!through!the!PP![125].!

! A! size−dependent! behavior! of! insulin! liposomes! containing! sodium! glycocholate!

suggested!that!the!M!cells!uptake!occurs!for!liposomes!ranging!in!size!between!150!and!400!

nm.!It!was!reported!that!phagocytic!uptake!by!the!M!cells!was!the!predominant!mechanism!
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in!the!particle−facilitated!absorption![126].!

! Additional! studies! that! aim! to! evaluate! the!effect! of! the!NP’! components,! such! as!

the!loaded!therapeutic!protein,!on!enhancing!the!insulin!absorption!through!the!PP!rich!in!M!

cells! are! required.! These! studies! should! be! expanded! to! mucoadhesive! studies! to! better!

understand! the! role! of! the! encapsulated!protein! either! on!mucoadhesion!or! uptake!by!M!

cells.!Mostly!conclusions!are!often!based!on!previous!results!obtained!with!unloaded!NP!or!

standard!behaved!NP!made!of!latex!or!polystyrenes,!which!are!very!far!from!the!therapeutic!

active!NP!formulations.!

!

!

Table! 1.4.! Results! of! intestinal! permeability! studies! of! insulin−loaded! NP! in! the! M!

cells−containing!models.!

!

NP!Composition!! Size!

(nm)!

Study!

model!

Permeability!

quantification!

Outcome!

!

Ref.!

Polyalkylcyano−!

acrylate!NP!!

285! Ex"vivo!

Wistar!rats!

Iodine! NP!were!found!in!the!

intercellular!spaces!

under!the!M!cells!where!

they!were!in!close!

contact!with!the!

lymphoid!cells.!

[112]!

Insulin−SPC!

nano−!

encapsulated!in!

PLGA!!

200! In"vivo"

Wistar!rats!

!RIA*! Insulin–SPC!NP!showed!

a!delay!of!insulin!

absorption!in!in"vivo!

conditions;!the!

posterior!segment!of!

the!intestine!(ileum)!has!

been!confirmed!as!the!

ideal!site!for!the!NP!

uptake,!where!

abundant!PP!exist.!

[111]!

PCL/Eudragit®RS! 360! Ex"vivo" FITC! NP!strongly!adhered!to! [38]!
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NP! Wistar!rats! the!intestinal!mucosa!

and!labeled!insulin,!

either!released!and/or!

still!inside!NP,!was!

mainly!taken!up!by!the!

PP.!

Alginate/CS−!

based!NP!!

750! Ex"vivo"

Wistar!rats!

FITC! Interaction!of!NP!with!

the!M!cells!of!the!PP!

suggested!that!NP!

gradient!concentration!

on!the!FAE!drove!the!

absorption!of!the!

insulin.!

[69]!

ADS/CS/ALB!NP!!

!

800! Ex"vivo"

Wistar!rats!

FITC! NP!strongly!adhered!to!

the!villus!apical!

enterocytes!and!

markedly!labeled!the!PP!

following!their!

administration!in!an!

isolated!intestinal!loop.!

[11]!

Poly!(acrylic!

acid−co−acryla

mide)/O−!

carboxymethyl!

CS−based!

porous!NP!

NS! Ex"vivo"

Sprague−!

Dawley!rats!

HPLC! The!transport!of!insulin!

across!the!rat!intestine!

and!colon!was!

enhanced!around!2−!to!

3−fold!after!application!

of!the!(O−CMC)−based!

porous!NP.!

[122]!

TMC−Cys!NP!! 100−

200!

Ex"vivo"

Sprague−!

Dawley!rats!

In"vitro"

Caco−2!

HPLC! Compared!to!the!insulin!

solution,!TMC−Cys!NP!

increased!the!insulin!

transport!through!the!

rat!intestine!by!3–12!

[70]!
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cells!

monolayer!

folds,!promoted!the!

Caco−2!cells!

internalization!by!8–13!

folds,!and!augmented!

the!uptake!in!the!PP!by!

15–21!folds.!

ALB/CS−!

poloxamer!188−!

coated!ADS!NP!!

300! Ex"vivo"

Wistar!rats!

!

FITC! Nanoencapsulated!

insulin!permeated!the!

intestinal!mucosa!by!the!

internalization!of!NP!in!

the!enterocytes!and!

uptake!by!the!PP.!

[31]!

WGA−modified!

insulin!SLN!!

<100! In"situ"

Wistar!rats!

RIA*! The!M!cells!

containing−ileum!

contributed!more!to!the!

absorption!of!insulin!

SLN.!

[125]!

!

Abbreviations:!SPC,!soybean!phosphatidylcholine!complex;!RIA,!radioimmunoassay;!NS,!not!

studied;!HPLC,!high−performance!liquid!chromatographic.!
*Insulin!quantification!in!plasma!

!

!

1.2!INTESTINAL!UPTAKE!OF!INSULIN−LOADED!NP:!FACTS!OR!MYTHS?!

! !

1.2.1!Insulin!BA!by!means!of!NP!

!

! An!extensive!presystemic!metabolism,! inactivation! in!the!acidic!pH!of!the!upper!GI!

tract!and!poor!penetration!through!the!intestine!membrane!are!responsible!factors!for!the!

reduced!BA!of!orally!given!peptide!drugs.!Accordingly,! the! improvement!of!the!oral! insulin!

BA! is!highly! in!demand.!Different!approaches!have!been!explored,!has!already!mentioned,!

although! the! obtained! results! are! still! lower! than! expected.! There! must! be! a! balance!



 Chapter 1 
!
28!

between!NP!characteristics!to!allow!effective!insulin!delivery.!Smaller!particles!are!favorable!

to! the! diffusion! and! uptake,! although! they! should! be! large! enough! to! carry! a! favorable!

amount!of! insulin.!The!mucoadhesion!prolongs!the!residence!time!of!NP!at!the!absorption!

sites,!but!can!hinder!the!diffusion!through!the!GI!mucus!layer![3].!Delivery!systems!capable!

of! increase! the! residence! time! of! insulin,! that! preserve! its! stability! until! it! reaches! the!

absorption! site! and! enhance! its! permeability! into! the! systemic! circulation! have! been!

investigated!and!developed!over!the!years,!always!with!the!ultimate!goal!of! increasing!the!

the! insulin! BA! and! PA.! The! hydrophilic,! biocompatible! and! biodegradable! properties! of!

natural!polymers,!such!as!CS!and!alginate,!make!them!a!suitable!choice!to! improve! insulin!

oral! BA.! They! improve! the! enzymatic! resistance,! preventing! the! insulin! release! at! low!pH.!

The! bioadhesive! properties! of! CS! have! proven! to! be! essential! in! the! development! of!

bioadhesive!insulin!delivery!systems!in!order!to!improve!its!BA!by!prolonging!the!residence!

time! at! the! site! of! absorption.! Therefore,! the! use! of! multifunctional! polymers! exhibiting!

permeation! enhancing! and!mucoadhesive! properties! are! considered! a! promising! strategy.!

Depending!on!the!polymer!combinations,!NP!can!be!tailored!to!stabilize!insulin,!control!the!

release!kinetics,! increase! the!oral!BA!and!modulate! the!biological! response! [127,128].!The!

insulin−loaded!NP!BA!and!PA!found!for!different!formulations!are!represented!in!Table!1.5.!

In!all! cases,! the!oral!BA!and/or!PA!of! insulin!were! found! to!be! lower! than! its! s.c.!delivery.!

However,!the!oral!insulin!delivery!action!was!sustained!for!a!longer!period!of!time!and/or!its!

biodistribution!was!modified.!Compared!to!oral!free!insulin,!the!BA!and!PA!of!insulin−loaded!

NP! were! always! higher,! proving! that! nanoencapsulation! protects! insulin! from! the! harsh!

environment!of!the!GI!tract!and!improves!its!absorption,!leading!it!active!to!the!final!sites!of!

action.!

!

!

Table!1.5.!The!PA!and/or!BA!of!insulin−loaded!NP.!

!

Formulation!!(ref.)! Size!

(nm)!

Insulin!

dose!

(IU/kg)!

PA!

(%)!

BA!

(%)!

Animal!

model!

Animals’!

number!

(n)!

ζ−potential!

(mV)!

PLGA−NP![73]! 121.3!

±!13!

15.0! 7.6! NS!

!

Sprague

–Dawley!

5! −1.7!
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CS−coated!PLGA−NP!

[73]!

134.4!

±!15!

15.0! 10.5! rats! +43.1!

PLGA/Eudragit®!

RS/Hydroxypropyl!

methylcellulose!

phthalate!NP![129]!

285.6!

±!4.5!

50! 9.2! NS! Sprague

–Dawley!

rats!

3! +42.9!

PCL!and!Eudragit®!RS!

NP![38]!

358!!

±!12!

50! NS! 13! Wistar!

rats!

8! +41.8!

CS−!and!poly!

(γ−glutamic!

acid)−based!NP!

coated!with!

Eudragit®!L100−55!

capsule![83]!

241.5!

±!13.8!

30! NS! 20! Wistar!

rats!

5! +25.6!

CS−!and!

γ−PGA−based!NP!

[15]!

246.6!

±!4.8!

30! NS! 20! Wistar!

rats!

5! +37.0!

Alginate/CS−based!

nanoemulsion![130]!

488! 12.5! 8.65! NS! GK!rats! 6! q55.6!

25! 8.42!

50! 5.72!

CS−coated!SLN![45]! 470!!

±!32!

25! 17.7! NS! Wistar!

rats!

6! +34.2!

CS/PEG/ALB−!

coated!ADS!NP![11]!

812! 25! 42! NS! Wistar!

rats!

8! +15.0!

!50! 21!

100! 10!

CS/PEG/ALB−!

coated!ADS!NP![123]!

396! 50! 10.7! 13! Wistar!

rats!

6! −38.2!

Dextran!sulfate/CS!

NP![131]!

527!

!±!103!

50! 5.6! 2.4

6!

Wistar!

rats!

6! −20.6!

100! 3.4! 5.2

5!

Alginate/CS!NP![132]!! 551.67! 10! 43.6! NS! Albino! 6! +25.70!
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±45.5! rats!

CS!NP![100]! 123!

±!40!

10! 10.2! NS! Wistar!

rats!

8! NS!

345!

±!60!

14.9!

1061!

±!200!

7.3!

Self−emulsifying!

formulation![133]!

264.7! 2.5! 15.2! NS! Beagle!

dogs!

3! NS!

Vitamin!B12−NP!

conjugate![20]!

160−!

250!!

20! 26.5! NS! Wistar!

rats!

6! NS!

CS!NP1![134]! 108!!

±!9!

50! 77.0! NS! Wistar!

rats!

10! +30.0!

!

CS!NP2![134]! 2.57!

!

Abbreviations:!GK,!Goto−kakizaki.!
112!h!fast/12!h!fed,!2free!access!to!food!for!24!h!

!

!

1.2.1.1!Surface!charge!

!

! It!is!still!uncertain!the!role!that!the!surface!charge!of!NP!plays!in!their!non−specific!

transport! by! the! enterocytes! or! M! cells.! In! Table! 1.5,! it! is! difficult! to! found! a! relation!

between!the!NP!charge!and!the!insulin!BA!or!PA,!although!positively!charged!NP!showed!the!

highest!values!of!these!parameters,!whilst!the!lowest!ones!were!obtained!with!negative!NP.!

The!slight!negative!surface!charge!associated!with!PLGA!NP!limit!their!ability!to!interact!with!

the!negatively!charged!plasmids!and!to!the!intracellular!uptake.!Therefore,!CS−coated!PLGA!

NP!were!prepared!to!enhance!the!insulin!PA!of!the!negatively!charged!PLGA!NP.!The!PA!of!

these!two!kinds!of!NP,!PLGA!NP!and!CS−coated!PLGA!NP,!were!7.6!and!10.5%,!respectively,!

at! an! insulin! dose! of! 15! IU/Kg.! CS−based! NP! are! mucoadhesive! due! to! the! CS! inherent!

cationic! charges,! which! allow! them! to! exhibit! electrostatic! attraction! with! the! negatively!
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charged! mucus! (due! to! the! presence! of! sialic−acid! groups! in! the! mucin).! Furthermore,!

cationic!NP!increase!the!permeation!by!epithelial!cells,!which!are!equally!negatively!charged.!

!

!

1.2.1.2!Size!

!

! The!highest!PA!was!obtained!for!10!IU/Kg!insulin−loaded!alginate/CS!NP!(43.6%)!and!

25! IU/Kg! insulin−loaded! CS/PEG/ALB−coated! ADS! NP! (42%),! which! to! the! best! of! our!

knowledge,!were!the!maximum!values!reported!until!now.!Amongst!the!other!discriminated!

formulations!displayed! in!Table!1.5,!these!NP!presented!the!highest!size!(550!and!800!nm,!

respectively)! as! well! as! positive! surface! charges! with! the! lowest! absolute! values.!

Theoretically,!these!NP!would!not!be!the!most!indicated!to!the!oral!delivery!of!insulin,!since!

the! reduction! of! the! NP! diameter! leads! to! transcytosis! increase! [135].! Furthermore,! low!

ζ−potential!module! values! increase! the! repulsive! interactions,! leading! to! the! formation!of!

less!stable!NP!with!a!less!uniform!size!distribution![136].!It!is!admitted!that!the!optimal!size!

for!NP!to!be!taken!up!by!the!M!cells!would!be!below!1!μm![42],!and!more!precisely!below!

200!nm![57,135].!The!insulin!BA!can!be!improved!by!controlling!the!particle!size!along!with!

prolonging!the!residence!time!of!NP!in!the!GI!tract![137],!although!particles!size!is!only!one!

piece! of! the! puzzle! to! achieve! the! desired! PA.! Han! and! coworkers! studied! the! effect! of!

CS−based!NP!size!on!the!PA!of!oral!delivery!of!insulin.!Among!particles!of!approximately!120,!

350! and! 1000! nm,! the! bigger! particles! had! the! lowest! PA.! Particles! of! 350! nm! had!more!

effect!on!reducing!the!glucose!plasmatic!levels!than!120!nm,!which!raises!doubts!about!the!

optimal!particle!size!to!improve!the!insulin!PA.!

!

!
1.2.1.3!Insulin!dose!

!

! It! is! expected! that! the! higher! the! BA! obtained! for! oral! insulin,! the! higher! the! PA.!

However,! the! results! contradict! this! fact.! For! example,! dextran! sulfate/CS−based!NP! [131]!

with!50!IU/Kg!of!loaded!insulin!showed!2.46%!of!BA!and!5.6%!of!PA,!whereas!a!dose!of!100!

IU/Kg! increased! the! BA! to! 5.25%! but! decreased! the! PA! to! 3.4%.! Different! formulations!

revealed! an! influence! of! insulin! dose! on! its! PA! [11,130,131].! All! cases! appear! to! have!

consistent!results!with!higher!doses!of!insulin!leading!to!smaller!values!of!PA.!
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1.2.1.4!Food!effect!

!

! The! absorption! of! oral! delivered! insulin! was! affected! by! food! ingestion,! which!

decreased! its!PA! [134].! Insulin! loaded!CS−based!NP!had!a!PA!of!7%! for!12!h! fast/12!h! fed!

state!rats!compared!to!a!PA!of!2.57%!obtained!for!rats!persisted!in!free!access!to!food.!If!all!

the!studies!concerning!the!PA!of!oral! insulin!delivery!are! influenced! in!a!similar!manner!as!

the!described!study,!the!results!obtained!so!far!are!overestimated,!since!few!evaluated!the!

effect!of!food!intake.!One!must!keep!in!mind!that!the!liver!receives!a!maximum!of!75%!of!its!

blood! from! the!digestive! tract! (portal! veins).!After,! the! liver!metabolizes!50! to!75%!of! the!

secreted!insulin![5].!Therefore,!the!insulin!levels!in!the!peripheral!blood!after!orally!delivery!

of!insulin!do!not!reflect!the!pharmacokinetic!properties!as!s.c.!insulin!administration.!Instead!

of!provide!the!relative!BA!of!an!oral!insulin!formulation,!the!relative!biopotency!is!the!value!

that! should!be! stated!when! studying!oral! insulin!delivery,!which!demands!performance!of!

adequately!designed!glucose!clamp!studies![138].!It!appears!that!oral!insulin!has!low!relative!

biopotency,! which! is! even! more! reduced! after! a! meal.! Low! biopotency! of! oral! insulin!

requires! higher! amounts! of! insulin! comparatively! with! s.c.! insulin! and,! therefore,! higher!

costs,!a!fact!that!tends!to!be!avoided!by!the!pharmaceutical!industry![138].!

!

!
1.3!WHY!MOST!ORAL!INSULIN!FORMULATIONS!DO!NOT!REACH!CLINICAL!TRIALS!

!

1.3.1!Oral!insulin:!From!the!beginning!!

!

! After!the!development!of!insulin!in!1921,!scientists!and!clinicians!began!the!study!of!

almost!all!of!the!alternative!routes!of!insulin!administration!with!the!oral!route!as!the!most!

exciting! option.! Since! the! first! and!unsuccessful! attempts! of! oral! insulin!made!by! Joslin! in!

1922,!various!ways!for!incorporating!insulin!in!various!substances!and!in!various!forms!were!

developed!to!overcome!the!barriers!that!insulin!undergoes!in!the!GI!tract![139].!The!history!

and!development!of!insulin!since!the!early!1990s!to!the!present!are!displayed!in!Figure!1.6.!

After!the!first!scientific!publication!about!oral!insulin!92!years!ago![140],!there!is!still!no!oral!

insulin! on! the!market.! In! fact,!more! than! 50! years! passed! until! the! first! study! on! an! oral!

insulin! formulation!had!been!published! [141].!Clinical! trials!are!ongoing!since!2000,!and! in!

2014,! a! company! received! for! the! first! time! Phase! III! approval! from! the! US! FDA! [142].!
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Unfortunately,!the!failure!of!oral!insulin!persists.!Few!insulin!formulations!designed!for!oral!

administration!reach!clinical!trials.!This!review!analyses!the!current!status!of!oral!insulin!and!

focuses!on!the!main!reasons!for!failure!of!the!formulations!for!oral!administration!of!insulin.!

!

!

!

Figure! 1.6.! Timeline! of! the! oral! insulin! history! and! development! to! the! present! day.! The!

search!engine!Web!of!Science™!was!used!to!search!for!scientific!publications.!

!

!
1.3.2!Obstacles!for!oral!insulin:!Industrial!perspective!

!

! The! main! obstacles! faced! by! oral! insulin! are! the! barriers! across! the! GI! tract!

(enzymatic,!chemical!and!physical)!until!it!reaches!its!final!destination,!the!scaling!up!of!the!

technology! from! the! laboratory! scale! to! pilot! batches! to! the! industrial! scale! and! the!

cost/benefit! ratio! implied! in! its! manufacturing.! During! the! last! three! decades,! great!

advances! in! protecting! insulin! in! the!GI! tract!were! achieved,! but! the! intestinal! epithelium!

permeability!is!still!the!main!obstacle!to!overcome.!The!rapid!secretion!and!shedding!of!the!

GI! tract! mucus! can! significantly! limit! the! effectiveness! of! insulin! delivery! systems! [32].!

Nevertheless,! two! parameters! are! of! major! concern:! the! scale−up! potential! of! the!

production!methodology!and!the!amount!of!insulin!required!for!therapeutic!effects.!

! !

1921$1901$

Eugenie$Opie$discovers$the$
islets$of$Langerhans$[143]$$

1922$

First$usage$of$insulin$as$a$medical$treatment$[144];$
Elli$Lilly$becomes$the$first$insulin$manufacturer$[144];$
First$oral$insulin$preparaDons$aEempted$by$Joslin$[145]$

1955$

Insulin$is$fully$
sequenced$[146]$

1963$

Insulin$is$chemically$
synthesized$[148]$

1978$

Insulin$manufactured$
through$biotechnology$by$

Genentech$[149]$

2001$

95%$of$diabeDcs$use$human$
instead$of$animal$insulin;$$

First$FDA$approval$of$clinical$trials$
of$oral$insulin$by$Generex$[151]$

$

1924$

First$scienDfic$publicaDon$about$oral$
insulin$by$Thatcher,$H.S.$et#al.$[140]$

1965$

First$patent$of$oral$insulin$
by$Edgar$Ferguson$[147]$

1981$

First$scienDfic$publicaDon$of$oral$insulin$
formulaDon$(liposomes)$$
by$Kawada,$J.$et#al.$[141]$$

2000$

First$clinical$trial$with$
oral$insulin$by$Pozzilli,$

P.$et#al.$[150]$

Discovery$of$insulin$by$
BanDng$and$Best$[144]$

2004$

First$scienDfic$publicaDon$
about$oral$insulin$with$

culture$in#vitro#cell$models$
by$Lopez,$J.$E.$[152]$

2012$ 2014$

First$FDA$approval$of$phase$III$
clinical$trials$of$oral$insulin$by$

Diasome$[142]$$

Establishment$of$the$first$
triple$co^culture$in$vitro$cell$
models$by$Antunes,$F.$et#al.$

[37]$
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1.3.2.1!Scale−up!

!

! There! are! several! techniques! attempting! to! successfully! achieve! an! oral! insulin!

formulation,!although!most!remain!at!the! laboratory!research!level.!Scaling!the!production!

process! from! the! laboratory! to! the! industrial! level! depends!on! the! factors! involved! in! the!

techniques,!such!as!temperature,!biodegradability!and!biocompatibility!of!excipients,!use!of!

organic! solvents,! energetic! yield,! simplicity,! etc.!A! crucial! inconvenience!of!most!NP! is! the!

poor! potential! and! reproducibility! of! particle! production,!which! prevents! the! commercial/!

clinical!use!of!NP![153].!!

! After!the!laboratory!stage!and!before!industrial−scale!production,!a!pilot−scale!stage!

should!be!performed.!The!pilot−size!production! intends!to!mimic!the! industrial!production!

and!should!therefore!integrate!all!the!parameters!that!need!to!be!optimized!before!reaching!

the!industrial!production![154].!The!design!and!development!of!the!scale−up!are!considered!

arduous! because! there! is! no! framed! algorithm! to! help! the! formulators! to! predict! the!

large−scale!performance!of!a!product!based!on!its!small−scale!behavior![155].!Furthermore,!

the! process! involves! several! formulation! parameters! to! be! modulated! all! simultaneously.!

There! are! few! publications! reporting! the! preparation! of! large! amounts! of! NP! for! drug!

delivery!applications! [156−158],!and!according! to! the!authors’!knowledge,!no!studies!have!

contemplated!insulin!formulations.!!

! To! fulfill! challenges! found!during! up−scaling! studies,! four! basic! parameters! should!

be! cogitated,! beginning! at! the! formulation! development! stage:! process! characterization,!

choice! of! equipment,! development! of! robust! formulation! and! stability! studies! [159].! The!

pathway!to!the!market! is!extensive!and! includes!the!optimization!of!the!therapeutic!need,!

market!demand,!research!and!development,!production!steps,!scale−up!feasibilities,!clinical!

trials!and!regulatory!issues.!

!

!

1.3.2.2!Cost–benefit!ratio!

!

! The! major! concern! about! oral! insulin! lies! in! the! potential! reduction! of! its! cost–

benefit! ratio.! Earlier! treatment! and! slower! progression! of! the! disease! could! potentially!

reduce! the! costs! associated! with! diabetes−related! complications.! Oral! insulin! delivery! is!
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expected! to! either! replace! or! complement! diabetes! therapy.! Cost! reduction! would! be! of!

great!interest!to!health!providers,!payers!and!governments!because!the!diabetic!population!

keeps! growing.! The! removal! of! the! social! stigma! of! insulin! needles! can! guarantee! the!

willingness! of! diabetic! patients! to! purchase! the! product.! This! factor! is! not! the! only!

advantage! provided! by! an! oral! insulin! formulation,! as! detailed! previously.! Problems!

associated! with! oral! insulin! delivery! systems! include! poor! LC! of! insulin! into! the! capsules!

[160].! The! development! of! such! delivery! systems! capable! of! improving! the! insulin! LC! and!

assuring! full! insulin! biological! activity! would! reduce! the! associated! costs.! Therefore,!

important!obstacles!in!the!engineering!of!micro−!and!nanosystems!and!in!the!achievement!

of!high−efficiency!persist,!which!should!be!evaluated!to!further!acquire!low−cost!oral!insulin!

delivery.!This!goal!will!depend!on!the!ability! to!manufacture! insulin! in!sufficient!quantities!

for! oral! delivery! and! in! an! efficient! cost−conscious! pharmaceutical! marketplace! [161].!

However,! even! if! sufficient! quantities! of! insulin! are! traduced! in! efficient! costs,! another!

concern! arises! if! elevated! doses! of! insulin! are! needed! to! achieve! a! therapeutic! response,!

leading!to!the!theoretical!possibility!of!an!insulin!overdose![162].!

! Large−scale! production! of! human! insulin! was! achieved! in! 1982,! when! the! first!

commercially! available! recombinant! therapeutic! protein! was! approved.! It! was! due! to!

engineering!Escherichia"coli!to!express!human!insulin!by!using!recombinant!DNA!technology.!

The!resulting!insulin!was!abundant,!inexpensive,!of!low!immunogenicity!and!free!from!other!

animal!pancreatic!substances![163].!Since!then,!the!cost!of!insulin!production!has!remained!

relatively! affordable.! The! actual! reason! for! the! increase! in! insulin! prices! is! partly! due! to!

better!options!for!insulin!therapy.!However,!patents!are!expiring!for!several!popular!insulin!

formulas! and,! with! competition,! there! is! an! expectation! that! the! costs! of! insulin! will!

decrease.!

!

!

1.3.3!Nanosystems:!‘a!means!to!an!end’!

!

! There!is!a!need!to!develop!an!adequate!oral!delivery!system!that!not!only!protects!

insulin!from!enzymatic!degradation!but!also!aids!in!enhancing!its!absorption!without!altering!

its! biological! activity.! Accordingly,! each! form! of! drug! delivery! system! contains! functional!

excipients! that! protect! insulin! from! aggregation! and! enzymatic! breakdown,! enhance! the!
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retention! time! of! insulin! in! the! intestinal! tract! for! greater! absorption! and! facilitate! the!

transport! of! insulin! through! the! epithelium! via! paracellular! and/or! transcellular! pathways!

[127,164,165].!The!physical!and!chemical!states!of!drug!delivery!systems!can!be!modified!by!

mechanical! processes! and/or! the! addition! of! alternative! processing! materials! of! specific!

characteristics,!thereby!elevating!their!recognition!by!the!intended!biological!epithelium!and!

final!target![164,166].!A!summary!of!the!types!of!functional!excipients!and!forms!of!insulin!

and!drug!delivery!systems!is!shown!in!Figure!1.7.!!

!

!

!
!

Figure! 1.7.! Some! forms!of! insulin,! functional! excipients! and!drug!delivery! systems!used! in!

the!design!of!oral!insulin!dosage!forms.!

!

!

! Promising!carrier!systems!for!insulin!delivery!can!be!categorized!into!the!following:!

polymeric!NP,!microparticles,!hydrogels,!polymeric!micelles,! liposomes!and!SLN.!There!are!

two! types! of! polymeric! NP:! the! matrix! particles! called! ‘nanospheres’! [127]! and! the!

reservoir−type! named! ‘nanocapsules’! [167].! Liposomes! are! vesicles! developed! by! the!

self−assembly!of!phospholipids! in!an!aqueous!environment![168].!SLN!are!colloidal!carriers!

made!of!solid! lipids!(lipids!with!a!melting!point!higher!than!room!and!body!temperatures),!

such!as!triglycerides,!complex!monoglyceride!combinations!or!waxes,!dispersed!in!water!or!

in! aqueous! solution! containing! a! surfactant! [168].! The!most! important! features!of! various!
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nanosystems!are!illustrated!in!Table!1.6.!

!

!

Table!1.6.!Nanosystems!approaches!for!developing!oral!insulin!delivery.!

!

Nanosystems!

(Ref.)!

Principle! !Outcomes!! Limitations! Examples!

NP!

[169−172]!

Nanospheres/

nanocapsules!

developed!to!

control!the!

release!of!the!

entrapped!

insulin.!

Size!range:!

10−1000!nm!

Hydrophobic/

hydrophilic!

polymeric!

materials!can!

be!used!to!

modulate!the!

properties!of!

NP.!!

Denaturation!can!

occur!during!

encapsulation!in!

synthetic!polymers!

due!to!exposure!to!

harsh!conditions;!

Possible!cytotoxicity!of!

polymers!after!

internalization!into!

cells.!

Nanospheres;

Nanocapsules;!!

pH!sensitive!

NP;!

Bioadhesive!

NP.!

Microparticle

[173,174]!

Solid!

polymeric!

matrix.!

Size!range:!

1−1000!µm!

Insulin!may!be!

either!

adsorbed!at!

the!surface!of!

the!polymer!or!

encapsulated.!!

Particle!size!may!

remain!large!and!be!

critical!to!be!absorbed!

by!the!intestinal!tract.!!

pH!sensitive!

microparticles!

!

Hydrogels!

[175,176]!

Three−!

dimensional!

polymer!

matrices!with!

the!ability!to!

absorb!large!

amounts!of!

water!and!

biological!

Polymeric!

hydrogels!that!

protect!insulin!

from!

enzymatic!

degradation!

and!deliver!it!

effectively!in!

the!intestine.!!

Swelling!and!

de−swelling!

mechanisms!under!pH!

conditions!of!the!body!

can!promote!a!faster!

and!unwanted!release!

of!insulin.!

Glucose!

responsive!

hydrogel!

matrix!

!
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fluids.!!

Polymeric!

micelles!

[177−179]!

Nanocarriers!

generated!by!

self−assembly!

of!amphiphilic!

polymers!in!

water!above!

the!critical!

micellar!

concentration.!

Size!range:!

10−100!nm!

Due!to!their!

nanoscopic!

size,!they!have!

the!ability!to!

solubilize!

hydrophobic!

drugs!in!large!

amounts!and!

achieve!

site−specific!

delivery.!!

Disaggregation!of!

micelles!upon!dilution!

in!physiological!fluids.!!

!

Reverse!

polymeric!

micelles;!

Mixed!

polymeric!

micelles.!

Liposomes!

[26,180,181]!

Vesicles!

formed!by!one!

or!multiple!

lipid!bilayers!

made!of!a!

mixture!of!

phospholipids.!

Size!range:!20!

nm!to!10!μm!

Good!

permeation!

properties!

because!their!

bilayer!

structure!is!

similar!to!that!

of!the!cell!

membrane.!!

Poor!EE!and!stability!in!

biological!fluids.!

Niosomes;!

Archaeosomes!

SLN!

[75,102,182]!

Produced!with!

one!single!

solid!lipid!and!

surfactants,!

with!perfect!

crystalline!

lattice.!!

Size!range:!

50−1000!nm!

Tolerability/!

Biodegradabili

ty;!Possess!

physiological!

lipids!that!

minimize!the!

risk!of!acute!

and!chronic!

toxicity.!

Poor!EE!of!insulin!into!

the!lipid!core.!The!high!

temperatures!required!

to!melt!the!lipid!may!

affect!the!stability!of!

insulin.!Slow!

degradation.!

Lipid!drug!

conjugates!

Abbreviations:!EE,!encapsulation!efficiency.!

!
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1.3.3.1!Micro−!and!NP!

!

! Micro−! and!NP! have! been! extensively! researched! for! oral! insulin! delivery.! NP! are!

polymeric,! submicron! colloidal! systems! that! can! be! used! to! encapsulate! and! deliver! drug!

moieties! into! the! systemic! circulation.! Various! NP! types! have! been! investigated! for! oral!

insulin!delivery,!and!many!publications!have!already!been!published![161,165,166,171,172].!

NP! protect! insulin! against! degradation! and! facilitate! the! uptake! of! insulin! through!

paracellular!or!transcellular!pathways.!Microparticles!have!also!been!shown!to!be!capable!of!

protecting!encapsulated!insulin!from!degradation,!but!the!enteral!absorption!and!transport!

have! been! shown! to! be! favored! by! making! particles! with! smaller! sizes! [183].! Several!

properties! have! been! considered! important! for! the! uptake! of! NP,! including! size,! surface!

charge!and!hydrophobicity![64,184].!Depending!on!the!method!of!preparation,!nanospheres!

or! nanocapsules! can! be! obtained.! Nanospheres! are!matrix! systems! that! contain! the! drug!

dispersed! throughout! a! polymer! matrix,! whereas! the! vesicular! structures! called!

nanocapsules!are!made!of!a!fluid!drug−loaded!core!surrounded!by!a!singular!polymeric!wall!

[185].!!

! The!mechanism!of!absorption!of!NP!in!the!GI!tract!depends!on!the!physicochemical!

properties! of! the! constituent! polymer! and! surface! properties.! NP! with! different!

functionalities! can! be! tailor−made! by! careful! selection! of! polymers! that! possess! target!

properties.! For! example,!NP!with! prolonged! activity! and! long−circulating! half−lives! can! be!

created!by!coating!them!with!PEG,!which!provides!a!hydrophilic!coating!that!repels!plasma!

proteins!and!prevents!degradation![186].!This!effect!has!also!been!achieved!by!the!addition!

of! poloxamer! 188! to! insulin−loaded! CS/TPP! NP,! which! elicited! a! prolonged!

antihyperglycemic!effect! in!diabetic!rats!after!oral!administration!due!to!delayed!clearance!

[170].!!

! CS!has!been!shown!to!improve!the!paracellular!transport!of!insulin!by!mediating!the!

reversible!opening!of!TJ!between!cells.! Insulin−loaded!CS−based!NP!given!orally!to!diabetic!

rats!normalized! the!glucose! levels! for! several! hours! [131,187].! pH−sensitive!NP! containing!

methacrylic!acid!(MAA)!grafted!with!PEG!have!been!shown!to!curtail!the!release!of!insulin!in!

the! stomach,! facilitating! its! release! at! near! neutral! pH! [188].! These! particles! exhibited!

antihyperglycemic!effects!that!lasted!for!∼!6!h!in!diabetic!rats.!!
! Insulin−loaded!NP! bearing! receptor−recognizable! ligands,! such! as! Vitamin! B12,! on!
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their! surfaces! have! also! been! used! to! facilitate! the! internalization! of! insulin! by!

receptor−mediated!endocytosis! [108].!A! significant!advantage!of!NP! in! the!delivery!of!oral!

insulin! is! that!NP! tend! to! concentrate!mostly! in! the! liver! irrespective!of! their! composition!

[189,190].! The! uptake! of! insulin−loaded! NP! by! the! liver! enhances! glycemic! control! by!

suppressing! hepatic! glucose! production,! similarly! to! physiological! insulin.! Insulin−loaded!

pH−sensitive!microspheres! composed! of! poly(MAA)! and! PEG!have! been! shown! to! be!well!

absorbed! in! the! ileum!and!have!elicited!a!marked!antihyperglycemic!effect! in!healthy! rats!

[173].!These!microspheres!exhibited!good!mucoadhesive!properties!due!to!the!presence!of!

PEG!moiety! and! pH!modulated! insulin! release! by! pH−dependent! swelling! of! interpolymer!

complexes! formed! between! protonated! components! of!microspheres! [173].!Microspheres!

have!also!demonstrated!marked!inhibition!of!tryptic!activity,!which!may!be!ascribed!to!the!

ability! of! the! matrix! polymer! to! bind! to! calcium! ions! required! for! the! initiation! of! the!

enzymatic! activity.! Another! novel! formulation! of! insulin! microspheres! consists! of!

charge−interaction! complexes! containing! negatively! charged! insulin−loaded! PLGA!

microparticles! coupled! with! positively! charged! micromagnets! [174].! These!

charge−interaction!complexes!were!localized!at!the!intestinal!region!through!the!application!

of! an! external!magnetic! field! to! the! subjects! ingesting! the! formulation.! The! complex!was!

given!to!mice!fitted!with!a!magnetic!belt,!and!the!amount!of!insulin!retained!in!the!intestinal!

tract!was!compared!with! that! retained! in! the!control!group! (in! the!absence!of!an!external!

magnetic! field).!Mice! in! which! a!magnetic! field! was! applied! after! administration! retained!

32.5%!of!insulin!in!the!small!intestine,!whereas!the!control!group!only!retained!5.4%![174].!

Additional! formulations! of! microspheres! useful! in! enhancing! oral! insulin! delivery! include!

mucoadhesive! CS−based! microspheres! and! microspheres! enclosing! absorption! enhancers!

and!protease!inhibitors![191].!!

! Problems!associated!with! the!use!of!micro−!and!NP! in!oral! insulin!delivery! include!

the! risk! of! disruption! of! the! delicate! insulin! structure! during! the! intense! processing!

conditions!required!for!their!production![192].!

!

!

1.3.3.2!Hydrogels!

!

! Hydrogels!are!tridimensional!networks!composed!of!natural!or!synthetic!hydrophilic!
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polymers.!Due!to!the!presence!of!physical!and/or!chemical!cross−linking!agents,!polymeric!

materials! are! insoluble! in! water,! which! allows! the! retention! of! a! large! amount! of! fluids,!

combining! structural! integrity! and! elasticity! to! the! system! [193,194].! There! are! good!

overviews!on!the!use!of!hydrogels!for!oral!insulin!drug!delivery![195,196].!Hydrogels!are!able!

to!prevent!insulin!release!in!the!stomach!(acidic!pH).!As!the!pH!increases!toward!the!small!

intestine,!insulin!is!released!from!the!hydrogel!due!to!the!interaction!with!the!intestinal!fluid!

[195,196].! An! example! of! temperature! and! pH−sensitive! hydrogels! is! the! cross−linked!

poly(N−isopropylacrylamide! (PNIPAM)−MAA−hydroxy! ethyl! methacrylate! (HEM)! hydrogel!

with!an!insulin!EE!of!∼54%![175].!These!pH−sensitive!hydrogels!released!only!20%!of!insulin!
at!pH!2,!indicating!pH!responsive!behavior!due!to!the!MAA!and!HEM!monomers!in!the!smart!

polymer.! This! pH−responsiveness! led! to! a! higher! insulin! release! (80%)! at! higher! pH! (7.4),!

similar! to! the! intestinal! pH.! Another! study! involving! MAA! and! PEG! pH−responsive!

microparticles! suggested! that! this! system! is! a! promising! carrier! for! insulin! enhanced!

transport! and! absorption! [197].! Studies! with! two! different! intestinal! epithelial! models,!

Caco−2!and!Caco−2/HT29−MTX!monolayer!cultures,!demonstrated!an!increase!in!the!insulin!

permeability!of!5−!and!9−fold,!respectively![197].!!

! Additional! oral! insulin! delivery! systems! based! on! cyclodextrin! complexed! insulin!

encapsulated! poly(MAA)! hydrogel! have! been! investigated! [198].! Cyclodextrins! are! cyclic!

oligosaccharides!capable!of!forming!noncovalent!inclusion!complexes!with!a!variety!of!drugs!

[199−201],! including! proteins! [22,202].! Combining! cyclodextrin! complexed! systems! with!

hydrogels!was! described! as! an! interesting! strategy! in! improving! drug! delivery! by! the! oral!

route![198].!The!methyl–β–cyclodextrin!was!effective! in! increasing!the! insulin!permeability!

across!the!Caco−2!cells,!and!that!effect!was!higher!if!methyl−β−cyclodextrin!was!combined!

with! hydrogels! made! of! poly(MAA)! acid! [22].! Methyl–β–cyclodextrin! complexed! insulin!

encapsulated! in! the! poly(MAA)−PEG−CS! hydrogel! microparticles! led! to! a! better!

pharmacological! response! in! diabetic! animals! compared! with! microparticles! containing!

original!insulin![22,198].!! !

! Hydrogels! are! widely! studied,! especially! for! their! ability! to! respond! to! various!

environmental! conditions! present! in! the! human! body.! Therefore,! pH−! and!

temperature−sensitive! hydrogels! can! deliver! insulin! with! high−specific! efficiency! and!

controlled!release.!However,!the!slow!adaptation!and!fragility!of!hydrogels!may!compromise!

insulin! delivery! [203].! The! combination! of! nanotechnology! with! environment−sensitive!
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hydrogels!can!be!advantageous!for!producing!effective!systems!that!protect!insulin!from!the!

GI!conditions!and!allows!a!target!and!controlled!delivery![204].!

!

!

1.3.3.3!Polymeric!micelles!

!

! In! the!recent!years,!polymeric!micelles!have!received! increased!attention!as!useful!

functional! nanomaterials! for! oral! delivery! of! insulin.! Micelles! have! been! developed! as!

delivery! carriers! for! peptides! and! proteins,! which! can! be! entrapped! inside! the! core! of!

nanomicelles!and!be!orally!delivered![3,120,121].!

! The! efficacy! of! these! micellar! formulations! was! evaluated! in" vivo! using! diabetic!

Wistar! rats! as! a!model! of! T1D.! A! specific! formulation! was! selected! for! further! studies! in!

normal! New! Zealand! rabbits.! The! efficacy! of! insulin! encapsulated! in! micelles! in! oily!

formulations! revealed! to! be! dose! dependent!with! similar! efficacy! if! formulated! as! insulin!

emulsion.! If!EDTA!was!predelivered!40!min!before! the!delivery!of! insulin!oily! solution,! the!

antihyperglycemic!effect!was!highly!enhanced,!with!the!area!under!the!curve!(percentage!of!

reduced!glycemia)!value!increasing!from!28.5!to!167.1.!The!improvement!of!the!insulin!oral!

absorption! induced! by! the! previous! delivery! of! EDTA! was! probably! due! to! enzymatic!

inhibition,!reduction!of!gut!mobility!and!opening!of!paracellular!junctions![177].!!

! Recently,! a! novel! glucose−responsive! complex! polymeric! micelle! was! developed!

through! the! self−assembly! of! two! types! of! diblock! copolymers,! PEG−b−poly(aspartic!

acid−co−aspartamidophenylboronic! acid)! (Asp−co−AspPBA)! and!

PNIPAM−b−P(Aspco−AspPBA)![178].!With!the!unique!core–shell–corona!structure!containing!

a!continuous!PNIPAM!membrane!shell!around!the!glucose−responsive!core,! these!micelles!

were!proven!to!exhibit!remarkably!reversible!swelling!in!response!to!glucose.!This!response!

led! to! the!on–off! regulation!of! insulin! release! due! to! the! reversible! expansion!of! the! PEG!

channels! embedded! in! the! PNIPAM! membrane.! Furthermore,! the! continuous! PNIPAM!

membrane! of! the! micelle! could! provide! effective! insulin! protection! against! protease!

degradation,!making!this!system!an!outstanding!candidate!for!oral!insulin!delivery.!!

! Another! intelligent! system! capable! of! releasing! insulin! in! response! to! the! glucose!

levels! was! reported! by! Zhang! et" al.! [179].! They! developed! glucose−responsive! polymeric!

micelles! prepared! via! the! self−assembly! of! the! amphiphilic! polymers!



General Introduction       
!

!

43!

PEG−blockpoly([2−phenyl! boronic! esters−1,3−dioxane−5−ethyl]!

methylacrylate−co−[2−pyrenyl! boronic! esters−1,3−dioxane−5−ethyl]! methylacrylate)!

(b−P[PBDEMAco−PyBDEMA],!having!different!PBDEMA!and!PyBDEMA!contents.!The!random!

distribution!of!PyBDEMA!and!PBDEMA!in!the!hydrophobic!core!provided!three!advantages!

to! this! delivery! system! of! insulin.! The! strongly! hydrophobic! PyBDEMA! with! inert!

glucose−responsiveness! at! pH! 7.4! effectively! dispersed! glucose−responsive! PPBDEMA!

segment,! resulting! in! polymeric! micelles! with! notable! glucose−responsiveness! under!

physiological! pH! 7.4.! In! second,! the! introduction! of! PyBDEMA! in! the! hydrophobic! core!

significantly! enhanced! the! LC!and!EE!of! insulin! that! could! reach!73!and!20%,! respectively.!

Finally,!due!to!the!presence!of!strongly!hydrophobic!PyBDEMA,!the!morphology!of!polymeric!

micelles!was!maintained!in!response!to!glucose.!This!type!of!polymeric!micelles!constructed!

by!such!strategy!of!dispersing!glucose−responsive!groups!has!both!lower!apparent!pKa!and!

better!sensitivity!to!glucose.!

! Some!limitations!associated!with!the!use!of!polymeric!micelles!include!the!relatively!

high! levels! of! polymer! that! are! needed! to! avoid! dissolution! in! the! GI! tract.! Another!

disadvantage! is! the! immature! technology! for! drug! incorporation! in! a! physical! manner.!

Yokoyama! et" al.! reported! that! physical! incorporation! efficiencies! depended! on! various!

factors! in! drug! incorporation! processes! [205].! Presently,! there! seem! to! be! no! universal!

incorporation! methods! applicable! to! any! polymer! [121].! Furthermore,! in! some! methods,!

although! drug! incorporation! is! easy! and! efficient! on! a! small! laboratory! scale,! it! may! be!

difficult!on!a!large!industrial!scale.!

!

!

1.3.3.4!Liposomes!

!

! Liposomes! can! encapsulate! peptides! and! proteins! and! thereby! increase! their!

stability! in"vivo! [181,206].!Although! liposome!systems!have!potential! in!oral!drug!delivery,!

their! stability! under! the! physiologic! conditions! of! the! GI! tract! is! a! concern! [207].! For!

example,! Zhang! et" al.! modified! liposomes!with! various! lectins,! resulting! in! insulin−loaded!

liposomes!with!a!size!range!from!166.2!to!194.1!nm!and!EE!from!30.3!to!82.5%![26].!After!

oral!administration!of!lectin−modified!insulin−loaded!liposomes!to!diabetic!mice!or!rats,!the!

blood! glucose! levels! clearly! decreased.! These! results! suggested! that! lectin−modified!
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liposomes!could!enhance!the!intestinal!absorption!of! insulin.!Lectin! is!a!specific! ligand!that!

shows!affinity! for!a! receptor! located! in! the!GI! cavity!and!can!be!grafted!on! the! surface!of!

drug! carriers! to! mediate! an! adhesive! interaction! between! the! carrier! and! the! biological!

surface![26,168].!!

! Oral! insulin! can! also! be! formulated! in! the! form! of! niosomes,! nonactive!

surfactant−containing! liposomes! [180],! which! prevent! the! degradation! of! insulin! by!

encapsulation! in! addition! to! the! surfactant! in! its! hydrophilic! matrix! [208].! Niosomes!

prepared!with!a!mixture!of!cholesterol!and!nonionic!surfactants!protected!insulin!against!in"

vitro! proteolytic! degradation,! and! only! 26.3%! of! insulin! was! released! during! 24! h! in!

simulated! intestinal! fluid! (SIF)! [181].! Another! group! designed! insulin−containing!

archaeosomes,! liposomes! that! are! made! of! archaeobacterial! membrane! lipids! containing!

diether! and/or! tetraether! lipids,! using!polar! lipid! fraction!E! from!Sulfolobus"acidocaldarius!

[209].!The!authors! found! that! the!archaeosomes!had!better! stability! in! simulated!GI! fluids!

without! enzymes,! compared! with! a! conventional! liposome! prepared! by! egg!

phosphatidylcholine!and!cholesterol.!As!carriers!of!oral!insulin,!archaeosomes!were!superior!

in!reducing!the!blood!glucose!levels!in!diabetic!mice!compared!with!conventional!liposomes.!

!

!

1.3.3.5!SLN!

!

! SLN!are!spherical!particles!made!of!lipids!or!lipid!blends!(solid!at!body!temperature)!

with!a!mean!diameter!between!50!and!1000!nm.!SLN!show!good!tolerability,!biodegradation!

and! the! possibility! of! industrial−scale! production! [210,211].! It! has! been! reported! that! the!

nanoencapsulation!of!insulin!in!lipid!NP!has!improved!its!BA,!prolonged!its!blood!residence!

time!and/or!modified!its!biodistribution![171,206].!!

! The! preparation! of! insulin−loaded! cetyl! palmitate! SLN! demonstrated! potential! for!

the!oral!delivery!of! insulin! [171].! The! insulin! LC! in! SLN!was! improved!by! increasing! insulin!

liposolubility.! The! solubilization! of! insulin! into! mixed! reverse! micelles! was! performed! by!

using!bile!salts!and!phospholipids,!and!its!transformation!into!SLN!occurred!through!reverse!

micelle−double!emulsion!method.!Stearic!and!palmitic!acids!were!used!as!a!biocompatible!

lipid!matrix![182].!The!NP’!surface!was!modified!by!CS!to!improve!their!penetration!in!the!GI!

tract.! Moreover,! CS! provided! stealth! properties! to! SLN,! preventing! their! uptake! by!
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phagocytosis.! The! PA! values! were! within! 5.1–8.3! and! 7.7%! for! SLN! and! CS−coated! SLN,!

respectively![75].!WGA!binds!specifically!to!the!cell!membranes!and!is!taken!up!into!the!cells!

by! receptor−mediated!endocytosis! [212].! Zhang!et"al.!utilized! the!advantages!of!WGA!and!

formulated! SLN! modified! with! WGA! to! enhance! the! oral! delivery! of! insulin! [102].!

Insulin−loaded!SLN!or!WGA!modified!SLN!were!administered!orally!to!rats,!and!the!relative!

PA! values! were! 4.46! and! 6.08%,! whereas! the! relative! BA! values! were! 4.99! and! 7.11%,!

respectively.!!

!

!

1.3.4!Oral!insulin!&!low!BA:!Interest!for!the!market?!

!

! It!is!well!established!that!an!extensive!presystemic!metabolism,!inactivation!in!acidic!

pH!of!the!upper!GI!tract!and!poor!penetration!through!the!intestine!membrane!are!factors!

responsible!for!the!reduced!BA!of!orally!delivered!insulin,!as!well!as!simpler!factors!such!as!

dietary!habits.!Therefore,!it!may!appear!counterintuitive!to!focus!on!the!development!of!an!

oral! formulation! of! insulin! because! it! implies! a! predictable! pharmacokinetic! response.!

However,!various!methods!and!formulations!have!been!explored!to!improve!the!oral!BA!of!

insulin,!particularly!in!the!last!decade![73,75,132].!

! The! highest! oral! insulin! BA! reported! was! remarkably! lower! than! the! values!

commonly! found! for! s.c.! delivery! [166].!Nevertheless,! other! particularities!were! found! for!

oral!delivery!systems!of!insulin,!such!as!the!duration!of!action!that!is!sustained!for!a!longer!

period! of! time! and/or! its! biodistribution! is! modified! [166].! In! preclinical! studies,!

nanoencapsulated! insulin! revealed! higher! BA! values! compared! with! oral−free! insulin,!

demonstrating! the! fundamental! role! of! polymers! that! protect! insulin! from! the! harsh!

environment!of!the!GI!tract!and!improve!its!absorption,!leading!it!to!be!partially!or!entirely!

activated!at!the!final!sites!of!action.!It!was!also!observed!that!escalating!doses!of!oral!insulin!

formulations!does!not!always!induce!a!further!improved!pharmacological!response.!Instead,!

higher! doses! were! found! to! increase! the! insulin! BA! and! decrease! the! PA! [166].! Two!

hypotheses! can! be! considered:! with! the! lowest! dose,! a! full! suppression! of! the! hepatic!

glucose! production! is! established;! and/or! only! a! particular! amount! of! insulin! is! absorbed!

despite!an!increase!in!dose.!

! Furthermore,! Elsayed! et" al.! demonstrated! that! the! absorption! of! oral! insulin! was!
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affected!by!food!ingestion,!decreasing!its!PA![134].!Therefore,!if!all!preclinical!studies!of!oral!

insulin! delivery! are! influenced! in! a! similar! manner,! the! results! obtained! so! far! are!

overestimated!because! few! studies!have!evaluated! the!effect!of! food! intake,! as! explained!

above.! The! low! biopotency! of! oral! insulin! is! reflected! in! the! need! for! higher! amounts! of!

insulin! compared!with! s.c.! insulin.! Until! recently,! this!was! an! impractical! scenario! for! oral!

insulin!due! to! commercial! considerations.!However,! the! supply!of! insulin!and! its!price! can!

support!such!a!strategy![213].!

! Low!BA!also!means!that!most!oral!insulin!is!not!absorbed!and!may!remain!in!the!GI!

tract,!which!is!likely!to!be!degraded!by!peptidases!and!proteases.!A!concern!that!needs!to!be!

addressed! in! safety! studies! is! whether! insulin,! a! known! mitogen! associated! with! an!

increased! risk! of! several! cancers,! including! colon! cancer,! will! increase! the! incidence! of!

cancer!if!administered!orally![165,214].!

! The! relatively! high! doses! of! oral! insulin! needed! to! achieve! a! significant!metabolic!

effect!raises!the!theoretical!possibility!of!an!insulin!overdose!if!insulin!absorption!is!acutely!

increased! by! biological! or! environmental! factors! (e.g.,! unique! foods,! stress! or! activity).!

Additionally,!the! impact!of!food!intake!on!the!BA!and!pharmacodynamic!properties!of!oral!

insulin!formulations,!as!well!as!their!variability,!would!most!certainly!become!less!important!

in! the! context! of! a! basal! oral! insulin! formulation! [162].! Based! on! the! current! treatment!

practices,!this!formulation!may!be!a!true!alternative!for!use!of!long−acting!insulin!analogues!

in!addition!to!other!oral!antidiabetic!drugs!in!the!treatment!of!patients!with!T2D.!

!

!

1.3.5!Clinical!trials!with!oral!insulin!–!how!far!are!we?!

!

! An!electronic!literature!search!was!performed!to!identify!the!number!of!publications!

related!to!the!oral!administration!of!insulin!in!the!last!two!decades.!The!search!engine!Web!

of!Science™!was!utilized!for!this!purpose!on!5!August!2016,!and!the!following!search!terms!

were! applied:! (“oral! insulin“! or! [“oral! delivery“! near/2! insulin]! or! [“oral! administration“!

near/2!insulin])!and!(scale*up!or!“micro“!or!*nano*!or!monolayer*!or!“in"vivo“),!no!limitation!

on! reports! type! were! applied;! (“oral! insulin“! or! [“oral! delivery“! near/2! insulin]! or! [“oral!

administration“!near/2!insulin]),!only!patents!or!clinical!trials!were!considered.!

! The! literature! search! identified! approximately! 1000! publications! concerning! oral!
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insulin! (Figure! 1.8),! as! searched! by! the! topics! described! above.! Oral! insulin! has! been!

exhaustively! studied! as! a! strategy! for! the! effective! treatment! of! diabetes,! as! insulin!

formulations!have!already!shown!to!protect!insulin!from!the!harsh!conditions!of!the!GI!tract!

and! to! contribute! to! insulin! intestinal! absorption.! Accordingly,! the! goal! to! achieve! a!

successful! oral! insulin! formulation! seems! closer,! although! almost! oral! insulin! formulations!

continue!failing!to!reach!clinical!trials.!!

!

!

!

Figure! 1.8.! Distribution! of! the! number! of! publications! related! to! oral! administration! of!

insulin,!refining!the!research!subject,!over!the!last!two!decades.!

!

!

! Micro−!and!nanosystems!of!insulin!compose!ca.!68%!of!the!total!publications!found,!

which! is! justified! by! the! advantages! they! offer! to! overcome! various! obstacles,! including!

those! mentioned! before.! The! number! of! publications! addressing! early! pharmacological!

developments! –!with! in" vitro! or! in" vivo! studies! –! is! impressive! at! first! glance;! however,! a!
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small! amount! entered! clinical! development.! An! even! more! remarkable! finding! was! the!

reduced! number! of! in" vitro! studies! –! with! cell! culture! models! –! compared! with" in" vivo"

studies.! Only! one−quarter! of! the! research! that! reaches! in" vivo! studies! is! previously!

submitted! to! the! cell! culture!models.! In! an! early! development! stage,! in" vitro! studies! are!

preferred!as!a!screening!tool,!as!they!allow!rapid!assessment!of!the!potential!permeability!

and!metabolism,!elucidate!the!transport!mechanism!and!pathway!and!are!an!opportunity!to!

minimize! time! consuming! and! expensive! animal! studies.! The! design! of! an! efficient! oral!

insulin!formulation!will!not!be!achieved!unless!the!absorption!mechanisms!and!behavior!at!

the! cellular! level! are! well! known,! which! constitute! a! major! obstacle! for! oral! insulin.! The!

increasing!usefulness!of!cell!culture!models!is!only!justified!if!it!accurately!mimics!the!human!

intestinal!epithelial!barrier.!However,!a!triple!co−culture! in"vitro!cell!model!was!established!

recently![37],!based!on!Caco−2,!HT29−MTX!and!Raji!B! lymphocytes.!Until! then,! in"vitro!cell!

models! were! based! on! two! types! of! cells! only,! discarding! the! role! of! some! cells! in! the!

absorption!of!insulin!formulations.!The!hypothesis!that!suggests!that!three!types!of!cell!lines!

together!may!better!reproduce!the!intestinal!epithelium!leads!to!a!better!correlation!with!in"

vivo! data,! which! can! be! a! useful! tool! to! realize! the! potential! failures! of! oral! insulin!

formulations! in! in" vivo! studies.! The! lack! of! information! at! the! cellular! level! is,! from! the!

author’s! perspective,! responsible,! at! least! in! part,! for! the! low!number! of! studies! reaching!

clinical!trials.!

! The!incredibly!high!number!of!publications!related!to!oral!insulin!is!also!reflected!in!

the!number!of!registered!patents,!which!search!for!simpler!and!economically!viable!systems.!

However,!there!is!no!guarantee!on!how!many!of!these!patents!have!been!licensed.!In!fact,!

the! number! of! clinical! trials! is! approximately! equivalent! to! two! thirds! of! the! number! of!

patents,! meaning! that! the! other! third! is! probably! still! not! processed.! Reviews! regarding!

patents! that! provide! novel! approaches! for! oral! insulin! deliver! were! recently! published!

[215,216].!!

! Scientists! have! accepted! the! challenge! of! translating! laboratory! discoveries! to! a!

commercial!production!of!insulin.!Although!worldwide!research!of!oral!insulin!formulations!

is! at! various! stages!of!drug!development,!most!of! the! companies! that!have! claimed! to!be!

developing! an! oral! insulin! formulation! have! failed! in! Phase! II! clinical! studies,! showing!

insufficient!metabolic!control! in!patients!with!diabetes! [138].!The!challenges! in!oral! insulin!

development!regarding!clinical!trials!and!the!failure!and!success!of!various!companies!have!



General Introduction       
!

!

49!

been! described! in! multiple! reviews! [33,99,105].! Table! 1.7! summarizes! the! oral! insulin!

formulations!currently!in!clinical!trials!conducted!by!various!pharmaceutical!companies.!!

!

!
Table!1.7.!Oral!insulin!delivery!technologies!undergoing!clinical!trials.!
!

Company! Product! System! Clinical!trial!status! Ref.!

Oramed! ORMD−0801! Enteric!coating!and!

absorption!enhancers!

Completed!Phase!IIa!in!T1D;!

Completed!Phase!IIb!in!T2D;!

Approved!by!FDA!for!Phase!

IIb!in!T2D.!

[217]!

Biocon! IN−105! Chemical!modification!

of!insulin!with!a!small!

PEG!and!penetration!

enhancers!

Phase!III!in!T2D!failed!to!

clear!the!primary!endpoint;!

Completed!Phase!I!in!

collaboration!with!Bristol!

Myers!Squibb.!

[218]!

NovoNordisk!

−!Merrion!

NN1953!

NN1954!

NN1956!

Absorption!enhancers!

that!activate!micelle!

formation!

Completed!Phase!I;!!

Initiated!Phase!IIa!with!

NN1953.!

[219]!

NovoNordisk!

−!Emisphere!

Eligen!

!

Penetration!

enhancers−Salcaproza

te!sodium!

Completed!Phase!IIIa!in!

T2D.!

[220]!

Diabetology! Capsulin! Enteric−coating,!

absorption!enhancers!

and!a!solubiliser!

Phase!II!in!T1D!and!T2D;!

Phase!IIb!planned!for!T2D.!

[221]!

Oshadi!drug!

administrati

on!

Oshadi!oral!

insulin!

Enteric!capsules!with!

insulin!blended!with!

silica!NP!and!a!

polysaccharide!

suspended!in!oil!

Completed!Phase!II!in!T1D.! [222]!

Diasome! HDV−I! Liposomes!with!

hepatic!targeting!

Completed!Phase!II!in!T1D!

and!T2D;!Approved!by!FDA!

for!Phase!III.!

[142]!
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! The! small!number!of! clinical! trials! in! comparison!with!published!preclinical! studies!

indicates! that!oral! insulin! is! still!battling! to!move!on! from!clinical! testing! [162].!Moreover,!

some!recently!published!clinical!data!represent!results!from!trials!that!were!conducted!more!

than!10!years!ago!and/or!from!developments!that!have!been!discontinued![162].!

! It! must! be! emphasized! that! these! proof−of−concept! trials! confirm,! without!

exception,!that!oral!insulin!delivery!is!feasible!and!that!the!results!are!promising!for!further!

development![162].!!

! The!characteristic!features!of!diabetes!and!pathological!events!during!the!disease!in!

animal! models,! such! as! rats! or! mice,! are! quite! similar! to! that! of! humans.! Therefore,! the!

preclinical!phase! study! is!always!performed!before!going! to!a! clinical!phase! study.!Rodent!

based!animal!models!have!been!widely!used!for!studying!diabetes.!Each!has!specific!traits!of!

diabetes,! and! insufficient! characterization! of! some! models! can! raise! doubts! over!

conclusions,! especially! in! extrapolating! the! results! obtained! from! these! animal!models! to!

humans.!The!use!of!the!pig,!particularly!minipigs,!has!been!suggested!as!more!appropriate!

for! the! oral! insulin! BA! studies! due! to! the! higher! similarity! between! the! pig! and! human!

digestive!tract.!The!use!of!more!than!one!animal!model,!especially!if!one!is!mammalian,!may!

substantially!increase!the!cost!of!preclinical!studies!and!be!prohibitive!for!many!researchers,!

but! it! will! contribute! to! increased! reliability! of! the! oral! insulin! BA! studies! during! the!

preclinical! phase! and! will! consequently! increase! industry’s! attraction.! Regardless! of! the!

animal!model!chosen,!experimental!factors!affecting!the!variability!of!the!human!response,!

such! as! the! study! of! fasting! and! prandial! regimens! and! whether! the! animal’s! glycemic!

control! impacts! the! oral! insulin! BA,! should! be! considered.! Additionally,! reporting! and!

discriminating!changes!in!the!animal!health!states,!including!the!number!of!deaths!and!the!

reason!for!those!deaths,!is!important.!

! Future! research!will! define! if!more! insulin! formulations!will! become! available! and!

affordable! to! the! thousands! who! are! awaiting! relief! from! the! stress! and! distress! of! daily!

insulin! injections.! As! Peter! Kurtzhals! once! said,! “The! simplicity! and! convenience! of! oral!

insulin! would! be! amazing.! While! it! takes! time! to! learn! how! to! inject! insulin! with! a! pen,!

everyone!knows!how! to! swallow!a!pill.! This! in! turn! could! support! greater! compliance!and!

lead! to!much! better! treatment! outcomes! to! the! benefit! of! patients,! healthcare! providers!

and!society”.!

!
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1.4!LONG−TERM!THERAPEUTIC!CONCERN!!

!

! Although! human! clinical! studies! for! long−term! applications! are! still! required,! the!

investigation! field!has!experienced!difficulty! in! the!development!of!an!oral! insulin!delivery!

system.!There!are!concerns!about!unwanted!absorption!of!antigens!or!toxic!substances!from!

the! gut! lumen! during! oral! delivery! of! nanoencapsulated! insulin.! In! the! case! of! CS!

insulin−loaded!NP,!the!absorption!enhancement!was!specific!for!the!loaded!insulin!only!and!

did!not!promote!the!intestinal!absorption!of!the!endotoxin!lipopolysaccharide.!On!the!basis!

of!these!results,!it!was!concluded!that!CS−based!NP!can!be!used!as!a!safe!carrier!for!the!oral!

delivery!of!insulin![223].!

! Other! therapeutic! concerns! are! related! to! sustained! immune! responses! to! oral!

insulin! by! the! production! of! neutralizing! antibodies! that! can! compromise! its! efficacy! or!

safety![224].!This!is!of!special!consideration!since!the!role!of!the!M!cells!in!the!NP!transport!

was! elucidated,! because! these! specialized! epithelial! cells! are! responsible! for! antigen!

sampling!at!the!interface!of!the!mucosal!surfaces.!!

! Once! insulin! has! a! relatively! narrow! therapeutic! window,! factors! such! as! age,!

genomic! factors,! pathophysiological! conditions! and! other! individual! variations! must! be!

thoroughly!evaluated,!since!they!could!affect!the!GI!transport.!!

! Moreover,! since! insulin! is! a!mitogen! implicated! in! the! increased! risk! of! colorectal!

cancer! [214,225],! the! risk!of! its! oral! administration! also!needs! to!be! considered,! although!

there! are! already! studies! showing! that! in! fact! insulin! does! not! contribute! to! this! disease!

process![226].!

! The! diabetic! condition! is! one! example!where! pathophysiological−induced! changes!

occur!in!the!absorptive!capacity!of!the!GI!mucosa!for!particulates![227].!Thus,!insulin−loaded!

NP!absorption! studies! should! take! this! fact! into!account! since! it! can! influence! the! results,!

namely!the!absorption!of!NP!through!the!GI!tract!and!their!transit!to!secondary!organs.!

!

!

1.5!AIM!AND!OUTLINE!OF!THESIS!!

!

! The! aim!of! the!work! presented! in! this! thesis!was! to! disclose! the! behavior! of! dual!

CS/ALB−coated!ADS−based!NP!after!oral!delivery,!during!the!passage!through!the!intestinal!
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epithelium!until!its!final!destination,!in!order!to!improve!the!oral!response!of!insulin!for!the!

treatment!of!diabetes.!The!specific!objectives!of!this!thesis!were:!

1. To!improve!the!physical!properties!of!the!CS/ALB−coated!insulin−loaded!ADS−based!

NP,!by!investigating!the!influence!of!some!parameters!of!the!emulsification/internal!gelation!

and!polyelectrolyte!complexation! techniques!on! the! final!performance!of! the!nanosystem,!

and,!to!probe!insulin!bioactivity!after!each!step!of!the!process.!!

2. To!study!the!impact!of!the!passage!through!the!GI!environment!on!the!aggregation!

of!the!NP!and!how!this!impact!further!influences!the!insulin!release!and!permeability!across!

the!intestinal!Caco−2,!Caco−2/HT29−MTX!and!Caco−2/HT29−MTX/Raji!B!monolayers.!

3. To! assess! the! role! of! each! type! of! cell! of! the! intestinal! Caco−2/HT29−MTX/Raji! B!

monolayers,! that! represent! enterocytes,! goblet! and! M! cells,! respectively,! on! the!

permeability!of!insulin.!

4. To!evaluate!the!biodistribution!of!the!NP!after!oral!delivery!and!compare!the!oral!PA!

of!insulin!between!type!1!and!type!2!diabetic!animal!models.!

5. To! characterize! the! independent! effects! of! CS! and! ALB! coatings! on! the! insulin!

release!profiles!and!at!the!cellular!level,!and,!to!study!the!insulin!uptake!and!the!molecular!

mechanisms!used!across!the!intestinal!Caco−2/HT29−MTX/Raji!B!monolayers.!!

!

!
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2.1!ABSTRACT!!

!

! ADS−based!particles!obtained!by!emulsification/internal!gelation!technology!can!be!

considered! suitable! carriers! for! oral! insulin! delivery.! A! rational! study! focused! on! the!

emulsification!and!particle!recovery!steps!was!developed!in!order!to!reduce!particles!to!the!

nanosize! range! while! keeping! insulin! bioactivity.! There! was! a! decrease! in! the! size! when!

ultrasonication! was! used! during! emulsification,! which! was! more! pronounced! when! a!

cosurfactant! was! added.! Ultrasonication! add−on! after! particle! recovery! decreased! the!

aggregation! and! led! to! a!narrower!nanoscale!particle−size!distribution.! The! insulin! EE!was!

99.3!±!0.5%,!attributed!to!the!strong!pH−stabilizing!electrostatic!effect!between!insulin!and!

the!NP’!matrix!polymers.! Interactions!between! these!polymers!and! insulin!were!predicted!

using!molecular!modeling!studies!through!quantum!mechanics!calculations!that!allowed!for!

the! prediction! of! the! interaction!model.! In" vitro" release! studies! indicated! well−preserved!

integrity! of! the!NP! in! SGF.! CD! spectroscopy!proved! conformational! stability! of! insulin! and!

FTIR!spectroscopy!technique!showed!rearrangements!of!insulin!structure!during!processing.!

Moreover,! in"vivo!biological!activity! in!diabetic! rats! revealed!no!statistical!difference!when!

compared! to!nonencapsulated! insulin,! demonstrating! the! retention!of! insulin! activity.!Our!

results! demonstrated! that! the! ADS−based! NP! efficiently! stabilized! the! loaded! protein!

structure,!presenting!good!physical!properties!for!oral!delivery!of!insulin.!

!
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2.2!INTRODUCTION!!

!

! The! challenge! of! orally! administered! insulin! has! been! addressed! in! order! to! help!

relieve!the!pain!and!stress!caused!during!insulin!injections!by!millions!of!diabetics.!Insulin!is!

a!peptide!drug!and!therefore!it!is!a!challenge!for!oral!delivery,!due!to!enzymatic!degradation!

in!the!GI!tract!and,!particularly,!to!the!difficulty!to!permeate!the!intestinal!epithelium.!

! Much!research!has!been!focused!on!an!oral!insulin!delivery!system!that!mimics!the!

physiologic!pattern!of!insulin!secretion![1−4].!To!ensure!enteric!protection,!recent!advances!

in! nanoencapsulation! resulted! in! an! increasing! growth! of! innovative! formulations! such! as!

micro−! [5,6]! and!NP! [7,8].! In! drug! delivery,! NP! have! demonstrated! numerous! advantages!

over! conventional! formulations! [9,10].! Particle! size! plays! a! crucial! role! in! biomedical!

applications,! namely! on! biorecognition! [11],! biodistribution! [12],! bioadhesion! [13],!

biocompatibility! [14],! and! biodegradation! [15].! However,! most! techniques! for! producing!

submicron!particles!require!organic!solvents,!high!temperature,!or!vigorous!agitation,!which!

are!potentially!harmful!parameters!to!the!structure!of!insulin!and!consequently!lead!to!loss!

of! activity.! Submicron! particles! have! been! produced! under! particularly! mild! processing!

conditions!by!using!emulsification/internal! gelation! technology,!which!has!previously!been!

applied! to! the! production! of! larger−sized! microparticles! [16−19]! and! micron−! and!

nanometer−sized! particles! [20].! This! technology! involves! experimental! conditions! such! as!

nonextreme!values!of!temperature!and!pH!and!refraining!from!using!harsh!chemicals.!All!of!

those!conditions!are!potentially!threats!to!the!stability!of!peptides!and!proteins.!Indeed,!this!

technology!makes!use!of!naturally!occurring!polymers!such!as!alginate!and!dextran!sulfate,!

which! are! a! suitable! choice! due! to! their! excellent! biocompatibility,! drug! carrying! ability,!

adjustable! controlled−release! property,! lower! cost,! abundance! in! nature,! and! easier!

application![21].!Previous!studies!revealed!that!the!presence!of!a!copolymer,!such!as!dextran!

sulfate,! enhances! the! loading! of! hydrophilic! drugs! and! that! the! type! of! polymer! has! a!

considerable!effect!on!the!LC![22].!

! However,! one! of! the! limitations! of! the! emulsification/internal! gelation! technology!

consists!of!the!difficulty!to!obtain!monodispersed!populations!of!particles.!As!drug−delivery!

systems,!the!size!control!and!size!uniformity!of!carriers!are!of!great! interest!to!generate! in"

vitro!and!in"vivo!reproducible!as!well!as!repeatable!profiles!and!behaviors,!which!will!further!

result! in! benefits! in! clinical! use! [23].! ADS−particles! show! polydispersed! populations,!
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characterized! by! a! wide! size! distribution! which! derives! from! micro−! and! NP! and! also!

aggregates! coexistence! [24],! characteristic! of! the! emulsification! methods! using!

biodegradable!polymers! [25].!Over! the!past!years,!emulsification−based! technologies!have!

been! optimized! to! produce! polysaccharide−based! particles! with! a! lower! size! and!

monodispersed!populations! [20,26−28].!Ultrasonication! is!particularly!effective! in!breaking!

up!the!aggregates!of!particles,!thereby!reducing!their!size!and!polydispersity![29].!However,!

ultrasonication!has!also!been!related!to!the!formation!of!protein!aggregates!with!structural!

changes![30].!

! As! delivery! systems! for! insulin,! the! most! important! characteristics! of! particles!

include! size! distribution,! EE,! and! the! release! profile! of! insulin! from! particles! while!

maintaining!the!biological!activity!of! insulin!during!and!after!processing.!From!an!industrial!

and! economic! perspective,! the! EE! is! crucial! especially! in! the! case! of! proteins,! which! are!

expensive!products![31].!

! Stability! is! a!major! challenge! especially! when! insulin! is! encapsulated! in! polymeric!

particles!using!an!emulsion−based!technique.!The!emulsification!step!is!identified!as!critical!

for! protein! inactivation! and! aggregation.! The! hydrophobic! interface! created! between! the!

water!and!oily!solvent,!and!the!hydrophobic!interactions!between!the!protein!and!polymer,!

may!lead!to!adsorption!of! insulin!at!the!interface,!which!results! in! insulin!unfolding!and/or!

aggregation![32−34].!In!addition,!the!shear!used!for!the!emulsification!can!also!contribute!to!

insulin!denaturation![35].!Hence,!maintaining!the!native!conformation!of! insulin!during!the!

encapsulation!process!is!highly!important,!which!otherwise!may!lead!to!protein!aggregation!

and!immunogenicity.!!

! The! purpose! of! this! work! was! to! develop! a! formulation! of! insulin−loaded!

biopolymer−based! NP! produced! by! emulsification/internal! gelation! technique! with! good!

physical! properties! for! oral! delivery! and! assess! how! emulsion! droplet! size!may! affect! the!

resultant!particles,!while!probing! the!activity!of! insulin!after!each!step!of! the!process.!The!

emulsification! step!was! performed!with! and!without! ultrasonication! assistance! and! in! the!

presence!of!one!or!two!surfactants.!The!recovery!strategy!of!particles!was!also!investigated!

to! increase! the! recovery! yield! and! ensure! the! removal! of! residual! oil! from! the! surface! of!

particles.! For! better! insight! about! the! formation! of! ADS−particles,! molecular! modeling!

studies! were! performed.! Here,! quantum! mechanics! calculations! were! employed! to!

understand!the!electronic!properties!of!the!multicomponent!system!of!ADS.!!
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! Particles! were! characterized! according! to! size! distribution,! surface! charge,!

morphology,!EE,!and!in"vitro!insulin!release!behavior.!The!activity!of!insulin!during!and!after!

each!stage!of!processing!was!assessed!either!in"vitro"or!in"vivo.!

!

!

2.3!MATERIALS!AND!METHODS!!

!

2.3.1!Materials!

!

! Low−viscosity! sodium!alginate! (viscosity!of!1%!solution!at!25! °C,!4–12!cP),!dextran!

sulfate,! sorbitan! monooleate! (Span®! 80),! phosphotungstic! acid,! trifluoroacetic! acid! (TFA)!

99%,!acetonitrile!(ACN)!(LiChrosolv)!HPLC!grade,!sodium!citrate!dehydrate!and!Nile!red!were!

all! obtained! from! Sigma−Aldrich! (USA).! Calcium! carbonate! was! obtained! from! Setacarb!

(France),!paraffin!oil!from!Scharlau!(Spain),!insulin!100!IU/mL!(Actrapid®)!from!Novo!Nordisk!

A/S!(Denmark)!and!poloxamer!188!(Lutrol®F68)!from!BASF!(Germany).!!

!

!

2.3.2!ADS−based!particles!preparation!!

!

! The! insulin−loaded! particles! were! prepared! through! a! modified!

emulsification/internal! gelation! technique! [20,24].!Briefly,! the!water! in!oil! (W/O)!emulsion!

was! formed!by!mixing! the!ADS−matrix!with! the!oil! phase.!An!aqueous! solution!of! sodium!

alginate! (2.0%,!w/v)! and! dextran! sulfate! (0.75%,!w/v)!was! prepared! by! stirring! (100! rpm)!

overnight.! Insulin! was! added! and! dissolved! (100! IU/mL,! 10! mL).! Then,! an! aqueous!

suspension!of!ultrafine!calcium!carbonate!(5%,!w/v)!was!ultrasonicated!for!30!min!to!break!

up! crystal! aggregates,! and! was! dispersed! at! calcium–alginate! mass! ratio! of! 1.0:0.3.! The!

resultant!dispersion!was!emulsified!within!paraffin!oil!(aqueous!phase/oil!phase!50/50,!v/v)!

facilitated! by! sorbitan! monooleate! (2%,! v/v)! by! impeller−stirring! homogenization! (1600!

rpm).!The!effects!of!cosurfactant!addition,!poloxamer!188,!keeping!the!hydrophilic–lipophilic!

balance! (HLB)! required! for! a!W/O! emulsion! (HLB! =! 4–6)! [36]! and! ultrasonication! add−on!

during! the!emulsification! step!at!different! times! (10,!15,!20,!25,!and!30!min)!as!well! as!at!

different!ultrasonic!amplitudes!(30,!45!and!60%)!were!tested.!!
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! After! emulsification,! gelation! was! induced! by! addition! of! paraffin! oil! containing!

glacial!acetic!acid!(molar!ratio!of!acid–calcium,!3.5)!to!solubilize!the!calcium!dispersed!in!the!

ADS−droplets!for!15!min.!Unloaded!particles!were!prepared!as!controls.!

!

!

2.3.4!Particle!recovery!

!

! The!oil−dispersed!alginate!particles!were!recovered!through!an!extraction!medium!

[20]! (protocol! A)! consisting! of! acetate! buffer! solution! (pH! 4.5)! (USP! 34)!with! dehydrating!

solvents! (acetone,! isopropanol,! and! hexane)! added! under! continual! stirring! (600! rpm)!

followed!by!centrifugation!(12500g!at!4!°C!for!10!min).!Different!extraction!protocols!(B–F)!

were!developed,!which!can!be!seen!in!Table!2.1.!

!

!

Table!2.1.!Composition!of!the!protocols!media!to!recover!the!emulsion−dispersed!particles.!

The! solvents! included! in! the! protocol! A! were! added! simultaneously! and! particles! were!

separated! by! centrifugation! (12500g! at! 4! °C! for! 10!min);! the! other! protocols! began! with!

dissolution! in!hexane! (protocols!B−E)!or!hexane/acetate!buffer!pH!4.5! (protocol! F)! for!1!h!

before!the!addition!of!the!other!solvents!and!the!particles!were!separated!by!decantation.!

!

!

!

! Emulsion/solvent!volume!ratio!

Protocol! Hexane! Acetate!buffer!

pH!4.5!

Methanol! Isopropanol! Acetone! Ethanol!

A! 1.00:0.04! 1:0.56! −! 1:0.12! 1:0.16! −!

B! 1.00:1.50! −! 1:3! 1:2.00! −! −!

C! 1.00:1.50! −! 1:3! −! 1:2.00! −!

D! 1.00:1.50! −! 1:5! −! −! −!

E! 1.00:0.50! −! −! 1:0.70! −! 1:1.0!

F! 1.00:0.15! 1:1.25! −! 1:0.20! −! 1:0.3!
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! The! other! protocols! included! a! first! step! where! the! oil−dispersed! particles! were!

submitted! to! extraction! with! hexane! (protocols! B–E)! or! a! hexane/acetate! buffer! mixture!

(protocol!F)!for!1!h!in!an!orbital!shaker.!Particle!recovery!occurred!after!the!addition!of!the!

other! solvents! by! decantation.! Different! volume! ratios! of! the! dehydrating! solvents! with!

acetate! buffer! were! studied.! The! recovery! yield! was! determined! by! measuring! insulin!

content!in!the!aqueous!phase!after!particle!recovery!(Equation!1):!!

!

Recovery!yield! % = ! !"#$%&"!!"!!"#!!"#$%#&!!"#$%!"#$%!!"#$%&!!"!!"#$%!" !×!100!! ! ! ! (1)!

! !

! Before!emulsification,! the!oil! phase!was! stained!with!Nile! red! to!better!assess! the!

efficiency!of!the!oil!elimination!from!the!particles.!!

! Added! solvents! to! recover! the! particles! were! removed! by! using! a! rotoevaporator!

system!(BUCHI,!V−700,!Vacuum!controller!V−870/B−491/R−210)!under!reduced!pressure!at!

controlled!temperature.!

!

!

2.3.5!Ultrasonication!exposure!

!

! The! ultrasonication! was! applied! to! the! aqueous! suspension! of! particles! with! an!

ultrasonicator!(Sonics®,!VCX130;!Sonics!&!Materials,!CT,!USA)!with!an!amplitude!of!60%!for!5!

and!10!min! in!order! to!break!up!agglomerates.!The! temperature!was!kept!below!25! °C!by!

using!an!ice!bath.!

!

!

2.3.6!Determination!of!insulin!content!

!

! Insulin!was!extracted! from!particles! through!dissolution! in!sodium!citrate! (55!mM)!

prepared!in!phosphate!buffer!solution!(PBS)!at!pH!7.4!(USP!34)!for!1!h!in!an!orbital!shaker.!

After!particle!dissolution,!the!medium!was!centrifuged!(12500g!at!4!°C!for!10!min)!and!the!

insulin!content!in!the!supernatant!was!assessed!by!HPLC.!

! !
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2.3.7!Emulsion!and!particle!size!analysis!

!

! The! emulsion! droplet! size! measurements! were! performed! by! dynamic! light!

scattering!(DLS)!(DelsaNano!C,!Beckman!Coulter!Delsa™,!Germany).!The!measurements!were!

carried!out!at!25!°C!with!a!detection!angle!of!60°.!The!size!distribution!was!represented!by!

normalized!intensity!distribution.!The!instrument!was!routinely!checked!and!calibrated!using!

a!standard!latex!particle!kit!(Beckman!Coulter,!Inc.,!Germany).!

! The!particle−size!distribution!analysis!was!performed!by!laser!diffraction!(LD)!using!a!

particle! size! analyzer! (Beckman! Coulter®! LS! 13! 320;! Beckman! Coulter,! Inc.,! FL,! USA)! with!

polarization! intensity! differential! scattering! (PIDS).! The! real! and! the! imaginary! refractive!

index!were!set!to!1.36!and!0.01,!respectively.!Three!measurements!of!90!s!were!used!and!

the!size!distribution!was!represented!by!volume,!given!as!diameter!values!corresponding!to!

percentiles!of!10,!50,!and!90%!together!with!the!relative!span!value.!The!particle!size!before!

and!after!each!cycle!of!ultrasonication!was!additionally!investigated!by!DLS.!

!

!

2.3.8!ζ−potential!analysis! !

!

! The! surface! charge! was! determined! by! electrophoretic! light! scattering! using! a!

ζ−potential!analyzer!(DelsaNano!C,!Beckman!Coulter!Delsa™,!Germany)!at!pH!4.5!and!25!°C.!

The! equipment! was! routinely! checked! and! calibrated! using! mobility! standard! (Beckman!

Coulter,!Inc.).!

!

!

2.3.9!Insulin!EE!

!

! The!insulin!EE!was!calculated!by!the!difference!between!the!total!amount!of!insulin!

used!to!prepare!the!particles!and!the!amount!of!free!insulin!per!total!amount!of!insulin.!The!

insulin−loaded! particles! were! separated! from! the! aqueous! supernatant! containing! free!

insulin! by! centrifugation! (12500g! at! 4! °C! for! 10!min),! and! the! amount! of! free! insulin!was!

determined!by!HPLC.!

!
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2.3.10!Morphological!analysis!

!

! The! morphology! of! the! single! surfactant−assisted! particles! was! monitored! by!

scanning! electron! microscopy! (SEM).! The! suspension! was! diluted! in! deionized! water!

(Milli−Q)! (1:10,! v/v)! and! dried! in! a! desiccator! for! 24! h.! The! particle! morphology! was!

observed!using!a!scanning!electron!microscope!(Phenom!G2!Pure).!The!shape,!surface,!and!

mass!spectroscopy!of!the!cosurfactant!and!ultrasonication−assisted!particles!were!analyzed!

by!field!environmental! (FE)−cryo−SEM!scanning!microscope!(EDS−JEOL!JSM!6301!F,!Oxford!

INCA! Energy! 350,! Gatan! Alto! 2500).! Phosphotungstic! acid−stained! particles! were! frozen!

using!liquid!nitrogen!slush!(−!210!°C)!under!vacuum!to!allow!their!fracture!in!order!to!obtain!

a!fresh!and!clean!surface!for!examination.!Then,!the!samples!were!sublimated!at!−90!°C!for!

4!min! to! remove! top! layers! of!water!molecules.! Finally,! thr! samples!were! sputter! coated!

with!gold/palladium!for!40!s,!followed!by!image!capturing.!

!

!

2.3.11!Insulin!retention/release!studies!

!

! For!determination!of!the!insulin!retention/release!profile!in!enzyme−free!simulated!

digestive!fluids,!5!mL!of!the!aqueous!suspension!of!particles!were!incubated!in!10!mL!of!SGF!

without! pepsin! (USP!34)! at! 37! °C! for! 2! h!with! shaking!of! 100! strokes/min!using! a! shaking!

water!bath!(SS40−D;!GRANT,!UK),!followed!by!the!incubation!of!the!particles!in!10!mL!of!SIF!

without! pancreatin! (USP! 34)! for! 6! h.! Sample! aliquots!were! collected! and! replaced! by! the!

same!volume!of!fresh!incubation!medium!at!predetermined!times.!For!the!determination!of!

the!insulin!released!from!the!particles,!withdrawn!samples!were!centrifuged!at!12500g!at!4!

°C!for!10!min!before!HPLC!injection.!The!difference!between!the!initial!amount!of!insulin!and!

the! insulin! in! the! supernatant! corresponds! to! the! amount! of! insulin! retained! within! the!

particles.!!

!

!

! !
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2.3.12!Insulin!quantification!

!

! Insulin!was! analyzed!by!HPLC! (LC−2010!HT;! Shimadzu!Co.,! Japan)! equipped!with! a!

quaternary!pump,!a!column!5!μm,!4.6!×!250!mm!(X−Terra!RP!18;!Waters!Co.,!MA,!USA),!and!

precolumn! 5! μm,! 4! ×! 4!mm! (Purospher! STAR! RP−18;!Merck! KGaA,! Germany).! The!mobile!

phase!consisted!of!ACN!and!0.1%!TFA!aqueous!solution!initially!set!in!the!ratio!of!30:70!(v/v),!

which!was!linearly!changed!to!40:60!(v/v)!over!5!min.!From!5!to!10!min,!the!ratio!of!40:60!

(v/v)!was!kept!constant.!Eluent!was!pumped!at!a!flow!rate!of!1!mL/min,!the!injection!volume!

was!20!μL,!and!the!detection!wavelength!was!214!nm.!The!chromatograms!were!recorded!

and!the!peak!area!responses!were!measured!using!an!automatic!integrator![37].!

!

!

2.3.13!Quantum!mechanical!studies!

!

! The! three−dimensional! structures! of! sodium! alginate! and! dextran! sulfate! were!

constructed!using!a!software!program!(Spartan’10!v1.1.0;!Wavefunction,!Inc.,!CA,!USA).!Each!

structure! was! submitted! to! energy! minimization! to! obtain! the! most! energetically! stable!

conformation.! Then,! the! geometry! optimization! by! the! PM6! semiempirical! method! was!

conducted! and! the! stereoelectronic! properties! were! obtained,! such! as! the! frontier!

molecular! orbitals,! highest! occupied! molecular! orbital! (HOMO)! and! lowest! unoccupied!

molecular!orbital! (LUMO),!distribution! coefficient,! and!energy,!dipole!moment!vector,! and!

volume.! The! quantum! chemical! calculations! for! the! other! polymers!were! also! performed,!

such! as! cellulose! sulfate! [38],! sodium! polyphosphate! [39],! and! sodium!

carboxymethylcellulose![40],!previously!described!as!reinforcement!polymers.!

!

!

2.3.14!Conformational!stability!of!insulin!

!

2.3.14.1!CD!spectroscopy!

!

! To! evaluate! the! conformational! stability! of! the! insulin! released! from! the!particles,!

CD! spectroscopy! was! performed! with! a! spectropolarimeter! (Olis! DSM! 20! CD;! On−line!
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Instrument!Systems,!GA,!USA)!equipped!with!a!temperature!controller,!continuously!purged!

with!nitrogen,!and!controlled!by!GLOBALWORKS!software.!Spectra!were!collected!at!37! °C!

using!a!0.1!cm!cell!over!the!wavelength!range!of!200–260!nm.!A!scanning!speed!(7!nm/min)!

with! a! 6−second! response! time! was! employed.! Each! spectrum! represents! an! average! of!

three! consecutive! scans,! and! blank! buffer! subtraction! and! data! analysis! were! performed.!

The!molar!ellipticity!of!insulin!was!calculated!as!(Equation!2):!!

!

CD!signal!× !!"#$!!"#$%&'(!!"#$%&!!"!!"#$!!"#$%!"!!"#$#%"!"#$%&"!!"#!$#%&'%("# !! ! ! ! ! (2)!

!

,! where! insulin! concentration! is! mg/mL! ×! cell! pathlength! (0.1! cm).! The! concentration! of!

insulin!was!determined!by!UV!absorption!at!276!nm,!using!a!molar!extinction!coefficient!of!

6,070!M−1.cm−1.!The!samples!for!CD!analysis!were!prepared!by!dissolution!in!PBS!pH!7.4.!The!

spectra!of!the!insulin!released!from!the!NP!collected!before!and!after!rotoevaporation!and!

ultrasonication!were! compared!with! that!of! the!nonencapsulated! insulin! solution!made! in!

PBS! pH! 7.4! at! a! similar! concentration.! The! secondary! structure! components! (α−helix,!

β−sheet,!turn,!and!random!coil)!of!the!insulin!samples!were!estimated!through!the!CDSSTR!

algorithm! with! reference! set! 7! from! the! DICHROWEB! website!

(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml)![41].!

!

!

2.3.14.2!FTIR!spectroscopy!!

!

! The! nonencapsulated! insulin! in! solution! before! and! after! ultrasonication! and! the!

insulin! entrapped! into! the! ADS−particles! before! and! after! ultrasonication! were! analyzed!

through! the! FTIR! technique.! All! the! spectra! were! collected! with! 256! scans! and! a! 4! cm−1!

resolution! in! the! region!of!4,000−6,00!cm−1.!The! insulin! spectra!were!obtained! following!a!

double!subtraction!procedure![42],!followed!by!a!15−point!Savitsky–Golay!second!derivative,!

and! a! baseline! correction! using! a! 3−! to! 4−point! adjustment! at! the! amide! I! region!

(1,710−1,590!cm−1).!Finally,!all!the!spectra!were!area−normalized!for!further!comparison.!All!

of! the! described! spectral! treatment! was! performed! using! the! HorizonMB! FTIR! software!

(ABB,!Switzerland)![43].!

!
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2.3.15!Insulin!biological!activity!

!

! Animals!were!maintained!and!tested!in!accordance!with!the!Federation!of!European!

Laboratory!Animal!Science!Association! (FELASA)!and! the!European!Union!Council!Directive!

86/609/EEC.! Animals’! procedures! and! manipulations! were! conducted! according! to! the!

ethical! principles! and! guidelines! for! housing! and! experiments! on! animals! of! the! Direcção!

Geral! de! Alimentação! e! Veterinária! (DGAV).! Male! Wistar! rats! weighing! 250–350! g! were!

housed! under! controlled! temperature! and! humidity,! and! a! 12–12−h! light–dark! cycle.!

Diabetes!was!induced!with!single!intraperitoneal!injection!of!60!mg/kg!streptozotocin!(STZ)!

freshly! prepared! in! citrate! buffer! pH! 4.5! to! damage! the! pancreatic! cells.! During! the! 24! h!

after!STZ!injection,!rats!were!given!5%!glucose!physiologic!solution!to!prevent!hypoglycemia!

due! to! pancreatic! damage.! After! 3! days,! rats!with! frequent! urination,! loss! of!weight,! and!

fasting!plasma!glucose!levels!higher!than!250!mg/dL!were!randomized!into!three!groups!(n!=!

6!per!group)! for! in" vivo"studies.! The!animals!were! fasted! for!12!h!before! the!experiments!

with! free! access! to! water.! To! minimize! the! diurnal! blood! glucose! fluctuations,! the!

experiments!were!performed!during!the!12−h!light!cycle.!!

! The! insulin! bioactivity! was! analyzed! in! diabetic! rats! after! s.c.! administration! at! 2!

IU/kg.! The! animals! were! tested! in! two! different! studies,! in! which! the! same! groups! were!

used.! In! the! first! study,! insulin! was! extracted! from! the! NP! through! dissolution! in! sodium!

citrate! (55!mM)!prepared! in!PBS!at!pH!7.4.! The!unloaded!particles!were! submitted! to! the!

same!treatment!and!were!used!as!negative!control.!The!nonencapsulated!insulin!was!used!

as!positive!control.!Two!days!after!the!first!administration,!the!second!study!was!carried!out!

with!the!formulations!dispersed!in!water.!Then,!the!insulin!entrapped!in!the!NP!was!tested,!

and! the! unloaded! NP! and! nonencapsulated! insulin! were! used! as! negative! and! positive!

controls,!respectively.!!

! Blood!samples!were!collected!from!the!tip!of!the!tail!vein!during!an!8−hour!span!and!

the!blood!glucose!levels!were!measured!using!the!ACCU−CHEK!Aviva!device.!

!

!

! !
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2.3.16!Statistical!analysis!

!

! All!the!experiments!were!performed!in!triplicate!and!are!represented!as!mean!±!s.d..!

The! statistical! evaluation! was! performed! with! a! one−way! analysis! of! variance! (ANOVA)!

followed!by!Bonferroni!post!hoc−test!(SPSS!20.0,!USA).!A!p"<!0.05!was!taken!as!the!criterion!

of!significance.!The!level!of!significance!was!set!at!probabilities!of!*p"<!0.05,!**p"<!0.01,!and!
***p"<!0.001.!

!

!

2.4!RESULTS!AND!DISCUSSION!!

!

! Several!factors!could!affect!the!size!of!the!ADS−particles!obtained!by!emulsification,!

namely!the!stirring!speed,!the!emulsification!time,!the!viscosity!of!both!internal!and!external!

phases,!the!concentration!and!type!of!surfactant,!and!the!recovery!protocol![44,45].!For!the!

design! and! development! of! the! insulin−loaded! ADS−particles,! additional! components! and!

steps!were!integrated!into!the!previously!described!particles!obtained!by!emulsification,!and!

their! influence! on! the! physicochemical! and! biological! parameters,! such! as! the! size!

distribution!and!the!insulin!EE,!were!evaluated.!!

! The! protein! stability! during! formulation! and! product−development! costs! remain!

major!challenges! in!the!pilot!scale−up!of!micro−!and!NP!which!need!to!be!addressed!at!all!

levels! of! research! and! development! so! a! novel! technology! can! be! successfully! achieved.!

Thus,!probing!insulin!secondary!structure!during!the!the!nanoencapsulation!process!was!of!

major!concern,!and!was!assessed!whenever!possible.!

!

!

2.4.1!Emulsion!size!analysis!

!

! Submicron!size!carriers!have!previously!been!shown!to!enable!the!insulin!absorption!

through! the! intestinal!membranes! [46,47].! The! influence!of! the!NP’! size! is! obvious,! giving!

rise! to! the! possibility! that! larger−sized! particles! may! remain! in! the! PP,! which! are! rich! in!

M−cells,!and! lead! to! slower!action.!Smaller!NP,! if! appropriately! charged,! can!pass! through!

the!lymphatic!pathway!and!later!enter!the!systemic!circulation![3].!Therefore,!it!is!admitted!



 Chapter 2 
!
88!

that!the!optimal!size!for!NP!to!be!taken!up!by!the!M−cells!would!be!below!1!μm![48],!and!

more!precisely,!below!200!nm![49,50].!

! Accordingly,!the!first!approach!in!this!study!was!to!reduce!the!W/O!emulsion!droplet!

size!to!the!nanoscale.!An!insufficient!dispersion!of!the!phases!during!emulsification!results!in!

large!particles!with!wide!size!distribution![51].!The!final!size!of!NP!depends!on!the!globule!

size! throughout! the!emulsification!process! [52],!which! is!mainly!determined!by! the!energy!

input,!as!well!as!by!the!nature!of!the!emulsifying!agent/agents![53].!To!verify!the!influence!

of!these!factors!on!the!emulsion!size!distribution,!ultrasonication!add−on!for!15!and!30!min!

and! different! ultrasonic! amplitudes! were! tested.! It! was! noticed! that! an! increase! in! the!

ultrasonication! time! until! 15! min! led! to! a! displacement! of! the! emulsion! size−distribution!

curve!toward! lower!size! (Figure!2.1),!with!median!diameters!decreasing!from!1,119!to!442!

nm.! On! the! other! hand,! increasing! the! time! of! ultrasonication! until! 30!min! led! to! bigger!

emulsion!droplets.!According!to!these!results,!there!was!an!optimal!ultrasonication!time!of!

15! min,! and! beyond! it! coalescence! may! become! predominant! due! to! the! cavitation!

phenomena.! Therefore,! the! ultimate! size! would! occur! when! a! balance! between! droplet!

breakup! and! re−coalescence! is! assured! [54].! In! this! work,! the! optimal! condition! was! an!

ultrasonication!amplitude!of!60%!for!15!min.!Different!ultrasonic!amplitudes!were!tested!at!

15!min!of!emulsification!(data!not!shown)!and!the!smallest!emulsion!median!diameter!was!

obtained!with!60%.!

! !
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Figure! 2.1.! Influence! of! the! ultrasonication! time! on! the! emulsion! size! distribution.! Notes:!

Empty! circles:!without! sonication.!After!15!min! (full! squares)!and!30!min! (full! triangles)!of!

ultrasonication!exposure.!

!

!

! The! influence! of! the! addition! of! the! cosurfactant! poloxamer! 188! on! the! emulsion!

size!distribution!at!different!time!points!ranging!from!10!to!30!min!of!emulsification!was!also!

evaluated!(Figure!2.2).!Maintaining!the!initial!percentage!of!the!surfactant!used,!the!lowest!

ratio! of! sorbitan! monooleate/poloxamer! 188! required! to! achieve! the! necessary! HLB! to!

obtain!a!W/O!emulsion!(1.84%![v/v]!of!sorbitan!monooleate!and!0.16%![w/v]!of!poloxamer!

188)!was!employed.!There!was!a!decrease! in!the!emulsion!size!when!the!cosurfactant!was!

added.!

! !
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Figure! 2.2.! Influence!of! the!cosurfactant!addition!on!the!emulsion!size!distribution.!Notes:!

After!10!min!(empty!squares),!15!min!(full!diamonds),!20!min!(full!triangles),!25!min!(empty!

circles),!and!30!min!(empty!triangles)!of!ultrasonication!exposure.!!

! !

!

! The! effect! of! the! ultrasonication! time! in! the! presence! of! the! cosurfactant! led! to!

similar! results,! since! periods! higher! than! 15!min! increased! the! diameter! of! the! emulsion!

droplets,!but!with!only!10!min!of!exposure,!the!decrease!was!less!efficient!(Figure!2.2).!The!

use! of! sorbitan! monooleate/poloxamer! 188! decreased! the! median! diameters! of! the!

emulsion! droplets! from! 442! to! 317! nm! after! 15! min! of! ultrasonication! exposure.! This!

phenomenon!can!be!expected,!since!a!blend!of!surfactants!with!high!and!low!HLB!are!known!

to! produce! more! stable! emulsions! than! do! single! surfactants,! since! they! provide! better!

coverage! at! the! interface! [55].! Nanoemulsions! are! all! characterized! by! a! great! stability! in!

suspension! due! to! their! very! small! size,! essentially! due! to! significant! steric! stabilization!

between!droplets![56].!

!

!
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2.4.2!Particle!recovery!

!

! The!recovery!yield!of!the!six!protocols!studied!was!evaluated!both!by!its!capacity!to!

eliminate!residual!oil!and!oil!droplets,!and!by! insulin!content! in! the!recovered!particles.! In!

the! standard! protocol! [20],! oil−dispersed! particles! were! recovered! by! a! washing! step!

(protocol!A,!Table!2.1)!associated!with!centrifugation,!which!resulted!in!29.4!±!7.2%!(Figure!

2.3)!of!the!insulin!content.!Insulin!losses!could!have!been!due!to!particle!stress!during!either!

their!preparation!or! recovery.!Firstly,!during!washing!used!to! remove!the!residual!oil! from!

the! surface! of! the! particles,! insulin!may! have! been! drawn! out,! in! which! smaller! particles!

were!probably!more!affected.!Secondly,!the!centrifugal!force!may!have!also!contributed!to!

insulin!losses,!due!to!the!porous!nature!of!the!alginate!particles.!Thus,!the!balance!between!

the!insulin!retention!inside!the!ADS−particles,!the!protocol!extraction,!and/or!the!centrifugal!

force! was! considered.! The! other! protocols! (B–F)! were! designed! by! varying! the! solvent!

proportions,! and! the! centrifugal! force! was! replaced! by! gravity! separation.! Generally,! the!

higher! the! shear! put! into! creating! the! emulsion,! the! finer! the!droplets! produced,! and! the!

more!stable!the!emulsion.!However,!very!stable!emulsions!are!more!difficult!to!break![57].!

Therefore,!the!difficulty!to!recover!oil−dispersed!particles!to!the!aqueous!suspension!takes!

on!special!importance!when!lower−sized!particles!are!considered.!

! !
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Figure! 2.3.! Influence! of! the! protocol! extractions! (A–F)! on! the! insulin−based! particles!

recovery!yield!from!the!oil!phase.!Note:!Each!value!represents!mean!±!s.d.,!n!=!3.!

!

!

! All!the!protocols!began!with!the!emulsion!dissolution!in!hexane!for!1!h,!which!was!

considered!as!the!minimum!time!for!complete!dissolution.!Hexane!is!often!used!as!a!solvent!

for!oil!extraction!due!to!its!lower!boiling!point!for!easy!removal!after!extraction,!its!nonpolar!

nature,!and!its!low!toxicity!when!compared!to!other!solvents![58].!The!protocols!B–D!were!

also!ineffective!as!recovery!media!(Figure!2.3).!On!the!other!hand,!the!insulin!content!after!

the!application!of!the!protocol!E!was!103.4!±!1.2%,!demonstrating!its!efficacy.!The!protocol!E!

was! composed! of! hexane,! ethanol,! and! isopropanol.! Ethanol! and! isopropanol! are! suitable!

solvents! and!have! also! been!used!on!other!NP! formulations! [59].! Bilati!et" al.! have! shown!

that!the!mean!particle!size!was!dependent!on!polarity!decrease![60],!and!therefore!mixtures!

of!ethanol!and!isopropanol!(less!polar−solvent!than!ethanol)!with!different!proportions!were!

evaluated.!In!order!to!minimize!the!use!of!these!organic!solvents,!acetate!buffer!pH!4.5!was!

included! in! the! washing! protocol! and! the! protocol! F! was! chosen,! enabling! the! overall!

quantification!of!insulin!(Figure!2.3).!The!attainment!of!recovery!yields!higher!than!100%,!as!

happened! with! the! particles! recovered! using! the! protocols! E! and! F,! can! be! explained! by!
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some!variations!of!the!volumes!used!during!all!steps!included!in!the!particle!production!and!

recovery,!which!may!change!the!theoretical! insulin!content! to!values!higher!or! lower! than!

expected.! The! Nile! red−stained! oil! phase! allowed! for! the! confirmation! of! effective! oil!

removal!from!the!aqueous!phase,!since!all!the!fluorescence!was!present!in!the!upper!phase!

(oil!phase)!during!decantation.!

!

!

2.4.3!Removal!of!organic!solvents!

!

! The!organic!solvents!were!removed!from!the!extracted!particles!by!rotoevaporation.!

The!best!conditions!capable!of!removing!all!the!organic!solvents,!keeping!the!particles!(with!

the!maximum!amount!of!insulin!content)!in!the!aqueous!phase,!were!40!°C,!70!mbar,!for!15!

min.!It!is!well!established!that!all!proteins!unfold!above!their!melting!temperature![61].!The!

melting! point! described! for! insulin! was! 63! ±! 1! °C,! a! point! where! both! the! size! and! the!

intensity! start! to! increase! significantly! [62].! Below! this! temperature,! the! insulin! tertiary!

structure! is! believed! to! be! stable! [37,62];! therefore,! the! chosen! rotoevaporation!

temperature! would! not! affect! the! insulin! tertiary! structure.! Furthermore,! insulin! is!

unaffected!by!pressures!of!48,000!bar!in!the!solid!state!at!room!temperature,!which!may!be!

due!to!its!relative!rigidity!combined!with!its!small!size![63].!

!

!

2.4.4!Particle!size!analysis!

!

! The! presence! of! aggregates! was! macroscopically! observed! after! the! single!

surfactant−assisted! particle! recovery.! Insulin! and! the! biopolymers! (both! alginate! and!

dextran! sulfate)! have! opposite! charges,! allowing! electrostatic! interactions! to! occur,!which!

may!contribute!to!the!particle!aggregation![64].!

! The! size! distribution! of! particles! is! shown! in! Figure! 2.4! in! terms! of! volume.! The!

diameters! of! particles! corresponding! to! the! percentiles! of! 10,! 50,! and! 90%! as!well! as! the!

span! values! are! depicted! in! Table! 2.2.! Concerning! the! single! surfactant−assisted! particles,!

two! different! populations! can! be! observed:! a! small! one! consisting! of! NP! and! low−sized!

particles!(<!6!μm);!and!the!main!range!consisting!of!higher−sized!microparticles!(D90!=!326!±!
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128!μm).!These!particles!possess,!therefore,!a!wide!size!distribution,!with!the!predominant!

percentage!being!of!microparticles,!probably!due!to!the!presence!of!aggregates,!and!a!lower!

percentage!of!low−sized!particles.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure!2.4.!Size!distribution!of!the!particles!under!the!following!processing!steps.!Notes:!Full!!

circles:! single! surfactant−assisted! particles.! Empty! circles:! cosurfactant! and!

ultrasonication−assisted! particles.! Full! squares:! after! 5! min! of! ultrasonication! exposure.!

Empty!squares:!after!10!min!of!ultrasonication!exposure.!
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Table! 2.2.!Granulometric!distribution!of! the!particles.!Notes:!The!particles!were!prepared!

with:! A)! single! surfactant;! and! B)! cosurfactant! and! ultrasonication−assistance.! Diameter!

values!(mean!±!s.d.,!n!=!3)!corresponding!to!percentiles!of!10,!50,!and!90%,!and!span!values!

after!each!processing.!

!

! LD! DLS!

Formulation! D10!(μm)! D50!(μm)! D90!(μm)! Span!

value!

Mean!

(nm)!

PdI!!

A! 14!±!11!! 125!±!24! 326!±!128! 2.49! −! −!

B! 0.134!±!

0.039!!

0.659!±!

0.054!

11!±!3! 16.09!

!

556!±!12! 0.24!

B!5−min!

ultrasonication!

!

0.092!±!

0.056!

0.199!±!

0.439!

0.437!±!

0.320!

1.73! 293!±!4! 0.30!

B!10−min!

ultrasonication!

0.091!±!

0.032!

0.194!±!

0.064!

0.407!±!

0.061!

1.63! 248!±!2! 0.27!

!

Abbreviations:!PdI,!polydispersity!index;!D,!diameter.!

!

!

! The!emulsion!optimization!and!recovery−medium!development!resulted!in!particles!

with!a!median!size!of!659!nm,!with!a!higher!population!of!particles!in!the!nanometer!range,!

while! the! higher−sized! microparticles,! which! constituted! the! main! population! before,!

sharply!decreased! (D90!=!11!±!3!μm).! The! strategies! implied! in! the!emulsion!optimization!

(blend! of! cosurfactants! and! ultrasonication! add−on)! were! essential! to! the! size! reduction!

observed,!since!the!emulsion!droplets!produced!during!the!emulsification!step!originate!the!

final! particles.! In! order! to! achieve! a! unique! population! of! NP,! the! ultrasonication! add−on!

after! the! particle! recovery!was! chosen! as! a! strategy! to! eliminate! or! decrease! aggregation!

and! therefore! to! allow! a! narrower! particle−size! distribution.! Maintaining! the! same!

amplitude!applied! in! the!emulsion!optimization! (60%),! the!effect!of!ultrasonication!on! the!

particle!size!distribution!was!evaluated!and!compared!for!5!and!10!min.!After!5!min!of!the!

exposure!to!ultrasonication,!the!particles!showed!a!deviation!to!the! left!of!the!distribution!
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curve!(Figure!2.4),!predominantly!to!the!nanoscale,!with!a!slight!and!isolated!population!of!

approximately!2!μm.!Consequently,! the!percentile!values!suffered!a!huge!decrease,!as!can!

be!seen!in!Table!2.2.!After!10!min!of!ultrasonication,!on!the!other!hand,!a!single!population!

of!NP!was!observed.!These!particles!were!also!analyzed!by!DLS.!The!results!are!depicted!in!

Table!2.2,!being!consistent!with!the!results!obtained!by!LD!and!confirming!the!nanoscale!size!

range!of!particles.!

!

!

2.4.5!ζ−potential!analysis!

!

! The!results!summarized!in!Table!2.3!exhibit!that!the!ADS−NP!are!strongly!negatively!

charged!with!ζ−potentials!ranging!from!−53.4!to!−60.4!mV.!The!negative!ζ−potential!values!

are!essentially!due!to!the!surface!charges!of!alginate!and!dextran!sulfate!chains!at!pH!4.5,!

which!confer!negative!charges!to!the!NP.!The!charge!behavior!of!the!NP!was!also!studied!at!

different!pHs,!namely!at!alginate!pKa!and!at!pH!1.5.!At!alginate!pKa,!the!alginate!chains!are!

almost!neutral!and!the!ζ−potential!of!the!particles! increased!from!−59.6!to!−25.0!mV.!The!

particle! charge!was!due! to! the! sulfate!dextran! chains! that! remained!permanently! charged!

since!they!have!a!negative!first!pKa!value!and!a!second!pKa!value!near!2.65.!At!pH!1.5,!the!

blocks!of!dextran!sulfate!chains!become!positive!and!the!ζ−potential!increased!to!−9.2!mV.!

Thus,!the!NP’!charge! is!essentially!due!to!the!matrix!of!alginate!and!dextran!sulfate,!which!

was! proven! by! the! charge! behavior! of! the! NP! at! different! pHs.! No! effect! of! the! rotoq

evaporation! and! ultrasonication! was! detected! on! the! NP’! ζ−potential,! highlighting! the!

absence! of! any! physical! stability! changes.! The! unloaded! NP! presented! similar! results!

compared! to! the! insulin−loaded! NP,! demonstrating! no! effect! of! insulin! regarding! particle!

charge.!The!ζ−potential!of!the!insulin−loaded!NP!was!expected!to!be!less!negative!compared!

to!the!unloaded!NP,!given!the!positive!charge!of!insulin!at!pH!below!its!isoelectric!point!(pI):!

5.3.! The!adsorption!of! insulin!on! the! surface!of! the!NP!may!be!assumed!as!negligible!and!

insulin! was! mainly! incorporated! inside! the! NP’! matrix.! The! ζ−potential! of! both! the!

insulin−loaded!and!the!unloaded!NP!at!pH!6.8!decreased!approximately!by!10!mV!(data!not!

shown),! since! the! matrix! of! biopolymers! became! more! ionized.! The! magnitude! of! the!

ζ−potential!may! indicate!the!potential!electrostatic!stability!of! the!NP,!with!values!greater!

than!30!mV!or! less! than!−30!mV!related! to! the!NP!with!higher! stability! in! suspension!and!
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lower!aggregation!tendency.!The!particles!are!strongly!charged!at!pH!4.5,!which!leads!to!the!

prevention!of!aggregation!by!repulsive!forces!upon!random!impact!of!th!eadjacent!particles,!

as!previously!reported![65].!

!

!

Table!2.3.!ζ−potential!(mean!±!s.d.,!n!=!3)!of!the!NP!after!each!processing!step!at!different!

pHs.!

!

Formulation! pH!4.5!(mV)! pH!=!alginate!pka!(mV)! pH!1.5!(mV)!

Insulin−loaded!NP! −59.6!±!11.5! −25.0!±!2.8! −9.2!±!2.0!

−!After!rotoevaporation! −53.4!±!6.4! −34.9!±!1.5! −11.0!±!3.6!

−!After!ultrasonication! −60.4!±!3.3! −27.6!±!0.8! −9.3!±!0.7!

Unloaded!NP! −50.9!±!4.6! −29.8!±!1.5! −8.0!±!0.2!

!

!

2.4.6!Insulin!EE!

!

! The! insulin! EE! value!was!99.3!±!0.5%,!higher! than! that!previously! reported!by!our!

group! [24,66].! This! high! level! can! be! attributed! to! the! pH! effect! of! the! NP’! components.!

Insulin!has!an!PI!at!approximately!pH!5.368!and!alginate!has!pKa!values!of!3.38!and!3.65!for!

mannuronic!and!guluronic!residues,!respectively![67].!Therefore,!strong!electrostatic!attracq

tions!at! the! final!pH!of!4.5!may!occur!providing!high!EE!of! the!oppositely! charged!protein!

[24].!Furthermore,!calcium!ions!interact!with!the!guluronic!residues!and!can!establish!ionic!

bridges! with! the! negatively! charged! carboxylic! residues! of! insulin,! strengthening! the!

association! between! insulin! and! alginate! [68].! The! addition! of! poloxamer! 188! can! also!

contribute! to! the! insulin! EE! due! to! the! steric! stabilization! by! the!molecules! of! poloxamer!

[65].!

!

!

! !
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2.4.7!Morphological!analysis!

!

! The! structure! of! the! single! surfactant−assisted! particles! was! examined! by! SEM!

(Figure!2.5A).!The!presence!of!agglomerates!with!individual!particles!of!approximately!5!μm!

can! be! seen.! The! structure! of! the! the! cosurfactant! and! ultrasonication−assisted! NP! was!

verified! by! cryo−SEM,! which! demonstrated! good! sphericity! and! smooth! surfaces! (Figure!

2.5B).!The!size!of!the!NP!determined!by!the!morphological!analysis!is!in!accordance!with!the!

previously! measured! size! (by! LS! and! DLS),! lying! in! the! nanoscale! range.! The! smooth! and!

dense! particle! surface! could! be! due! to! residual! surfactants,! as! observed! previously! [69].!

Although! both! the! particles! demonstrated! spherical! shape,! Figure! 2.5B! showed! smaller!

particles! with! smoother! surfaces.! These! particles! were! obtained! from! a! more! stable!

emulsion! produced! with! cosurfactant! and! ultrasonication! addition,! which! originated!

nanodroplets!during!emulsification.!Small!particles!are!known!to!dramatically!enhance!the!

Brownian!motion,!which!further!prevents!particle!aggregation,!offers!increased!stability![70],!

and!justifies!the!lower!tendency!of!the!cosurfactant!and!ultrasonication−assisted!particles!to!

aggregate!compared!to!the!single!surfactant−assisted!particles.!The!particles!of!Figure!2.5A!

had!a!more!porous!texture,!contrary!to!the!particles!of!Figure!2.5B,!probably!because!during!

the!recovery!step!they!lost!a!significant!amount!of!water!during!centrifugation,!leading!to!a!

change! of! the! polymeric! structure! [20].! Furthermore,! the! cosurfactant! addition! has! been!

shown!to!make!particles!smoother!and!slightly!porous!in!previous!studies![71].!

!

! !
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!

Figure!2.5.!(A)!Scale!bar!=!20!μm;!SEM!microphotograph!of!the!single!surfactant−assisted!

particles.!(B)!Scale!bar!=!1!μm;!cryo−SEM!microphotograph!of!the!cosurfactant!and!

ultrasonication−assisted!particles.!

!

!

2.4.8!Insulin!retention/release!studies!

!

! The! insulin! release! from! the!NP!was! studied!as! a! function!of! time! in!enzyme−free!

simulated! digestive! fluids! as! illustrated! in! Figure! 2.6.! The! insulin−loaded! NP! showed! the!

protective! effect! of! the! biopolymers! at! the! beginning! in! SGF! during! the! first! 2! h.! This!

retention!capacity!can!be!attributed!to!the!gel!strength!of!the!NP!in!the!dissolution!media,!

preventing!the!release!of! insulin!from!the!formulation![72].!Then,!a!burst!release!of! insulin!

was! noticed! under! basic! conditions! (pH! 6.8)! simulating! the! intestinal! environment.! In! this!

pH,!the!polymers!swell!due!to!deprotonation![73],!allowing!the!insulin!release!from!the!NP.!

The!total!insulin!release!was!achieved!during!the!following!3!h.!The!release!profile!of!insulin!

showed! a! pH−dependent! behavior,! indicating! that! these! NP! are! an! effective!

controlled−delivery! system! for! insulin.! Previous! studies! with! biopolymer! particles! also!

prepared!with! emulsification/internal! gelation! showed! a! burst! release! during! the! first! 4! h!

but! a! sustained! release! profile! up! to! 10! h,! achieving! only! approximately! 75%! of! the!

cumulative−released! insulin! [27].! Although! a! sustained! release! of! insulin! is! desired,! the!

insulin!release!should!not!take!that!long,!unless!the!particles!are!sufficiently!mucoadhesive!

B"A"
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to! stay! in! the! intestinal! epithelium,!maintaining! the! insulin! structure! for! such!a!prolonged!

period!of!time.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure!2.6.!Insulin!release!profile!simulated!in!pH!1.2!SGF!for!2!h!followed!by!4!h!in!pH!6.8!

SIF!at!37!°C.!Note:!Each!value!represents!mean!±!s.d.,!n!=!3.!

!

!

2.4.9!Quantum!mechanical!studies!

!
! The! theoretical!parameter!analysis! showed!a! relationship!between!the!HOMO!and!

LUMO,! the! dipole! moment! vector,! and! the! EE! values! (Table! 2.4).! The! GAP! value! is! the!

difference!between!the!energies!of!the!frontier!orbitals!(HOMO−LUMO)!and!plays!a!critical!

role! in! the! chemical! reactivity,! which! is! related! to! the! intermolecular! interactions! [74].!

Previous!experimental! results! [75]! revealed! that! the! reinforcement!of!alginate!matrix!with!

dextran!sulfate!presented!the!highest! insulin!EE!and!one!of! the! lowest!particle!sizes,!comq

pared! to! the! other! anionic! polymers.! Considering! the! theoretical! results! for! the!

reinforcement!polymers,!the!HOMO−LUMO!gap!(Figure!2.7A)!and!the!dipole!moment!values!

of!dextran!sulfate!were!the!closest!to!the!alginate!values!(Table!2.4).!These!findings!can!be!

directly! related! to! important! electrostatic! interactions! in! the! nanosystem! formation! and!

explain!the!high!insulin!EE!found!in!our!study.!
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Table!2.4.!Theoretical!studies!of! the!HOMO−LUMO!gap!and!dipole!moment!of! the!anionic!

polymers.!

!

Anionic!polymers! HOMO−LUMO!gap! Dipole!moment!(Debye)!

Sodium!alginate! −9.34! 16.55!

Dextran!sulfate! −9.50! 11.85!

Cellulose!sulfate! −10.00! 7.82!

Sodium!polyphosphate! −11.45! 5.80!

Sodium!carboxymethylcellulose! −8.33! 41.54!

!

!

! Besides,! based! on! the! HOMO! and! LUMO! distribution! coefficients! and! dipole!

moment!vector!orientation,!it!was!possible!to!predict!the!interactions!between!alginate!and!

dextran! sulfate! (Figure! 2.7B).! Based! on! these! results,! it! could! be! seen! that! the! negatively!

charged! groups! of! alginate! remain! free! to! establish! electrostatic! interactions! with! the!

positively! charged! groups! of! the! insulin! surface.! So,! based! on! the! HOMO! and! LUMO!

distributions!coefficients,!it!was!possible!to!suggest!the!interaction!between!sodium!alginate!

and! dextran! sulfate.! Considering! the! high! value! of! insulin! EE! (99.3! ±! 0.5%)! obtained!with!

these!NP,!a!correlation!between!the!theoretical!studies!and!insulin!EE!can!be!predicted.!

!

!

! !
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Figure! 2.7.! Predicted! interaction! between! biopolymers! based! on! the! distribution! of! the!

frontier! molecular! orbitals! (HOMO! and! LUMO).! Notes:! (A)! HOMO−LUMO! gap! and! (B)!

interaction! between! alginate! (I)! and! dextran! sulfate! (II)! based! on! their! distribution!

coefficients! of! the! HOMO! and! LUMO,! respectively.! The! positive! and! negative! regions! are!

represented!by!blue!and!red!colors,!respectively.!

!

!
2.4.10!Conformational!stability!of!insulin!

!

! CD!and!FTIR!are!techniques!that!can!provide!structural!information!about!proteins.!

The! spectroscopic! characterization! of! protein! secondary! structure! is! often! partially! unreliq

able! when! the! samples! are! not! extremely! pure! and! abundant.! This! problem! may! be!

overcome!by!the!combination!of!CD!and!FTIR![76].!The!stability!of!the!insulin!encapsulated!

and! released! from!NP!was! evaluated!using! these! two! techniques! at! different! time!points.!

Conformational! changes! in! the! secondary! structure! of! insulin! during! each! processing! of!

encapsulation!were!monitored!by!CD!and!FTIR!analysis.!

!

!

! !
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2.4.10.1!CD!spectroscopy!

!

! The!conformation!of!proteins!or!peptides!is!important!for!the!exertion!of!an!optimal!

therapeutic!effect!and!it!can!be!easily!damaged!under!conditions!such!as!high!temperature,!

mechanical! manipulation,! and! exposure! to! organic! solvents.! Generally,! the! secondary!

structure!(α−helix!and!β−sheet)!can!illustrate!the!efficacy!of!insulin.!CD!is!regarded!as!one!of!

the!most!effective!methods! to!evaluate! the!secondary!structures!of!proteins!and!peptides!

[77].!

! Figure! 2.8! represents! the! CD! spectra! of! the! insulin! secondary! structures.! The!

nonencapsulated! insulin! showed! two! minima! at! 210! and! 220! nm,! which! is! typical! of!

predominant!α−helix! structure!proteins.! These! results!were! in! agreement!with! the! results!

presented!by!other!studies![68,78].!The!CD!spectra!of!the!insulin!released!from!the!NP!after!

the!recovery,!rotoevaporation,!or!exposure!to!ultrasonication!revealed!no!substantial!alteraq

tions!in!the!two!α−helix!minima!when!compared!to!the!nonencapsulated!insulin.!To!better!

assess! the! structural! transition,! the!CD!spectra!of! insulin!were!de−convoluted! through! the!

software! from! the! DICHROWEB! website! [41]! and! the! results! are! displayed! in! Table! 2.5.!

Practically!no!difference!in!the!relative!proportions!of!the!secondary!structure!elements!was!

detected! along! the! preparation! of! the! NP,! suggesting! no! insulin! fibrillation/aggregation!

among!the!conditions!tested.!

! !
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Figure! 2.8.! CD! spectra! of! insulin! in! PBS! at! pH! 7.4! and! 25! °C.! Notes:! Solid! black! line:!

nonencapsulated! insulin.! Solid!blue! line:! insulin! released! from!the!NP!after! recovery.!Solid!

red!line:!insulin!released!from!the!NP!after!rotoevaporation.!Solid!grey!line:!insulin!released!

from!the!NP!after!ultrasonication!exposure.!

Abbreviation:![θ]MRW,!mean!residue!molar!ellipticity.!

!

!

Table! 2.5.!Estimation! results!of! the! secondary! structural! content!of! insulin!extracted! from!

the!NP!before!and!after!the!recovery,!rotoevaporation,!and!ultrasonication!as!obtained!from!

the!CD!spectral!analyses.!

!

Secondary!

structure!!

content!!

Nonencapsulated!!

insulin!(%)!

Insulin!released!from!NP!after!

Recovery!!

(%)!

Rotoevaporatoration!!

(%)!

Sonication!

(%)!

α! 39! 42! 42! 39!

β! 31! 34! 31! 31!

Turn! 8! 8! 7! 8!

Unordered! 22! 21! 21! 22!

!

! !

200 210 220 230 240 250 260
-15

-10

-5

0

5

10

15

Wavelenght (nm)

[θ
] M

R
W

 x
 1

0-3
 (d

eg
.c

m
2 .

dm
ol

-1
)



Probing Insulin Bioactivity in Oral Nanoparticles  
!

!

105!

2.4.10.2!FTIR!spectroscopy!!

!

! The!second−derivative!FTIR!spectra!of!insulin!are!represented!in!Figure!2.9.!The!The!

characteristic!bands!found! in!the! infrared!spectra!of!proteins!and!polypeptides! include!the!

amide! I!and!amide! II.!Amide! I!absorption!arises! from!the!amide!bonds!that! link! the!amino!

acids!and!is!directly!related!to!the!backbone!conformation,!with!a!major!contribution!from!

the!C=O!stretching!vibration!and!minor!contribution!from!the!C–N!stretching!vibration.!The!

major! component! of! the! amide! I! spectrum! is! the! α−helix! band,!whereas! the! β−sheet! and!

β−turn! bands! contribute! less! to! the! secondary! structure! [79].! The! modifications! of! the!

α−helix!are!the!most!characteristic!of!protein!denaturation!and!consequent!loss!of!activity.!

The!nonencapsulated! insulin! in! solution! is!dominated!by! the!α−helix! content! (1,655!cm−1),!

but!also!the!high−!and!low−frequency!β−sheet!content!(1,682!and!1,614!cm−1).!

!
! !

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure! 2.9.! FTIR! spectra! of! insulin.! Notes:! FTIR! spectra! of! the! nonencapsulated! reference!

insulin! in! solution! (solid! black! line),! nonencapsulated! insulin! in! solution! after! 10! min! of!

ultrasonication!exposure!(dashed!black!line),!insulin!entrapped!into!the!NP!(solid!grey!line),!

and! insulin! entrapped! into! the! NP! after! 10!min! of! ultrasonication! exposure! (dashed! grey!

line).!

!
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! In!Figure!2.9!the!spectrum!of!the!nonencapsulated! insulin! in!solution!submitted!to!

ultrasonication!presented!an!area!overlap!of!0.92!compared!to!the!nonencapsulated!insulin!

without! processing,! indicating! that! ultrasonication! slightly! affects! the! insulin! secondary!

structure.! This! structural!modification!motivated! by! ultrasonication!was! characterized! just!

by!a!slight!decrease!on!the!α−helix!band.!The!spectrum!of!the!insulin−loaded!NP!submitted!

to! ultrasonication! presented! an! area−overlap! of! 0.75! compared! to! the! nonencapsulated!

insulin! in! solution,! which! was! similar! to! the! formulation! without! ultrasonication! (0.76),!

indicating!that!the!native!conformation!of!the!insulin!changed!with!either!ultrasonication!or!

formulation! procedure! and! those! changes! were! quantitatively! similar.! Besides! similar!

area−overlap! values,! it! was! noticed! that! after! the! entrapment! into! the! NP,! the! insulin!

structure!changed,!originating!a!decrease!of!the!α−helix!and!β−sheet!content.!Furthermore,!

after! ultrasonication! of! the! insulin−loaded! NP,! the! structure! of! insulin! changed! by!

decreasing! its! α−helix! content! at! approximately! 1,655! cm−1!and! increasing! the! β−sheet! at!

1,635! cm−1.! These! modifications! are! representative! of! insulin! denaturation.! The! band! at!

1,700!cm−1!also!indicated!an!unordered!structural!change.!Besides!the!structural!changes!of!

insulin! upon! the! entrapment! into! the! NP! and! ultrasonication,! the! maintenance! of! the!

α−helix!band!on!the!second−derivative!amide!I!FTIR!spectra,!despite!some!decrease,!still!is!a!

good!indicator!of!the!insulin!bioactivity.!Additionally,!the!possible!structural!rearrangements!

of! insulin! upon! entrapment! into! the! NP!may! help! to!mitigate! the! decrease! of! the! insulin!

bioactivity.!

!

!

2.4.11!Insulin!biological!activity!

!

! The!blood!glucose!profiles!following!the!s.c.!injection!of!insulin!to!diabetic!rats!at!a!

dose! level!of!2! IU/kg!are! illustrated! in!Figures!2.10!and!2.11.!The! insulin!released!from!the!

NP! and! the! nonencapsulated! insulin! promoted! a! rapid! and! intense! decrease! of! glycemia,!

hitting! less! than! 20%! of! the! initial! values! after! 2! h! (Figure! 2.10).! Then,! the! blood! glucose!

levels! increased,! reaching!approximately!70–90%!of! the!basal! values!at!8!h.! In! the! second!

study!(Figure!2.11),!the!insulin!entrapped!into!the!NP!showed!a!slight!and!less−pronounced!

decrease! of! glycemia! (57%! of! the! initial! values)! than! the! insulin! released! from! the! NP,!

whereas! the! nonencapsulated! insulin! provided! a! rapid! and! intense! decrease! of! glycemia,!
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which!was,!however,!also!less!pronounced!than!in!the!first!study!(35%!of!the!initial!values).!

Then,!the!blood!glucose!levels!increased,!reaching!approximately!70%!of!the!basal!values!at!

8! h.! The! insulin! entrapped! into! the! NP! allowed! a! more! controlled! and! smooth!

antihyperglycemic!effect!over!time!than!the!insulin!released!from!the!NP,!which!was!already!

in! the! free! form! (isolated! from! the! polymeric!matrix)!when! subcutaneously! administered,!

enabling!a!faster!and!abrupt!effect.!There!were!no!statistical!differences!between!the!groups!

treated! with! the! same! dose! level! of! nonencapsulated! insulin! and! insulin−loaded! NP,!

confirming! the! retention! of! the! insulin! activity.! The! integrity! of! insulin! after! the!

nanoformulation!and,!consequently,!its!biological!activity!were!insured.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure! 2.10.! Blood! glucose! levels! of! diabetic! Wistar! rats! after! the! s.c.! administration! of!

insulin.!Notes:!Full!circles:!nonencapsulated!insulin.!Empty!diamonds:! insulin!released!from!

the!NP.!Comparison!is!made!to!the!extracted!unloaded!NP!(empty!circles).!The!formulations!

were!administered!in!sodium!citrate!in!PBS!at!pH!7.4.!The!results!are!expressed!as!mean!±!

s.d.,!n!=!6!per!group.!Statistically!different!from!the!empty!NP:!*p"<!0.05;!**p!<!0.01.!

!
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Figure! 2.11.! Blood! glucose! levels! of! diabetic!Wistar! rats! after! the! s.c.! administration! of! 2!

IU/kg! of! insulin! in! water.! Notes:! Empty! diamonds:! nonencapsulated! insulin.! Full! circles:!

insulin!entrapped!into!the!NP.!Comparison!is!made!to!the!unloaded!NP!(empty!circles).!The!

formulations!were!administered!in!water.!The!results!are!expressed!as!mean!±!s.d.,!n!=!6!per!

group.!Statistically!different!from!the!empty!NP:!*p""<!0.05;!**p"<!0.01;!***p"<!0.001.!

!

!

2.5!CONCLUSIONS!

!

! The! emulsification/internal! gelation! technique! was! successfully! optimized! to!

overcome!the!drawbacks!imposed!by!this!technique,!such!as!the!wide!size!distribution!in!the!

microscale!and!the!low!recovery!yield.!These!results!demonstrated!that!the!ultrasonication!

add−on! was! an! efficient! strategy! that! allowed! the! reduction! of! the! size! of! the! emulsion!

droplets! and,! therefore,! the! formation! of! particles! in! the! nanoscale.! This! strategy! was!

further!improved!using!a!blend!of!cosurfactants!(sorbitan!monooleate!and!poloxamer!188).!

The! recovery!of! the!oil−dispersed!NP!was!also!developed,!achieving!a!maximum!of! insulin!

content! in! the!aqueous!phase.!The! further!submission!of! these!particles! to!ultrasonication!

led!to!a!monodisperse!population!of!particles!in!the!nanoscale,!observed!by!the!deviation!of!

the!size−distribution!profile!from!the!micrometric!to!the!nanometric!range!and!the!decrease!

of!respective!span!values.!
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! The! molecular! modeling! studies! brought! an! unprecedented! evaluation! of! the!

quantum!mechanics!through!studies!of!the!biopolymers! interactions.!The!results!showed!a!

relationship! between! the! electronic! properties! and! the! insulin! EE.! Furthermore,! they!

indicated! electronic! requirements! to! improve! the! EE,! allowing! for! the! prediction! of! the!

interaction!model!between!sodium!alginate!and!dextran!sulfate.!!

! Strongly!negatively!charged!NP!with!high!insulin!EE!and!insulin!retention!within!the!

NP!in!gastric!simulation!medium!were!obtained.!The!secondary!structure!of!insulin!tested!by!

CD! showed! that! insulin! retained! its!biological! activity!during! the!process!of!encapsulation,!

while!FTIR!analysis!showed!rearrangements!of!the!insulin!structure.!However,!the!biological!

activity! of! the! released! insulin! from! the! NP! after! s.c.! injection! to! diabetic! Wistar! rats!

demonstrated!the!retention!of! insulin!activity.!The!insulin!entrapped!into!the!NP!showed!a!

slight!and!less−pronounced!decrease!than!the!insulin!released!from!the!NP,!justified!by!the!

interaction!of!insulin!with!the!biopolymers.!

! This! optimized!methodology!with!mild! conditions! for! insulin! during! encapsulation!

and! easily! manipulated! procedures! allowed! for! the! preparation! of! ADS−based!

insulin−loaded!particles!in!the!nanometric!range!with!retention!of!insulin!activity,!which!has!

important!applications!for!the!pharmaceutical!field.!

!

!
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3.1!ABSTRACT!

!

Polymers!and!particularly!biopolymers!have!an! important!effect!on!the!surface!charge!and!

particle! size! of! polymer−coated! NP.! Those! NP’! properties! may! have! influence! on! their!

biological! behavior,! namely! stability,!membranes! absorption,! distribution! and! elimination.!

Polycationic! biopolymers! such! as! CS! can! be! used! to! increase! the! stability! of! polyanionic!

alginate−based!NP!and!to!minimize!the!loss!of!the!encapsulated!insulin.!Alginate!and!CS!can!

crosslink!together!through!electrostatic!forces!to!form!NP!with!protective!properties!as!well!

as!provide! them!the!ability! to! improve! the!bioadhesion!and!permeability.!A! rational! study!

was! developed! to! optimize! CS! coating! of! insulin−loaded! NP! made! of! ADS.! The!

physicochemical! parameters! of! the!NP,! such! as! the! surface! charge! and!particle! size,!were!

investigated! to!provide! the! ideal!CS!concentration!and!NP/CS!proportion,!ensuring!a!more!

effective! coating.! Following! the! CS! coating,! an! increase! of! the! ζ−potential! of! the! NP!was!

observed.! The!NP! coating!with!CS! at! 0.30%! (w/v)! and!NP/CS!proportion!of! 1.00:0.50! (v/v)!

presented! the! best! value! of!ζ−potential! (−22.4! ±! 3.80!mV),! as!well! as! the! lowest!NP! size.!

Therefore,!this!optimized!formulation!is!a!promising!approach!for!the!oral!delivery!of!insulin.!

!
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3.2!INTRODUCTION!

!

! Nanotechnology! has! been! emerging! in! the! last! decades! and! its! advancement! can!

stimulate!the!exploration!of!new!drug!delivery!systems!and!lead!to!engineering!revolutions!

[1].!Oral!delivery!of! insulin! is!one!of! the!most! studied!and!challenging!domains!within! the!

drug!delivery!systems.!Strategies! for! the!design!and!development!of!NP! involve!the!use!of!

multifunctional! polymers,! which! possess! biocompatible,! biodegradable,! hydrophilic! and!

protective!characteristics![2−4].!

! The! effect! of! biopolymers! in! the! NP! size! is! an! important! parameter,! since! it!

determines!the!membranes!absorption,!distribution!and!fate!of!encapsulated!drugs,!such!as!

insulin.! In! addition,! the! particle! size! also! influences! the! stability,! loading! and! release! of!

insulin!from!the!NP!and,!therefore,!insulin!uptake![5].!!

! Polycationic!polymers!such!as!CS!can!be!used!to!increase!the!stability!of!polyanionic!

alginate−based!NP!and!to!minimize!the! loss!of!encapsulated! insulin![6].!CS!(Figure!3.1)!has!

been!described!as!an!absorption!enhancer!across!mucosal!epithelia,!especially!for!proteins,!

by!opening!the!epithelial!TJ![7−9].!CS−coated!NP!could!transiently!and!reversibly!open!the!TJ!

between! contiguous! cells,! while! becoming! unstable! and! disintegrated,! due! to! their!

pH−sensitivity,!and!allow!the!transport!of!the!released! insulin!via!the!paracellular!pathway!

[10−12].!Alginate!and!CS!can!crosslink!together!through!electrostatic!force!to!form!NP!with!

protective!properties!with!the!ability!to!improve!the!permeability!and!bioadhesion![13−15].!

A! rational! study! was! developed! to! optimize! the! CS! coating.! Physicochemical! parameters,!

such! as! surface! charge! and! particle! size,! were! investigated! to! provide! the! ideal! CS!

concentration,!ensuring!a!more!effective!coating.!

!

!
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Figure!3.1.!Chemical!structure!of!CS!(R!=!COCH3).!!

!

!
3.3!MATERIALS!AND!METHODS!

!

3.3.1!Materials!

!

! Low!viscosity!sodium!alginate!was!purchased!from!Sigma!(USA).!CS!(50!kDa)!and!ALB!

were!purchased!from!Sigma–Aldrich!Chimie!(France).!Calcium!carbonate!was!obtained!from!

Specialty! Minerals! Inc.! (UK).! Paraffin! oil! was! supplied! by! Vaz! Pereira! (Portugal).! Sorbitan!

monooleate! (Span®!80),!dextran!sulfate! (5!kDa)!and!PEG!4000!were!purchased! from!Fluka,!

Chemie!GmbH!(Switzerland).!Poloxamer!188!(Lutrol®!F68)!was!supplied!by!BASF!(Germany).!

Insulin!was!kindly!donated!by!Hospitais!da!Universidade!de!Coimbra!(Actrapid!Insulin®,!100!

IU/mL!from!Novo!Nordisk,!Denmark).!

!

!
3.3.2!ADS−based!NP!preparation!

!

! A! previously! described! technique! [16]!was! slightly!modified.! The! formation! of! the!

ADS−matrix! through!emulsion!dispersion!was! followed!by! triggered! instantaneous!particle!

gelation.!The!aqueous!phase!was!prepared!as!described! in!Chapter!2,!with! the!addition!of!

poloxamer! 188! (0.16%,! w/v).! The! resultant! dispersion! was! emulsified! within! paraffin! oil!

(aqueous!phase/oil!phase!50/50,!v/v)!facilitated!by!another!non−ionic!surfactant,!sorbitane!

monooleate! (1.84%,! v/v),! by! impeller−stirring! homogenization! (1600! rpm)! and!

tip−sonication!at!60%!(Sonics®,!VCX130;!Sonics!&!Materials,!USA).!After!15!min,!gelation!was!
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induced! by! the! addition! of! paraffin! oil! containing! glacial! acetic! acid! (molar! ratio!

acid−calcium,! 3.5)! to! solubilize! the! calcium! dispersed! in! the! ADS−droplets! during! 15!min,!

with! continued! stirred! and! tip−sonication! at! 60%.! NP! were! finally! recovered! from! the!

external!oily!phase!through!the!extraction!procedure!described!in!Chapter!2.!

!

!

3.3.3!NP!coating!

!

! The! CS! coating! was! simply! applied! through! polyelectrolyte! complexation.! The!

CS−PEG! solution! at! pH! 4.5! was! added! dropwise! to! the! uncoated! ADS−based! NP! under!

magnetic!stirring!during!60!min.!Finally,!the!CS−coated!NP!(CS−NP)!were!coated!by!dropwise!

addition! of! 1.00%! (w/v)! ALB! solution! at! pH! 5.1! under! magnetic! stirring! during! 30! min!

(ALB−NP).!!

!

!
3.3.4!ζ−potential!analysis!

!
! The!surface!charge!was!determined!as!described!in!Chapter!2.!

!

!

3.3.5!Size!analysis!

!

! The!particle!size!analysis!was!performed!by!LD,!according!to!the!methodology!used!

in!Chapter!2.!

!

!
3.4!RESULTS!AND!DISCUSSION!

!

! Initially,!the!ADS−based!NP!presented!a!ζ−potential!value!of!–31.2!±!0.11!mV!(n!=!3).!

These!NP!were!coated!with!a!CS!solution!at!0.03%!(w/v)![16],!which!revealed!a!ζ−potential!

value!of!–22.4!±!0.89!mV!(n!=!!3).!
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! According!to!the!literature,!one!of!the!main!factors!that!influence!the!ζ−potential!of!

CS−coated!NP!is!the!CS!concentration![17].!Modifications!of!the!CS!concentration!and!NP/CS!

proportion! were! made! to! improve! the! effectiveness! of! the! CS! coating,! resulting! in! the!

increase!of!the!ζ−potentials!values.!Table!3.1!shows!the!effect!of!the!CS!concentration!(0.30!

and! 1.00%! [w/v])! and! NP/CS! proportion! on! the! surface! charge! of! the! ADS−based! NP.!

Following! NP! coating! with! CS! at! 0.30%! (w/v),! the! NP! surface! charge! changed! when!

compared!to!the!uncoated!NP.!The!NP!coated!with!CS!at!0.30%!(w/v)!and!in!a!proportion!of!

1.00:0.50!(NP/CS,!v/v)!led!to!the!highest!value!of!ζ−potential,!which!may!be!due!to!a!better!

coating! efficiency.! The! increase! of! the! CS! concentration! to! 1.00%! (w/v)! was! not! directly!

proportional! to! the! ζ−potential! values,! i.e.,! the! ζ−potential! values! did! not! increase!when!

compared! to! the! CS! concentration! of! 0.30%! (w/v).! Probably,! the! excess! of! CS! was! not!

capable! to! encircle! more! alginate! on! the! NP’! surface.! In! this! concentration,! different!

proportions!of!the!NP!and!CS!solution!were!also!tested,!yet!no!variation!of!the!ζ−potential!

value!was!observed.!!

!

!

Table!3.1.!ζ−potential!values!(mean!±!s.d.,!n!=!3)!of!the!CS−coated!NP!with!CS!solutions!at!

0.30!and!1.00%!(w/v)!and!NP/CS!proportion!of!1.00:0.50,!1.00:0.52,!1.00:0.58!and!1.00:0.67!

(v/v).!

!

CS!concentration!(w/v)!(%)! NP/CS!proportion!(v/v)! ζ−potential!(mV)!

0.30! 1.00:0.50! −22.40!±!3.80!

! 1.00:0.52! −24.09!±!1.58!

! 1.00:0.58! −23.16!±!0.27!

! 1.00:0.67! −22.79!±!1.52!

1.00! 1.00:0.52! −30.44!±!0.40!

! 1.00:0.58! −26.06!±!0.53!

!! 1.00:0.67! −24.38!±!0.23!

!

!

! All! the!coated!NP!with!1.00:0.50!of!NP/CS!proportion! (v/v)!were!submitted! to!ALB!

coating.!In!the!case!of!the!coated!NP!with!CS!at!0.30%!(w/v),!the!ALB/CS−coated!NP!revealed!
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a!ζ−potential!value!of!–27.9!±!0.38!mV.!Changes!in!the!NP!ζ−potential!indicated!an!effective!

CS!coating,!since!the!charge!changed!to!higher!positive!values.!The!subsequent!ALB!coating,!

changed! the!NP!ζ−potential! to! higher! negative! values,! also! ensuring! that! the!ALB! coating!

was!successfully!achieved.!!

! The! size! analysis! of! the! ALB/CS−coated! NP! showed! better! size! values! with! CS!

concentrations! at! 0.03! and! 0.30%! (w/v)! as! well! as! lower! polydispersity! (Figure! 3.2,! Table!

3.2).!The!best!value!of!the!NP!ζ−potential!(−22.40!±!3.80!mV)!as!well!as!the!lowest!size!(D50!

=!2.56!±!6.53!μm)!were!observed!with!CS!at!0.30%!(w/v),!as!can!be!seen!in!Tables!3.1!and!

3.2,!respectively.!With!CS!at!1.00%!(w/v),!the!size!of!the!coated!NP!increased!and!a!higher!

polydispersivity!was!observed,!possible!due!to!the!aggregation!of!the!excess!of!CS.!The!size!

analysis!was! performed! before! and! after! each! coating! process! (Figure! 3.3).! After! the! ALB!

coating,! it! was! observed! a! displacement! of! the! size! distribution! curve! to! the! left.! This!

behavior! may! be! due! to! the! helical! structure! of! ALB,! resulting! in! a! higher! packaging!

membrane!coating!and!polymeric!matrix![18,19].!

!

!

Figure! 3.2.! Influence! of! the! CS! concentration! (0.03,! 0.30! and! 1.00%! [w/v])! on! the!

ALB/CS−coated!NP!size.!

!
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!

Figure!3.3.!Influence!of!the!CS−!and!ALB/CS−coatings!on!the!NP!size!distribution.!

!

!

Table!3.2.!Effect!of!CS!the!concentration!(0.03,!0.30!and!1.00%![w/v])!on!the!coated!NP!size!

(D50!±!s.d,!n!=!3).!

!

CS!concentration!(w/v)!(%)! Size!(µm)!

0.03! 4.34!±!4.80!

0.30! 2.56!±!6.53!

1.00! 9.43!±!35.01!

!

!
3.5!CONCLUSIONS!

!

! A! novel! insulin! ADS−based! NP! formulation! was! developed! and! characterized,!

concerning! size! and! surface! charge! after! the! CS! and! ALB! coatings.! The! CS! concentration!

affected! both! properties! and! the! best! results!were! obtained!with! CS! at! 0.30%! (w/v).! The!

optimized!formulation!is!a!promising!approach!for!the!oral!delivery!of!insulin.!
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4.1!ABSTRACT!

!

! Although! the! oral! administration! of! insulin! is! recognized! as! the! safest! and! most!

attractive,! the! insulin! oral! BA! is! usually! reduced! due! to! the! susceptibility! to! acidic! and!

enzymatic! degradations! in! the! GI! tract! and! intrinsic! low! intestinal! permeability.! The!

nanoencapsulation!of!insulin!is,!thus,!foreseen!as!promising!approach!to!overcome!most!of!

these! drawbacks.! The! effect! of! the! GI! environment! on! the! aggregation! of! ADS−based!

nanometric−sized! particles,! uncoated! or! double−coated! with! CS! and! ALB,! and! its! further!

influence! on! the! insulin! release! and! permeability! at! the! cellular! level! was! investigated! in"

vitro.! The! swelling! and! aggregation! behavior! of! the! NP! in! gastric! conditions! was!

accompanied! by! the! prevention! of! the! insulin! release.! In! intestinal! conditions,! the! fast!

dissolution!of!the!uncoated!NP!was!responsible!for!a!wide!size!distribution!and!for!a!burst!

release!of!insulin,!while!the!size!stability!provided!by!the!ALB/CS−coating!led!to!a!sustained!

release.!The!CS/ALB−coated!NP!were!able!to!significantly!increase!the!permeability!of!insulin!

across! the! cell−based! engineered! intestinal!models,! further! enhanced! by! the! presence! of!

mucus!layer!and!M−like!cells.!The!influence!of!these!models!on!the!insulin!permeability!was!

compared! to! the! curve! that! better! adjusted! to! the! mathematical! kinetics! of! the! insulin!

release! from!these!biopolymeric−NP.!Thus,!a! correlation!between! the! size!behavior!of! the!

NP!upon!passage!in!the!GI!tract!and!both!the!insulin!release!profile!and!permeation!across!

the! intestinal! in" vitro! models! was! addressed.! These! results! provide! proof−of−concept!

evidence! that! the! GI! passage! of! the! NP! has! a! major! influence! on! the! oral! absorption! of!

macromolecules.!
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!

Graphical! abstract:! Behavior!of! the! insulin−loaded!biopolymer−based!NP!upon!passage!on!

the!Gl!tract.!The!intestinal!pH!triggered!insulin!release!from!the!NP,!allowing!its!permeability!

through!the!cell−based!engineered!intestinal!models.!!!

! !
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4.2!INTRODUCTION!

! ! !

! Diabetes! is!a!chronic!disease!with!epidemic!proportions!throughout!the!world.!The!

administration! of! insulin! is! required! for! the! treatment! of! this! condition,! however,! due! to!

enzymatic! degradation! in! the! GI! tract! and! poor! permeability! through! the! intestinal!

epithelium,!the!oral!BA!of! insulin! is!very!poor! [1]!compared!to!the!most!common!route!of!

insulin! administration,! the! s.c.! route.! The! oral! administration! is! considered! the! safest! and!

the!most!convenient!alternative!to!deliver! insulin,!but! it! faces! important!challenges.! In!the!

last!years,!different!formulation!approaches!have!been!explored!to!encapsulate!insulin!and!

deliver! it! orally.!Nevertheless,! these! formulations! only! had! a! limited! success! and! no! oral!

insulin!product!has!been!commercially!available!yet.!

! The! encapsulation! of! insulin! into! polymeric−NP! is! a! powerful! tool! to! improve! the!

insulin!oral!BA.!Among!the!most!commonly!polymers!used!to!produce!NP!for!oral!delivery!of!

insulin,!natural!biopolymers!such!as!alginate,!dextran!sulfate!and!CS!have!demonstrated! in"

vivo!efficacy!without!toxicological!effects!when!orally!administered!as!NP![2−4].!Alginate!and!

dextran!sulfate!are!considered!a!suitable!choice,!due!to!their!excellent!biocompatibility,!drug!

carrying!ability,!adjustable!controlled−release!property,!lower!cost,!abundance!in!nature!and!

easier!application! [5].!Previous!studies! revealed!that! the!presence!of!a!copolymer,!such!as!

dextran!sulfate!enhances!the!loading!of!hydrophilic!drugs!in!alginate!matrices![6].!The!recent!

extensive! research! on! several! CS−based! particulate! systems! also! demonstrates! a! positive!

role!of!CS!towards!oral!insulin!delivery![7−9].!

! ADS−based! NP! coated! with! CS/PEG/ALB! shell! have! shown! efficiency! as! potential!

carriers! for! the! oral! delivery! of! insulin! [3,4].! The! alginate! network! forms! an! impermeable!

structure! in! acidic! gastric! conditions! [10,11],! preventing! the! premature! insulin! release! in!

combination!with!dextran!sulfate!and!increasing!the!insulin!protection!in!combination!with!

ALB,! which! is! applied! as! a! sacrificial! target! to! GI! proteases! [12].! CS,! as! polycationic! and!

mucoadhesive! polymer! is! designed! to! significantly! enhance! the! intestinal! permeability! of!

insulin!by!increasing!the!residence!time!at!the!site!of!absorption!and!transiently!opening!the!

TJ,!allowing!the!paracellular!transport!of!insulin!across!the!intestinal!epithelium![13,14].!This!

complexed!structure!acts!as!a!synergistic!effect,!since!at!acidic!pH,!the!high!solubility!of!CS!

favored!by!the!conversion!of!glucosamine!units!into!the!soluble!form!R−NH3
+![15]!is!inhibited!

by! the! alginate! presence! due! to! the! swelling! behavior! of! this! polymer! at! low! pH.! On! the!
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other! hand,! the! rapid! dissolution! of! alginate! owing! to! the! dissociation! of! the! carboxylic!

groups!at!a!higher!pH!is!controlled!by!CS![16,17].!

! The! use! of! NP! in! oral! insulin! delivery! has! been! increased! over! the! last! decades!

mainly! due! their! smaller! size,! which! allows! a! higher! surface! area−to−volume! ratio! when!

compared! to! other! delivery! systems.! Thus,! it! is! important! to! understand! the! factors!

influencing! their! GI! uptake,! more! precisely! their! size! and! aggregation! phenomena.! The!

impact!of!these!factors!on!the!GI!absorption!has!been!assessed!mainly!with!polystyrene!and!

latex!particles!but!in!most!part!of!those!studies!neither!the!influence!of!the!GI!tract!on!the!

NP!properties!was!the!focus!nor!the!in"vitro−in−vivo!correlation!was!a!concern.!The!particle!

size!is!one!of!the!most!important!properties!of!NP!related!to!their!biodistribution!behavior!

and!can!be!more!or!less!easily!modulated![18].!Actually,!one!of!the!main!problems!with!the!

NP!design!remains!in!the!fact!that!the!intrinsic!properties!that!may!help!to!cross!the!GI!tract!

may! also! significantly! alter! the! further! behavior! in! the! blood! [18].! Some! studies! have!

quantitatively!assessed!the!oral!absorption!of!NP,!however!a!thorough!understanding!about!

the! impact! of! the! size! and! aggregation! behavior!within! the!GI! tract! is! still!missing! due! to!

incomplete!particle!characterization![19].!!

! So!far,!very!few!reports!about!the!NP!properties!in"situ!following!oral!administration!

and! their! relation! with! the! percentage! of! the! NP! uptake! are! available.! For! instance,! the!

particle!size!may!suffer!in"vivo!variations!within!the!GI!tract!due!to!aggregation,!particularly!

in!the!gastric!pH!and!intestinal!high!ionic!conditions.!Taking!into!account!that!the!effective!

particle! size! at! the! absorption! surface! of! the! GI! tract! increases! with! aggregation,! a!

size−dependent! absorption! can! be! influenced! [19].!Most! of! the! studies! associate! their! BA!

data!with!the!characterization!of!the!“as−dosed”!material,!but!the! in"vivo!aggregation!state!

of!NP!has!been!often!ignored!as!a!factor!affecting!the!particle!uptake![19].!

! The!aim!of!this!work!was!to!study!the!in"vitro!effect!of!the!coating!of!CS!and!ALB!on!

the! ADS−NP! size! and! aggregation! behavior! across! the! GI! environment.! Furthermore,! the!

effect!of!these!biopolymer−based!NP!on!enhancing!the!insulin! in"vitro!permeation!through!

the! intestinal! membrane! was! also! evaluated.! The! in" vitro! models! of! Caco−2,!

Caco−2/HT29−MTX!and!Caco−2/HT29−MTX/Raji! B! co−cultures!were! applied! to! understand!

the!influence!of!each!type!of!cell!on!the!insulin!intestinal!permeability.!!
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4.3!MATERIALS!AND!METHODS!

!

4.3.1!Materials!

!

! Low!viscosity!sodium!alginate!(viscosity!of!1%!solution!at!25!ºC,!4−12!cps),!dextran!

sulfate,! sorbitan!monooleate! (Span®! 80),! CS! (50! kDa),! bovine! serum!ALB,! phosphotungstic!

acid,! n−octanol,! TFA! 99%! and! ACN! (LiChrosolv)! HPLC! grade! were! purchased! from!

Sigma−Aldrich!(Germany).!Calcium!carbonate!was!obtained!from!Setacarb!(France),!paraffin!

oil! from! Scharlau! (Spain),! insulin! 100IU/mL! Actrapid®! from! Novo! Nordisk! (Denmark)! and!

poloxamer!188!(Lutrol®F68)!from!BASF!(Germany).!

! Human!colon!carcinoma!Caco−2,!mucus!producing!HT29−MTX,!and!Human!Burkitt’s!

lymphoma!Raji! B! cell! lines!were! obtained! from! the! American! Type! Culture! Collection! and!

used! at! passages! 35–64,! 8–29! and! 1–13,! respectively.! Dulbecco’s!Modified! Eagle!Medium!

(DMEM),! fetal! bovine! serum,! L−glutamine,! non−essential! amino! acids,! 100!U/mL!penicillin!

and!100!mg/mL!streptomycin,!trypsin–EDTA!and!Hank’s!balanced!salt!solution!(HBSS)!were!

purchased!from!Gibco!(Invitrogen!Corporation,!Life!Technologies,!UK).!!

!

!

4.3.2!NP!preparation!and!coating!

!

! NP!were!prepared!by!emulsification/internal!gelation!and!coated!with!CS!and!ALB!as!

described!in!Chapter!3.!

!

!

4.3.3.!NP!characterization!!

!

! The!particle!size!analysis!was!performed!by!LD!as!described!in!Chapter!3.!!

! The!ζ−potential!was!measured!by!laser!doppler!electrophoresis!using!Zetasizer!Nano!

ZS! (Malvern! Instruments! Ltd.,! UK).! The! measurements! were! taken! in! a! folded! capillary!

electrophoresis! cell! at! pH!4.5! and!25! °C!with!Milli−Q!water.! The!equipment!was! routinely!

checked!and!calibrated!using!mobility!standard!(Beckman!Coulter,!Inc.!Miami,!FL,!USA).!

! The!morphological!analysis!was!done!by!cryo−SEM,!as!explained!in!Chapter!2.!!
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4.3.4.!Determination!of!octanol/water!partition!coefficients!

!

! The! partition! coefficients! for! n−octanol/water! of! the!ADS−,! CS−! and!ALB−NP!were!

determined!by!a!shaking!flask!method![22].!After!lyophilization,!80!mg!of!the!NP!were!mixed!

with!9!mL!n−octanol!system!(the!organic!and!aqueous!phases!had!been!mutually!saturated!

for!24!h)!and!allowed!to!equilibrate!for!3!h.!The!final!mixture!was!centrifuged!for!2!min!at!

3500g.!Insulin!was!used!as!the!NP’!probe!and!was!extracted!from!the!NP!through!dissolution!

in!PBS!at!pH!7.4!(USP!34)!for!3!h!in!an!orbital!shaker.!After!the!ethanol!addition!(50/50,!v/v)!

to! precipitate! alginate,! the! medium! was! centrifuged! and! the! insulin! content! in! tge!

supernatant! was! measured! by! HPLC,! as! previously! described! [23].! The! water! partition!

coefficients! (Po/w)! were! calculated! as! follows:! Po/w!=! Co/Cw,! where! Co! and! Cw! refer! to! the!

concentration! of! insulin! in! the! n−octanol! phase! and! water! phase,! respectively.!

Nonencapsulated!insulin!was!used!as!control.!!

!

!

4.3.5!Insulin!EE!and!LC!

!

! The!insulin!EE!was!calculated!by!the!difference!between!the!total!amount!of!insulin!

used! to! prepare! the! NP! and! the! amount! of! insulin! that! remained! loaded! to! the! NP.! The!

insulin−loaded!NP!were!separated!from!the!aqueous!supernatant!containing!free!insulin!by!

centrifugation! at! 12000g! for! 10! min! at! 4! °C.! Insulin! was! extracted! from! the! NP! through!

dissolution!in!PBS!at!pH!7.4,!as!described!before.!The!insulin!LC!was!calculated!based!on!the!

dry! mass! of! the! NP! obtained! after! lyophilization.! The! amount! of! the! loaded! insulin! was!

determined!by!HPLC.!!

!

!

4.3.6!Differential!scanning!calorimetry!(DSC)!analysis!

!

! To!assess!the!interactions!between!the!polymers!and!confirm!their!presence!in!the!

NP’! structure,! thermograms! were! obtained! using! a! Shimadzu! DSC−50! system! (Shimadzu,!

Japan).!2!mg!of! lyophilized!samples!were!crimped!in!a!standard!aluminum!pan!and!heated!

from!20!to!350!°C!at!a!heating!constant!rate!of!10!°C/min!under!constant!purging!of!nitrogen!
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at!20!mL/min.!!

!

!

4.3.7!Size!stability!in!simulated!GI!fluids!

!

! For!the!determination!of!the!NP!size!and!aggregation!in!the!range!of!pH!of!simulated!

GI! fluids,! the! incubation! of! the! NP! in! SGF! (USP! 34)! was! firstly! done! in! the! range! of! pH!

1.2−4.2,! followed!by! the! incubation! in! SIF! (USP!34)! at!pH!between!4.7! and!8.2.! The!pH! in!

each!medium!was! gradually! increased,!with! a!maximum!duration! of! 2! h! in! each!medium.!

Before!and!after!each!pH!variation,!the!NP!size!was!measured!by!LD.!Results!are!expressed!

as!the!mean!size!(μm)!and!volume!distribution!(%)!of!the!main!population!of!the!NP.!!

!

!

4.3.8! Insulin! release! profile! in! simulated! Gl! fluids! and! protection! against! pepsin!

degradation!

!

! For! the! determination! of! the! insulin! retention/release! profile! in! the! simulated! GI!

tract,! enzyme−free! simulated!digestive! fluids!were!used! to!determine! the! response!of! the!

insulin−loaded! NP,! minimizing! enzymatic! interferences.! 5! mL! of! the! NP! suspension! were!

incubated!in!10!mL!of!SGF!at!37!°C!for!2!h!with!shaking!of!100!strokes/min!using!a!Shaking!

Water!Bath! (SS40−D,!GRANT,!UK),! followed!by! incubation! in! 10!mL!of! SIF! for! 6! h.! Sample!

aliquots!were!collected!and!replaced!by!the!same!volume!of!the!fresh!incubation!medium!at!

predetermined! times.! For! the! determination! of! the! insulin! released! from! the! NP,! the!

samples!were!centrifuged!at!12000g! for!10!min!and!the!insulin!content! in!the!supernatant!

was!analyzed!by!HPLC.!!

! The! release! kinetics! of! the! insulin! from! the! ALB−NP!was!mathematically! analyzed!

(Systat!SigmaPlot!version!12.1.)! to!better!understand! the! impact!of!every!coating!material!

on!the!insulin!release!behavior.!!

! To!assess!the!insulin!protective!effect!of!the!ALB−NP!from!pepsin!degradation!in!the!

GI!tract,!5!mL!of!the!NP!suspension!were!incubated!in!10!mL!of!SGF!containing!pepsin.!This!

effect!was!determined!based!on!the!usual!dose!of!insulin−loaded!NP!orally!administered!(50!

IU/kg)!and!the!amount!of!proteases!in!the!total!fluid!volume!of!the!human!stomach![24,25].!
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The! insulin!protection!was!determined! in!a!ratio!of!1:7!(insulin/pepsin)!during!2!h!at!37!°C!

with! shaking!of! 100! strokes/min.!After! incubation,! SIF!was! added! to! inactivate! the!pepsin!

and! to! release! the! insulin! retained!and!protected! in! the!NP’! core.!The! insulin!content!was!

determined! as! described! ! above.! The! effect! of! the!NP! in! protecting! insulin! against! pepsin!

was!compared!with!the!results!obtained!with!the!nonencapsulated!insulin.!

! !

!
4.3.9!In!vitro!models!

!

! Caco−2! and! HT29−MTX! cells! were! grown! separately! in! flasks! in! DMEM!

supplemented!with! 10%! (v/v)! fetal! bovine! serum,! 1%! (v/v)! non−essential! aminoacids,! 1%!

(v/v)!L−glutamine!and!1%!(v/v)!of!antibiotic/antimitotic!mixture!(final!concentration!of!100!

U/mL!penicillin! and!100!U/mL!of! streptomycin),! at! 37! °C!under! a! 5%!CO2!water! saturated!

atmosphere.!Upon!confluence,!the!cells!were!harvested!from!flasks!with!trypsin–EDTA.!Raji!

B!cells!were!cultured! in! flasks!with!DMEM!supplemented!and!with! the!same!conditions!as!

described! above.! To! establish! the! co−culture! in" vitro! models,! the! Caco−2! and! HT29−MTX!

cells! were! mixed! to! a! final! density! of! 1! x! 105! cells/cm2! (90:10! proportion).! The! Caco−2!

monolayer! (1! x! 105! cells/cm2)!was! also! seeded! as! control.! Regarding! the! triple! co−culture!

model,!the!Caco−2!and!HT29−MTX!cells!were!seeded!as!described!before.!After!14!days,!the!

Raji! B! cells! (1! x! 106! cells/6−well)! were! added! to! the! basolateral! compartment! of! the!

Caco−2/HT29−MTX!co−culture!and!maintained!for!4–6!days.!All!the!models!were!established!

on!Transwell!inserts!(3!μm)!and!maintained!for!21!days.!

!

!

4.3.10!In!vitro!intestinal!permeability!studies!

!

! All! the!cell!monolayers!were!used!after!21!days! in!culture.!For!all! the!permeability!

studies,! the! culture! medium! was! removed! and! the! cell! monolayers! were! washed! with!

pre−warmed! HBSS.! The! permeability! experiments! were! run! at! 37! °C! during! 4! h! from! the!

apical!to!the!basolateral!chambers!for!both!the!nonencapsulated!insulin!and!insulin−loaded!

NP,!at!a!predetermined! initial!apical!concentration.!At!different! times,!basolateral!samples!

were!collected!and! free−insulin!amount!was!determined!by!HPLC.!During! the!permeability!

studies,!the!cell!monolayer!integrity!was!monitored!by!TEER!measurement!using!a!volt−ohm!
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meter!Millicell®!ERS−2!(Millipore,!USA).!!

! The! fraction! of! insulin! released! in! SIF! from! the! ALB−NP! was! plotted! against! the!

fraction! of! insulin! that! permeated! across! the! three! intestinal! in" vitro!models! along! 4! h! to!

better!assess!the!potential!and!limitations!of!every!cell!culture!model.!

!

!

4.3.11!Statistical!analysis!

!

! All!the!experiments!were!performed!in!triplicate!and!are!represented!as!mean!±!s.d..!

The!statistical!evaluation!was!performed!with!one−way!ANOVA!followed!by!Bonferroni!post!

hoc−test!(SPSS!20.0,!USA).!A!p!<!0.05!was!taken!as!the!criterion!of!significance.!The!level!of!

significance!was!set!at!probabilities!of!*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001.!

!

!
4.4!RESULTS!AND!DISCUSSION!

!

4.4.1!NP!characterization!!

!

! Particle!properties!such!as!the!mean!size,!size!distribution,!charge!and!hydrophilicity!

are! important!parameters! in! the!particle!uptake!or!barrier! crossing,! since! the! first! contact!

between! the! cell!membrane! and! particle! influences! their! interaction! and! possible! uptake.!

Therefore,! the! particle! size! distribution,! charge! and! hydrophilicity! should! be! fully!

characterized! [26].! In! this! study,! multilayered! NP! encapsulating! insulin! were! formed! by!

alginate! and! dextran! sulfate! nucleating! around! calcium! ions! layered!with! CS/PEG/calcium!

chloride! (CaCl2),! and! subsequently! coated!with! ALB.! In! order! to! evaluate! the! presence! of!

micro−! or! nanoaggregates,! the! NP! size! was! measured! by! LD.! The! ADS−NP! had! a! mean!

diameter! of! 233.0! ±! 0.3! nm! and!ζ−potential! of! −28.40! ±! 0.89!mV.! Further! coating! of! the!

ADS−NP!with!CS!considerably!increased!the!NP!size!and!a!new!population!higher!than!1!μm!

appeared! probably! due! to! the! aggregation! phenomena,! which! may! be! caused! by! the!

stickiness!of!the!polymer![27,28].!The!polycationic!CS!coating!decreased!the!negative!surface!

charge!to!−25.00!±!0.82!mV,!confirming!the!deposition!of!the!positively!charged!polymer!on!

the! surface! of! the! NP.! Following! ALB! coating,! it! was! observed! a! displacement! of! the! size!
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distribution! curve! to! the! left!with! a!mean!diameter! of! 166.0! ±! 0.8! nm!and!ζ−potential! of!

−22.10! ±! 0.76!mV.! This! behavior!may! be! due! to! the! composition! of! ALB,!which! is!mainly!

composed!by!α−helical!peptides,! resulting! in!a!higher!packaging!of! the!coating!membrane!

and!also!of!the!polymeric!matrix![21].!

! The!CS!layering!is!essential!to!stabilize!the!NP’!core!and!interact!with!ALB!that!forms!

the!sacrificial!coating!to!protect!insulin!against!proteases.!NP!with!reduced!size!are!known!to!

establish! improved!contact!with!the! intestinal!cells!than!do!bigger!particles,! facilitating!the!

permeation! via! different!mechanisms! [29].! Furthermore,! since! the!NP! immobilized! by! the!

mucus!can!be!cleared!from!the!mucosal!tissue,!their!size!must!be!less!than!500!nm![30]!to!

avoid!significant! steric! inhibition!by! the! fiber!mesh!and!adhesion! to!mucin! fibers! [31].!The!

decrease!of!the!particle!size!after!the!ALB!coating!may!be!propitious!for!the!NP!escape!from!

this! effect.! The! insulin! initially! added! to! the! formulation! was! almost! completely!

encapsulated!(EE!=!98.74!±!0.18%),!and!the!LC!was!2.43!±!0.04%.!These!values!seemed!to!be!

higher!compared!to!previous!formulations!prepared!by!this!technique![4,32],!which!could!be!

justified!by!the!use!of!a!co−surfactant!and!ultrasonication!assistance!during!emulsification,!

leading!to!a!smaller!and!more!stable!nanoemulsion.!Figure!4.1!shows!the!Cryo−SEM!images!

of!all!the!formulations.!These!results!indicate!that!the!particles!are!in!the!nanometer!scale,!

according!to!what!was!obtained!by!the!LD!technique.!The!droplet!shape!of!the!the!CS−!and!

ALB−NP!was!quasi−circular!and!had!a!smooth!profile,!while!the!ADS−NP!presented!a!more!

elongated! shape.! The! population! of! ALB−NP! represented! in! Figure! 4.1C! tend! to! have! a!

spherical!shape!with!sizes!ranging!between!300!and!650!nm.!The!cellular! internalization!of!

different! types!of!NP!has!been!described! to!be! function!of!both!size!and!shape!curvature,!

wherein! nanoscale! cylindrical! particles! had! a! higher! percentage! of! cellular! internalization!

over!time![33,34].!

!

! !
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Figure!4.1.!Cryo−SEM!images!of!the!(A)!ADS−,!(B)!CS−!and!(C1,!C2!and!C3)!ALB−NP;!Scale!bar!

=!1!μm.!!

!

!

! The!hydrophilicity!has!been!described!as!an!important!parameter!in!determining!the!

transport! of! NP! across! the! mucus! [35]! and! M! cells! [36].! This! expectation! was! not!

investigated!in!this!study,!since!according!to!the!hydrophilic!nature!of!the!polymers,!the!NP!

were!extremely!hydrophilic!before!and!after!the!coating!and!no!insulin!was!detected!in!the!

octanol!phase.!Accordingly,!all!the!content!of!nonencapsulated!insulin!was!also!detected!in!

the!aqueous!phase.!To!date,!only!a!few!studies!have!correlated!the!cellular!uptake!with!the!

hydrophilicity! of! the! NP.! Some! authors! have! demonstrated! that! higher! hydrophilicity! is!

reflected!in!a!decrease!of!the!GI!uptake![37−39].!However,!the!increase!of!hydrophilicity!was!

also! correlated! with! a! change! in! the! surface! charge.! Therefore,! the! results! could! not! be!

conclusive,!since!the!variation!of!the!surface!charge!may!also!have!an!impact!at!the!cellular!

level.!More!recently,!Gaumet!et"al.!studied!the!effect!of!the!hydrophilicity!independently!of!

other! parameters! by! using! particles! with! the! same! size! and! charge,! differing! only! in! the!

surface! hydrophilicity! [26].! They! demonstrated! that! the! surface! hydrophilicity! is! a!

determinant! factor! for! the!NP!uptake!and!more! specifically! the!negatively! charged!100!or!

300!nm!CS−coated!PLGA!particles!with!high!hydrophilicity!appear!to!be!the!best!candidates!

to!target!the!intestinal!cells.!These!findings!highlight!the!potential! interaction!between!our!

negatively!charged!and!hydrophilic!NP!with!the!intestinal!cells.!

!

!

4.4.2!DSC!analysis!

!

! The!thermograms!of!alginate,!dextran!sulfate!and!CS,!as!we!can!see!in!Figure!4.2A,!

showed!initial!endothermic!peaks!at!84.3,!85.6!and!76.8!°C!and!higher!exothermic!peaks!at!

C1!
!

C2!B!
!

A!
!

C3!
!
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245.8,!204.5!and!308.2! °C,! respectively.!Endothermic!peaks!are!correlated!with! the! loss!of!

water!associated!to!the!hydrophilic!groups!of!the!polymers!while!exothermic!peaks!resulted!

from! the!degradation!of! the!polymers!due! to!dehydration!and!depolymerization! reactions!

most! probably! to! the! parcial! decarboxilation! of! the! protonated! carboxylic! groups! and!

oxidation! reactions! of! the! polymers! [40,41].! The! thermogram! of! the! alginate/dextran!

sulfate/CS!physical!mixture! is!also! represented! in!Figure!4.2A!and!showed!an!endothermic!

peak! at! 90.2! °C,!which!was! sifted! to! the! right! and! an! exothermic! peak! at! 296.6! °C,!which!

probably! represents! the! coalescence!of! the!endothermic!polymer!peaks.! The!peaks!of! the!

isolated!polymers!were!different! from!those!of! the!physical!mixture!probably!because! the!

complexation!of!the!polymers!resulted!in!new!chemical!bonds.!The!thermograms!of!the!NP!

are!represented!in!Figure!4.2B.!The!shifts!on!the!endothermic!and!exothermic!peaks!of!the!

NP! represent! the! ionic! interactions! between! the! polymers,!which! led! to! the! formation! of!

new!chemical! entities!with!different! thermal! and!absorption!properties! [41].! For! instance,!

the!exothermic!peak!of!the!ADS−NP!was!registered!at!271.9!°C,!broader!and!deviated!to!the!

left!when!compared!with!the!isolated!polymers!(alginate!and!dextran!sulfate).!After!the!CS!

coating,!the!exothermic!peak!of!the!CS−NP!shifted!to!289.3!°C,!a!higher!peak!value!than!the!

ADS−NP’! peak,! which! was! interpreted! as! the! CS! interaction! with! alginate! and! dextran!

sulfate.! Further! ALB! coating! was! responsible! for! broader! peaks,! although! at! similar!

temperatures.!!!!

!

!

!

Figure!4.2.!Thermograms!of!A)!alginate!(black!solid!line),!dextran!sulfate!(grey!solid!line),!CS!

(dashed! line)!and!alginate/dextran!sulfate/CS!physical!mixture! (dotted! line);!B)!ADS−! (solid!

line),!CS−!(dashed!line)!and!ALB−NP!(dotted!line).!!
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4.4.3!Size!stability!in!simulated!GI!fluids!

!

! Taking! into! account! that! this! nanoparticulate! drug! delivery! system! is! intended! for!

oral!administration,!a!critical!study!of!these!NP!would!be!the!evaluation!of!their!size!stability!

in! the! different!media! present! in! the! GI! tract.! The! particle! size! is! considered! as! a! critical!

parameter! [42]! but! its! impact! on! the! uptake! has! not! been! carefully! studied! with!

biodegradable!particles![26].!The!interactions!between!the!NP!and!the!gastric!and!intestinal!

pH!and! ionic!conditions!should!be!evaluated!to!analyze!their! impact!on!the!NP!size,!which!

consequently!may!influence!the!transport!of!the!NP!across!the!intestinal!epithelium![26].!In!

this!way,!a!study!comprising!a!wide!range!of!pH!values!was!set! in!order!to! increase!the! in"

vitro/in" vivo! correlation.! Therefore,! the! ADS−NP!were! compared!with! the! coated!NP! (CS−!

and!ALB−NP)!with!regard!to!their!size,!monitored!during!the!passage!of!the!NP!in!simulated!

GI!fluids.!

! As!shown!in!Figure!4.3,!under!simulated!gastric!pH!there!was!a!significant!increase!in!

the!mean!particle!diameter!for!all!the!formulations!but!different!trends!were!observed!with!

an! extensive! aggregation! of! the! ADS−! and! CS−NP,! but! only! moderate! aggregation! of! the!

ALB−NP.!

! When!the!ADS−NP!were!in!SGF!at!pH!1.2,!a!big!deviation!of!the!size!distribution!to!

the! micrometer! range! (ca.! 87! μm)! was! observed! (Figure! 4.3A),! demonstrating! a! strong!

influence! of! the! acid! pH! on! the! particle! size! distribution.! The! destabilization! of!

protein−based!colloidal!delivery!systems!under!simulated!gastric!conditions!may!occur!for!a!

number!of! reasons,! including! loss!of!charge!due!to!pH!changes!and!electrostatic!screening!

due!to!an!increased!ionic!strength![43].!Alginate!is!usually!in!a!crosslinked!gel!conformation!

with!Ca2+!in!the!NP.!However,!with!the!pH!decrease,!the!presence!of!monovalent!cations!(H+!

ions)!can!displace!the!bound!between!the!Ca2+!and!the!G−blocks!of!alginate![44].!Therefore,!

the!alginate!chains!that!were!previously!very!close!and!interlocked!became!free!to!take!their!

minimum!energy!conformation.!The!COO−!still!present! in!the!alginic!chains! led!to!repulsive!

forces!and! the!alginate!chains! took!a!more! linear! conformation.!Furthermore,! the!dextran!

sulfate! groups! were! predominantly! only! charged! once! (HSO4
−)! and! the! presumable!

interaction! between! this! anionic! polymer! with! the! Ca2+! became! weaker,! leading! to! a!

decrease! of! the! NP’! network! compaction.! The! charge! of! insulin! at! such! low! pH! is! highly!

positive!and!thus!the!electrostatic!attractions!with!the!polymers!could!have!been!replaced,!
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at! least! partially,! by! electrostatic! repulsions,! also! contributing! to! the! change! of! the! NP’!

conformation.!When!the!pH!increased!to!3.2,!two!similar!populations!were!observed!(ca.!1.3!

and!50!μm),! as! can!be!noticed!by! the!decrease!of! volume!%!of! the!main! population.! The!

reversibility! of! the! alginate! gel! may! have! occurred,! reorganizing! the! egg−box! structure.!

However,! there! were! other! competitive! cations! in! the!medium,! such! as! H+! and! Na+,! that!

could!destabilize!the!calcium−alginate!gel!and!therefore!two!populations!were!still!present!

[44].!At!pH!3.2,!alginate!gets!closer!to! its!pKa!(pKa1!~!3.38!and!pKa2!~!3.65)!which! led!to!a!

decrease! of! the! alginate! molecules! in! acidic! conformation! (COOH)! towards! 50%! and! the!

other!50%! in!basic!conformation! (COO−),! resulting! in! two!different!sized!populations.!With!

alginate!simultaneously!in!two!different!conformations,!it!was!expected!that!the!distribution!

profile!would!also!be! splitted! in! two!populations.! The!bigger!population!was!probably! the!

remaining!of!COOH!groups!of!alginate!that!tend!to!change!the!conformation!of!the!NP!and!

led!to!particles!aggregation,!while!the!smaller!population!may!be!related!to!alginate!in!COO−!

conformation! ready! to! interact! with! cations! in! the!medium.! Above! this! pH,! the! %! of! the!

small! population! (ca! 1.3! μm)! started! to! increase!while! the! bigger! population! (ca.! 50! μm)!

disappeared.!!

! In!contrast!to!the!alginate!behavior,!CS!is!soluble!at!low!pH!due!to!the!protonation!

of! the! amino! groups! and! insoluble! at! higher! pH! values! [45].! The! overall! behavior! of! the!

CS−NP!size! in!gastric!pH!(Figure!4.3B)!was!similar!to!the!ADS−NP.!At! low!pH,!CS! is!strongly!

protonated! (NH3
+)! and! soluble,! therefore! some!polymer! could!be! free! in! the!medium!and!

the!ADS−NP!became!exposed.!Furthermore,!alginate!is!less!negatively!charged!and!thus!the!

electrostatic!interactions!with!CS!are!weaker.!As!for!the!ADS−NP,!a!shift!to!the!micrometer!

range!was!observed!at!pH!1.2,!although! less!pronounced! (ca.!25!μm).!The!authors!explain!

this!difference!by! the!stabilization! that!CS!offers! to! the!NP.!The! interaction!of!CS!with! the!

negative!groups!of!alginate!prevented!the!interaction!of!those!groups!with!H+!and!Na+!of!the!

medium,! preventing! the! change! of! the! NP! structure! into! a! linear! conformation.!

Furthermore,! some!studies!have!demonstrated! that! the!presence!of!PEG,!a! component!of!

CS−NP,! improves! the! stability! of! the! NP,! providing! a! hydrated! steric! barrier! [46,47].!

Therefore,! the! remained! stability! of! PEG! in! the! gastric! conditions!may!protect! the!CS−NP,!

preventing! the! rapid!dissolution!of!CS.!At!pH!4.2,! the! interaction!between!CS!and!alginate!

becomes! stronger,! since! there! is!more!alginate! in! the!COO−! conformation! to! interact!with!
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the!NH3
+!groups!of!CS.!The!particles!started!to!shrink!and!the!smaller!population!(ca.!1.3!μm)!

greatly!increased.!!

! With! the! last! coating! of! ALB,! the! NP! showed! a! much!more! stable! behavior.! One!

population!around!20!μm!between!pH!1.2!and!3.2!(Figure!4.3C)!was!observed,!which!may!be!

due! to! the!particles! swelling.!At!pH!4.2,!an! increase!of! the!smaller!population!of! ca.!1!μm!

was! noticed! (represented! by! the! decrease! of! volume! %! of! the! main! population),! as! the!

electrostatic!interactions!between!ALB!and!CS!became!stronger.!!!

! From!these!data,! it!can!be!concluded!that!the!acidic!pH!of!the!gastric!medium!is!a!

key!factor!in!the!aggregation!process!of!these!NP,!which!are!pH!sensitive.!!

! In!order!to!provide!a!better!insight!of!what!happens!in!in"vivo!conditions!in!terms!of!

NP!size!variation,!the!NP!were!further!placed!in!SIF!with!pH!increments!over!time.!!

! In!general,!the!NP!size!distribution!was!more!stable!in!the!intestinal!pH.!The!size!of!

the!ADS−NP!was!mainly! unaffected! even! if! a! bigger! population! (ca.! 20!μm)!was! observed!

(data! not! shown).! Above! pH! 5.7,! both! the! anionic! polymers! and! insulin! are! negatively!

charged!and!repulsive!forces!could!occur.!The!dissolution!of!the!alginate!nucleus!as!a!result!

of! calcium! loss! started! to! occur! as! the! pH! increased! and! the! destabilization! of! the! NP’!

structure!may!be!responsible!for!a!wide!size!distribution.!!

! The!behavior!of! the!ADS−!and!CS−NP! in!SIF!was!also!very!alike,!except! for!the!fact!

that! the! smaller! population! was!more! pronounced! in! the! ADS−! (Figure! 4.3A)! than! in! the!

CS−NP! (Figure! 4.3B),! probably! due! to! the! effect! of! CS,! preventing! the! burst! dissolution! of!

alginate.!!

! Contrarily!to!the!ADS−!and!CS−NP,!the!variations!of!the!ALB−NP!size!in!the!intestinal!

pH!were!very!slight!(Figure!4.4C).!The!%!of!the!population!in!the!nanometer!scale!increased!

over! time! and! the! size! distribution! curve! became! narrower,!which! is! probably! due! to! the!

stronger!interaction!between!CS!and!ALB.!The!helical!structure!of!ALB!might!provide!a!higher!

packaging! of! the!membrane! coating! and! polymeric!matrix! of! the!ALB−NP,! stabilizing! their!

size![21].!!

!

! !



 Chapter 4 
!
! ! !
!

!

146! !

!

Figure!4.3.!Size!distribution!of!the!A)!ADS−,!B)!CS−,!and!C)!ALB−NP!during!2!h!in!contact!with!

SGF!at!pH!range!1.2−4.2!and!with!SIF!at!pH!range!4.7−8.2.!Error!bars!represent!the!mean!±!

s.d.!(n!=!3).!

!

!

4.4.4! Insulin! release! profile! in! simulated! GI! fluids! and! protection! against! pepsin!

degradation!

!

! The! in" vitro! insulin! release! tests! intended! to! predict! the! release! profiles! of! the!

hormone! in!conditions!similar! to! the!GI! tract! (stomach!and!small! intestine).!Firstly,! the!NP!

were! added! to! SGF! at! pH!1.2,!which!mimics! the! gastric! environment.! Then,! after! 2!h,! the!

release!medium!was!changed!to!SIF!at!pH!6.8,!which!simulates!the!transit!of!the!NP!to!the!

small!intestine.!The!insulin!release!profile!from!the!NP!in!gastric!and!intestinal!conditions!is!

shown! in! Figure! 4.4.! In! SGF,! the! ADS−! and! CS−NP! retained! insulin! during! 2! h,! while! the!

ALB−NP! released! approximately! 3%!of! insulin.! As! ALB! interacts!with! CS! that! is! on! its! turn!

complexed!with!the!matrix,!this!protein!network!is!somehow!destabilized,!which!in!turn!can!

destabilize! the!NP’! structure! and! allow! the! diffusion! of! insulin! superficially−located! in! the!

exterior!of! the!NP.! In! the!acidic!environment,! the!charge!of! insulin! (pI!=!5.3)! [48]! is!highly!

positive,! and! thus,! the! interactions! with! alginate! and! dextran! sulfate! prevent! the! insulin!

release.! Moreover,! calcium! forms! ionic! cross−links! between! the! alginate! polymer! chains!

transforming!the!sol!into!a!pre−gel!state,!which!was!responsible!for!the!swelling!behavior!of!

the!NP!previously!observed! in!the!gastric!pH.!These! interactions!are! likely!to!form!a!stable!

barrier! to! retain! insulin! and! limit! its! release! from! the! NP! [45].!When! in! contact! with! SIF,!

different! release! profiles! of! insulin! from! the! uncoated! and! coated! NP! were! observed.! In!

comparison!with! the!dissolution!profile!of! the!coated!NP,!a!very! rapid! release!behavior!of!
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insulin!was!observed! from! the!ADS−NP.!More! than!50%!of! the! insulin!was! released! in! the!

first!5!min!and!approximately!100%!was! released!after!1!h.!The!electrostatic! repulsions!at!

intestinal! pH! between! the! negatively! charged! ADS−NP! and! insulin! promoted! the! insulin!

release.! This! fast! release! of! insulin! from! the! ADS−NP! is! in! accordance! with! the! rapid!

dissolution! of! the! ADS−NP! previously! observed,! that! led! to! the! destabilization! of! the! NP’!

structure! and! therefore! to! a!wide! size!distribution.! Compared! to! the!ADS−NP,! the! release!

rate! of! insulin! from! the! coated!NP!was! slower,!with! approximately! 35! and! 45%!of! insulin!

released!after!1!h!for!the!CS−!and!ALB−NP,!respectively.!In!the!case!of!the!CS−NP,!a!3−hour!

sustained!release!in!SIF!was!observed.!The!sustained!release!found!in!the!coated!NP!may!be!

efficient!in!protecting!insulin!in!the!intestinal!environment!minimizing!the!insulin!loss!due!to!

enzymatic! attack,! thereby! increasing! its! available! amount! to! be! uptaken! by! the! epithelial!

cells! and! promoting! successful! systemic! delivery! of! insulin! in" vivo.! The! impact! of! the! NP!

coating! on! the! insulin! release! in! SIF! can! be! explained! by! the! synergistic! effect! between!

alginate!and!CS.!The!high!solubility!of!CS! in!acidic!pH! is! inhibited!by!the!alginate!presence,!

since!alginate!is!insoluble!at!low!pH![49].!On!the!other!hand,!the!rapid!dissolution!of!alginate!

in!a!higher!pH!is!controlled!by!CS,!given!its!stability!at!high!pH![16,17].!The!prevention!of!the!

burst!dissolution!of!alginate!by!CS!had!an! impact!on!the!size!distribution!of!the!NP!(Figure!

4.3B)! and! was! also! reflected! in! the! sustained! release! profile! of! insulin! from! the! CS−NP!

(Figure! 4.4).! These! results! are! in! agreement! with! other! reports! in! which! CS! has! been!

described!to!be!able!to!decrease!the!burst!release!effect!of!the!encapsulated!drugs![50,51].!!

! The! ALB−NP! had! a! different! behavior,! as! after! 15!min! in! contact!with! SIF! a! burst!

release!of!insulin!was!followed!by!a!slow!release!up!to!3!h,!reaching!100%!of!total!release.!

The!insulin!release!mechanism!from!the!NP!depends!on!the!solubility!of!insulin!and!also!on!

the! swelling! and! erosion! characteristics! of! the! NP’! matrix! polymers! [52,53].! Initially,! the!

release! is!due! to! the!part!of! insulin! that! is! located!at!or!near! the! interface!of! the!NP.!The!

small!particle!size!may!have!contributed!to!the!faster!drug!release!as!well.!!

! Generally,! in!many! experimental! conditions,! the!mechanism! of! drug! release! from!

swellable! polymeric−based! NP! follows! a! non−Fickian! behavior! [54].! The! drug! release!

mechanism! from! erodible! hydrophilic! polymeric! matrices! is! a! complex! process,! because!

several!physical!factors!are!involved,!such!as!the!penetration!of!the!dissolution!medium!into!

the!NP’!matrix!with!consequent!swelling!and!erosion!of!the!NP!and!dissolution!of!the!drug!

[55].!In!such!type!of!release!mechanism,!the!Peppas!model!is!usually!fitted.!Therefore,!in!the!
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present! study,! to! determine! the! actual! mechanism! of! the! insulin! release! in! SIF! from! the!

ALB−NP,! the! parameter! ‘n’! of! the! Peppas! equation! was! calculated.! The! correlation!

coefficient!value!was! found!to!be!0.35! (R!=!0.94);! this! indicates!diffusion!controlled! rather!

than!non−Fickian!diffusion!mechanism![56]!from!the!ALB−NP.!

! The! NP! at! low! pH! collapsed! forming! an! impermeable! network! structure! by! the!

presence!of!alginate![10],!retaining!and!potentially!protecting!insulin!against!the!acidic!and!

proteolytic!degradation!(Figure!4.5).!The!presence!of!ALB,!which!acts!as!a!sacrificial!target,!

provided! full!protection! to! the! insulin−loaded!ALB−NP! in!SGF!with!pepsin,! in!contrast!with!

the!fast!degradation!of!the!unprotected!nonencapsulated!insulin!that!occurred!almost!after!

10! min.! The! structure! of! the! ALB−NP! was! able! to! prevent! the! enzymatic! degradation! of!

insulin!during!2!h.!

!

!

!

!

!!

!

!

!

!
!
!
!

!

!

!

!

Figure!4.4.!Insulin!release!profile!in!SGF!(pH!1.2)!for!2!h!followed!by!6!h!in!SIF!(pH!6.8)!at!37!

°C!of!the!ADS−,!CS−!and!ALB−NP.!Error!bars!represent!mean!±!s.d.!(n!=!3)."
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Figure! 4.5.! Remaining! ratio! of! insulin! after! the! incubation! of! the! free! insulin! and! the!

insulin−loaded!ALB−NP!in!SGF!(pH!1.2)!with!pepsin!at!37!°C.!!Error!bars!represent!mean!±!s.d.!

(n!=!3).!

!

!

4.4.5!Permeability!studies!

!

! To! study! the! effect! of! the! goblet! and! M! cells! in! the! permeability! of! insulin!

encapsulated!into!the!NP,!Caco−2,!Caco2/HT29−MTX!and!Caco−2/HT29−MTX/Raji!B!models!

were! used.! This! last! model! mimics! the! most! important! features! of! the! small! intestine,!

namely! the! presence! of! enterocytes! (Caco−2! cells),! the! mucus−producing! goblet! cells!

(HT29−MTX)! in! physiological! proportions! (90:10)! and! the! induction! of! M−like! cells,! as!

described! elsewhere! [57].! M! cells! have! an! important! role! in! the! intestinal! absorption! of!

drugs!since!they!are!specialized!for!antigen!and!microorganisms!uptake,!providing!a!possible!

gateway! for! the! absorption! of! proteins,! as!well! as! for!NP! [39].! Together!with! Caco−2! and!

HT29−MTX! cells,! they! form! a! monolayer! where! the! cells! are! joined! to! each! other! by! TJ,!

mimicking!the!intestinal!epithelium![58].!

! The! permeation! profiles! of! insulin! through! the! intestinal! in" vitro! models! are!

presented! as! cumulative! transport! over! time! in! Figure! 4.6.! In! all! the!monolayers,! Caco−2,!
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Caco−2/HT29−MTX! and! Caco−2/HT29−MTX/Raji! B,! the! insulin! permeation!when! loaded! to!

the! ALB−NP! was! significantly! higher! than! the! nonencapsulated! insulin.! According! to! the!

release!profile!of!insulin!from!the!ALB−NP,!a!higher!increment!of!the!insulin!permeation!was!

observed!in!the!first!15!min.!In!the!following!3!h!in!SIF,!insulin!was!totally!released!from!the!

ALB−NP!in!a!sustained!pattern,!which!was!reflected!in!the!permeability!of!insulin!across!the!

monolayers.!Contrarily!to!the!results!obtained!for!the!ALB−NP,!the!nonencapsulated!insulin!

permeability!pattern!was!more!constant!over!time,!almost!reaching!a!plateau!after!30!min,!

even!if!the!protein!was!totally!available!to!permeate!the!monolayers!since!the!beginning!of!

the! experiment.! The!most! prominent! effect! of! the! ALB−NP! in! the! insulin! permeation!was!

observed!with! the!Caco−2/HT29−MTX!and! triple!models.! The!higher!permeation!of! insulin!

through!the!the!Caco−2/HT29−MTX!model!was!previously!demonstrated![27,59].!The!major!

limitations! for! the! intestinal!absorption!of!macromolecules,! such!as! insulin,!are! the!TJ!and!

the! protective! mucus! layer! [60,61].! The! incorporation! of! insulin! into! the! NP! showed! an!

enhancement! in!the!permeability!across! the!cell!monolayers,!which! is!probably!due!to! the!

CS!properties.!CS! is! a!nontoxic! cationic!polysaccharide!exhibiting!mucoadhesive!properties!

along! with! transient! opening! of! the! TJ,! thereby! enhancing! the! permeation! across! the!

intestinal! epithelium! [62−64].! Furthermore,! the!mucus! layer! that!may!act! as!an!enzymatic!

barrier!to!the!insulin!absorption!was!overcome!the!by!ALB!coating![12].!An!intimate!contact!

of!the!nanoencapsulated!insulin!to!the!intestinal!mucosa!can!be!described!by!the!diffusion!

theory! of!mucoadhesion! as! defined! by! Peppas! et! al.! [65],! related! to! interpenetration! and!

entanglement! of! polymer! chains! within! the! mucus! layer.! Thus,! the! addition! of! the!

mucus−producing! cells! to! the! monolayer! provided! a! better! simulation! of! the! natural!

conditions,!which!facilitate!the!insulin!permeation![3].!

! The!permeability!across!the!triple!co−culture!was!performed!in!order!to!understand!

the!role!of!M−like!cells!in!terms!of!insulin!transport.!Similar!results!were!obtained!with!the!

Caco−2/HT29−MTX!and!triple!co−culture!models,!as!both!significantly!enhanced!the!insulin!

permeation,! representing! 1.3! and! 1.4−fold! enhancement! of! the! insulin! permeation!

coefficient,! respectively,! in! comparison! to! the!Caco−2!monolayer.! These! results! suggested!

that!both!the!HT29−MTX!cells,!and!probably!the!mucus!produced!by!these!cells,!and!M−like!

cells!were!involved!in!the!increase!of!the!insulin!permeability.!The!positive!role!of!the!goblet!

cells! was! previously! demonstrated! for! poorly! absorbed! hydrophilic! drugs! [59,66],!

designating!higher!paracellular!permeability!in!the!co−culture!system.!!
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! The! permeability! of! the! insulin−loaded! ALB−NP! across! the! established! in" vitro!

models! showed! to! be! associated! with! the! in" vitro! insulin! release! mechanism! of! the!

nanosystem! (Figure! 4.7).! The!most! common!models! (zero−order,! first−order,! Higuchi! and!

Weibul)! were! fitted! to! our! experimental! results.! The! regression! analysis! verified! that! the!

Higuchi! kinetic! model! was! the! most! appropriate! for! describing! the! kinetic! of! the! insulin!

release!as!confirmed!by!the!correlation!coefficient!value!(0.93).!It!revealed!that!the!release!

of!insulin!from!the!NP!occurred!in!a!controlled!manner.!This!in"vitro"correlation!between!the!

amount!of!insulin!that!is!released!from!the!NP!and!its!permeability!through!the!models!that!

simulate!the!intestinal!epithelium!contributes!to!a!better!understanding!of!the!influence!of!

the!GI! passage! in! the! intestinal! permeation!of!macromolecules! and!NP.! These! studies! are!

difficult! to! implement! in" vivo! and! according! to! the! best! of! our! knowledge! this! is! the! first!

approach! of! the! influence! of! the! GI! passage! at! the! level! of! the! intestinal! absorption! of!

insulinqloaded!NP!with! antihyperglycemic!properties.! The! results! showed! that! the! transfer!

speed!of! insulin! from! the!NP! is!not! limiting! for! the! in" vitro! permeability!of! insulin,! free!or!

encapsulated.!The!higher!permeability!rates!of! insulin!across!the!co−culture!models!during!

the!first!2−h!test,!when!compared!to!the!Caco−2!model,!seemed!to!have!a!higher!correlation!

with!the!curve!that!better!adjusted!to!the!mathematical!kinetics!of!the!insulin!release!from!

the!ALB−NP.!After!3!h,!almost!all! insulin!was!available!to!permeate!across!the!monolayers,!

but!no!statistical!differences!were!observed!between!the!in"vitro!models.!Therefore,!during!

the!first!2!h!of!contact!with!the!intestinal!environment,!a!closer!relation!was!found!between!

the! fraction! of! insulin! released! from! the! NP! and! the! fraction! that! permeated! the!

monolayers,!especially!when!the!HT29−MTX!and!M−like!cells!were!included.!

!

! !
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Figure!4.6.!In"vitro!cumulative!permeability!profiles!of!insulin!across!the!in"vitro!models.!The!

level!of!significance!was!set!at!probabilities!of! *p!<!0.05,! **p!<!0.01,!and!***p!<!0.001.!Error!

bars!represent!mean!±!s.d.!(n!=!3).!

!

!

! The!gap!time!that!exists!between!the!moment!when!insulin!is!released!from!NP!and!

the!moment! it!permeates! through!the! intestinal!epithelium!should!be!the! lowest!possible,!

since!the!longer!insulin!resides!in!contact!with!the!mucus!layer!and!intestinal!enzymes,!the!

more!it!could!degrade,!lose!bioactivity!and!escape!without!being!absorbed.!Therefore,!a!fast!

release!of!insulin!from!NP!might!be!desirable!to!ensure!that!a!sufficient!amount!reaches!the!

target! site!and!provides! therapeutic!effects! [67].!The!values!of!TEER!measured!before!and!

after! the! experiments! were! stable! during! 4! h! (results! not! shown),! demonstrating! the!

integrity!of!the!monolayers.!

! !
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Figure! 4.7.! Comparison! between! the! fraction! of! the! released! vs! permeated! insulin! for! 4!

h−testing! for! the!ALB−NP.!The!data! from!the! in"vitro! release!of! insulin! in!SIF! (black!circles)!

was!linearized!(black! line)!according!to!the!mathematical!model!designed!to!fit!the!release!

profile! and! plotted! against! the! permeability! through! the! Caco−2! (black! bars),!

Caco−2/HT29−MTX! (red! bars)! and! Caco−2/HT29−MTX/Raji! B! (green! bars)! models.! All! the!

data! sets!were! compared! to! the! permeation! of! insulin! across! the! Caco−2!monolayer.! The!

level!of!significance!was!set!at!probabilities!of!*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001.!!

!

!
4.5!CONCLUSIONS!

!

! In! the! present! study,! a! biopolymer−based! nanosystem!was! developed! to! enhance!

the!oral!absorption!of!insulin.!The!system!is!composed!of!an!ADS−core!with!spherical!shape,!

negative! ζ−potential! values! and! high! EE.! The! double! coating! with! CS! and! ALB! was!

successfully! achieved,! taking! advantage! of! their! protective,! mucoadhesive! and!

absorption−enhancing! properties.! The!monitoring! of! the! impact! of! the! GI! environment! in!

the!NP!size!and!aggregation!suggested!the!pH!sensitivity!of!these!biopolymers.!The!ALB−NP!

showed!to!provide!better!size!stability! in!the!GI!conditions!with! less!aggregation!and!more!
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uniformity! of! the! size! distribution,! preventing! the! release!of! the!majority! of! insulin! in! the!

gastric!pH!and!sustaining! the!release! in! the! intestinal!pH!to!allow! insulin! to!be!released! in!

the!sites!of!absorption.!Such!results!indicated!that!when!given!orally,!minimal!insulin!would!

be! released! from! the! NP! in! the! stomach! while! the! remaining! majority! could! achieve! a!

sustained! and! complete! release! in! the! intestine! following! 3! h! of! administration.!! In! the!

cellular! experiments,! the! ALB−NP!were! found! to! significantly! increase! the! permeability! of!

insulin!across!the! in"vitro!models,!a!pattern!that!was!in!accordance!with!the!insulin!release!

profile.!The!permeability!of! insulin!across!the! intestinal!epithelium!was!more!prominent! in!

the!presence!of!the!mucus!layer!and!M−like!cells,!revealing!their!positive!role!on!the!insulin!

absorption.!Overall,!our!results!suggest!that!these!biopolymer−based!multilayered!NP!are!a!

promising!carrier!towards!the!oral!delivery!of!insulin.!

!

!
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5.1!ABSTRACT!

!
! This! study! aimed! to! assess! the! oral! antihyperglycemic! activity! of! insulin−loaded!

ADS−based!NP!dual!coated!with!CS!and!ALB!followed!by"in"vivo!oral!biodistribution!of!the!NP!

in!which!the!ALB!was!labeled!with!technetium−99m!(99mTc).!!

! The! oral! administration! of! the! 50! IU/kg! insulin−loaded! NP! to! T1D! rats! showed!

prolonged!antihyperglycemic!effects!up!to!12!h!and!relative!PA!of!5.04%!comparing!to!the!

s.c.! administration.! The! oral! antihyperglycemic! effect!was! further! compared! between! T1D!

and! T2D! models! by! the! intraperitoneal! glucose! tolerance! test! (IGTT),! revealing! that! the!

effect! lasted!longer! in!the!T1D!model.!The!99mTc−ALB!revealed!to!be!an!efficient!NP’!tracer!

since! there!was!no! systemic! absorption!and! the! 99mTc−ALB−NP!were! capable!of! increasing!

their! residence! time! in! the! intestinal! epithelium! of! balb−c!mice!when! compared!with! the!
99mTc−ALB!alone.!Thus,!this!biopolymeric−based!delivery!nanosystem!is!a!promising!tool!for!

the!therapy!of!T1D!and!T2D.!!

!

! !
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!

Graphical!abstract:!Biodistribution!of!the!insulin−loaded!ADS−based!NP!dual!coated!with!CS!

and!99mTc−ALB!after!oral!administration.!The!comparison!of!the!oral!antihyperglycemic!effect!

between!the!T1D!and!T2D!models!after!the!IGTT!revealed!that!the!effect!lasted!longer!in!the!

T1D!model!and!that!the!glycemia!increased!to!a!greater!extend!in!the!T2D!model.!

!

! !
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5.2!INTRODUCTION!

!

! Diabetes! is!a!metabolic!disorder!that!has!reached!epidemic!dimensions!around!the!

world!and!requires!chronic!treatment.!The!primary!mode!of!treatment!of!the!T1D!consists!of!

an! intensive! insulin! therapy,! corresponding! up! to! 4! injections! per! day! [1,2].!The! T2D! is! a!

more!complex!and! incident! form!of!diabetes! (~!90%!of!all! the!diabetic!cases),!caused!by!a!

blend!of! insulin! resistance!and! inappropriate! functional!pancreatic!β−cells! [3,4].!Given! the!

convenience,! good! patient! compliance! and! more! importantly,! the! mimicked! pattern! of!

physiological!mechanism!of! insulin! secretion! after!oral! administration,! the!oral! delivery!of!

insulin!has!become!the!most!desired!route!of!administration![5].!However,!as!a!result!of!the!

challenging! barriers! found! in! the! GI! tract! [6]! (e.g,! acidic! pH! in! the! stomach,! enzymatic!

degradation,! mucus! layer! and! TJ! that! bound! the! intestinal! epithelial! cells),! oral! insulin!

delivery! is! characterized! by! very! low! BA! [6,7].! Aiming! to! overcome! the! drawbacks! of! this!

delivery!route,!several!attempts!to!deliver!insulin!orally!have!been!made!in!order!to!protect!

the!protein!following!oral!administration.!The!ideal!oral!insulin!delivery!system!should!fulfill!

at!least!three!important!fundamentals:!i)!resist!against!the!GI!enzymes!and!pH!gradients,!ii)!

prolong! the! insulin! intestinal! residence! time! to! increase! its! permeability,! iii)! carry! the!

bioactive!insulin!to!the!systemic!circulation![8].!The!success!of!an!orally!delivery!system!lies!

on! the!understanding!and!control!of! its!biodistribution,!which!gives! important! information!

about! the! GI! transit! times! and! global! tissue! accumulation! patterns.! The! biodistribution!

characteristics!are!important!for!the!design!and!test!of!NP,!in!order!to!determine!the!particle!

size,!coating!materials,!or!other!features!to!achieve!an!effective!level!of!the!NP!in!the!final!

target![9].!In!Chapter!4,!a!pH−responsive!nanosystem!dual!coated!with!CS!and!ALB!intended!

for! the! oral! delivery! of! insulin!was! reported! [10].! CS! has! been! described! for! its! ability! to!

transiently!open!the!TJ!between!contiguous!cells![11,12]!and!to!adhere!to!the!anionic!sialic!

acid!residues!present!in!the!intestinal!mucosa![13],!whilst!ALB!had!disclosed!positive!effects!

when!used!as!an!outermost!coat!to!CS−based!NP,!such!as!the!protective!effect!of!insulin!by!

acting!as!a!sacrificial!target!to!proteases,!and!by!stabilizing!the!NP!in!the!acidic![14,15]!and!

intestinal! environment! [16].! The! results! previously! obtained! revealed! that! the!

ALB/CS−coated!ADS!insulin−loaded!NP!provided!stability!in!the!GI!conditions,!preventing!the!

premature!release!of!insulin!in!SGF![10].!Additionally,!this!nanosystem!effectively!adhered!to!

the! intestinal! cells!monolayers,! increasing! insulin!permeability,! thereby!making!an!optimal!
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candidate!to!increase!the!insulin!oral!BA![10].!Based!on!the!inherent!characteristics!of!these!

NP,! the! assessment! of! their! biodistribution! takes! special! consideration! and! the! study! of!

these!NP!coated!with!99mTc−ALB!can!contribute!to!better!understand!the!ALB!role!and!the!

NP’!interactions!throughout!the!gut!as!well!as!their!degradation.!!

! One! can! find! in! the! literature! reports! of! oral! insulin! formulations! demonstrating!

antihyperglycemic!effects!in!T1D![17−20]!or!T2D![21]!animal!models.!However,!to!the!best!of!

our!knowledge,!a!comparative!study!between!the!pharmacological!effects!of!oral!delivered!

insulin−loaded! NP! in! both! diabetic! type! models! has! never! been! done.! Although! the! T2D!

patients!are!not!dependent!on!exogenous!insulin,!the!threatening!that!insulin!administration!

will! be!needed! later! in! their! lifetime! is! real.! Both! T1D! [22−24]! and!T2D! [25,26]!have!been!

associated!with!modifications!in!the!composition!of!the!intestinal!microbiota.!Moreover,!the!

T1D!is!characterized!by!an!alteration!of!the!energy!balance!due!to!the!massive!emission!of!

urine!and!consequent!huge!intake!of!water!to!maintain!the!hydric!balance.!Therefore,!there!

is! a! limited! storage! of! triacylglycerols,! due! to! the! limited! energy! availability! and! lack! of!

insulin!to!promote!the!synthesis!of!energy.!In!contrast,!the!T2D!shows!a!completely!different!

metabolic! panorama,! since! the!main! problem! is! the! insulin! resistance! and! not! the! insulin!

availability.!The!insulin−resistance!increases!the!glycemia!since!the!threshold!for!the!uptake!

of! glucose! is! raised,! leading! to! the! synthesis! of! triacylglycerols! and! storage! of! lipids! [27].!

Therefore,! the!understanding!of! the!different!behavior!of! the!T1D!and!T2D!animal!models!

after!oral!administration!of!insulin!would!be!of!great!interest.!!

! The!main!goal!of!our!study!was!to!evaluate!the!biodistribution!of!the!ALB/CS−coated!

ADS! insulin−loaded! NP.! Firstly,! the! ability! of! this! nanosystem,! prepared! by!

emulsification/internal!gelation,!to!improve!the!oral!PA!of!insulin!was!assessed!in!both!T1D!

and! T2D! animal! models.! In! the! second! part,! the! biodistribution! of! the! 99mTc−ALB−NP!

following!its!oral!administration!was!also!evaluated!by!camera−gamma!imaging.!!

!

!
5.3!MATERIALS!AND!METHODS!

!

5.3.1!Materials!

!
! Low!viscosity!sodium!alginate!(viscosity!of!1%!solution!at!25!°C,!4−12!cps),!dextran!

sulfate!(5!KDa),!sorbitan!monooleate!(Span®!80),!CS!(50!kDa),!bovine!serum!ALB,!PEG!4000,!
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phosphotungstic! acid! and! STZ! were! purchased! from! Sigma−Aldrich! (Germany).! Calcium!

carbonate!was! obtained! from! Setacarb! (France),! paraffin! oil! from! Scharlau! (Spain),! insulin!

100IU/mL!Actrapid®! from!Novo!Nordisk! (Denmark),! poloxamer!188! (Lutrol®F68)! from!BASF!

(Germany)!and!CaCl2!from!Riedel−de−Haën!(Germany).!Wistar!male!rats!weighing!250–300!g!

and!balb−c!mice!weighing!22–26!g!were!purchased! from!Charles!River! (Spain)!and!GK!rats!

were!obtained!from!our!local!breeding!colonies!(Faculty!of!Medicine,!University!of!Coimbra,!

Coimbra,!Portugal).!!

! Stannous! chloride! dehydrate,! succinic! dihydrazide! and! EDTA! were! obtained! from!

Sigma−Aldrich! (Italy).! In!all! the!procedures,!ethanol,!water!and!saline!suitable! for! injection!

were!employed.!

! Before!use,!Sep−Pak!cartridges! (Waters)!were!washed!with!5.0!mL!of!sterile!water!

and! then! steam! sterilized.! The! 99mTc−pertechnetate! was! obtained! from! a! generator!
99Mo/99mTc!(GE!Healthcare's!Drytec™,!UK).!

!

!

5.3.2!NP!preparation!!

!
! The! NP! were! prepared! by! the! emulsification/internal! gelation! technique! and!

polyelectrolyte!complexation!as!described!In!Chapter!3.!!

!

!

5.3.3!NP!characterization!!

! !

! The!particle!size!distribution!and!morphology!were!analyzed!as!described!in!Chapter!

2.!

! The! methodology! of! the! ζ−potential! study! was! performed! according! to! the!

description!in!Chapter!4.!!

!

!

5.3.4!Animals!

! !

! The!animals!were!kept!and!studied!in!accordance!with!the!FELASA!and!the!European!

Union! Council! Directive! 86/609/EEC.! The! procedures! and! manipulations! were! performed!
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under!the!ethical!principles!and!guidelines!relative!to!housing!and!experiments!on!animals!

of! the! DGAV.! The! animals! were! accommodated! under! controlled! temperature,! humidity,!

and! a! 12–12h! light–dark! cycle.! They! were! given! standard! laboratory! feed! and! had! free!

access!to!tap!water.!

! According!to!the!guiding!ethical!principles!for!the!use!of!animals!in!testing,!the!3Rs!

policy! was! followed.! The! animals! were! firstly! used! to! determine! the! biological! activity! of!

insulin,! important! to! guarantee! that! the! insulin! structure!was!well! preserved! and! able! to!

induce!the!desired!therapeutic!effect.!After,!the!animals!were!used!to!test!the!oral!effect!of!

the!NP.!!

!
!
5.3.5!Insulin!biological!activity!

!
! The! insulin−loaded! NP! or! insulin! released! from! the! NP! in! pH! 7.4! PBS! were!

subcutaneously!injected!to!GK!rats!at!2!IU/kg.!To!analyze!the!biological!activity!of!the!insulin!

after! nanoencapsulation,! the! IGTT! was! accomplished! by! previous! intraperitoneal!

administration! of! 1.75! g/kg! glucose! solution.! Three! groups! of! animals! were! randomly!

obtained!(n!=!12!per!group)!corresponding!to!i)!nonencapsulated!insulin,!ii)!insulin!released!

from!the!NP!and!iii)!insulin−loaded!NP.!The!blood!samples!were!obtained!from!the!tail!vein!

at!predetermined! times!during!3!h!after! the!glucose!administration,! and! compared! to! the!

basal!levels.!!

!

!

5.3.6!Induction!of!T1D!

!
! For! the! diabetes! induction,! male! Wistar! rats! weighing! 250–350! g! were! injected!

intraperitoneally! with! 60!mg/kg! STZ! freshly! prepared! in! citrate! buffer! pH! 4.5,! in! order! to!

destroy!the!pancreatic!cells.!During!the!next!24!h!after!the!STZ!administration,!a!physiologic!

solution! of! glucose! (5%,! w/v)! was! given! to! the! rats! to! prevent! hypoglycemia.! After! 7–10!

days,!rats!presenting!frequent!urination,!weight!loss!and!fasting!plasma!glucose!levels!higher!

than!14!mM!were!randomized!for!in"vivo!studies.!!

!

!
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5.3.7!Oral!antihyperglycemic!effect!of!the!NP!

! !
! The! PA! was! determined! by! the! plasma! glucose! levels! obtained! in! diabetic!Wistar!

rats.! The! antihyperglycemic! effect! was! assessed! by! the! reduction! of! the! plasma! glucose!

levels! in!comparison!to!the!basal!values! in!rats!divided!into!four!groups!(n!=!10!per!group)!

corresponding! to! i)! 50! IU/kg! insulin−loaded! NP,! ii)! 100! IU/kg! insulin−loaded! NP! or! iii)!

nonencapsulated!insulin,!all!orally!delivered!by!gavage,!and!iv)!s.c.!nonencapsulated!insulin.!

The! determined! the! pharmacodynamic! parameters! comprise! the! antihyperglycemic! effect!

calculated! by! the! area! above! the! curve! (AAC0–24! h)! by! linear! trapezoidal! method,! the! PA!

calculated! as! the! cumulative! antihyperglycemic! effect! relative! to! 100%! PA! of! the! s.c.!

nonencapsulated! insulin,! the! time! of! minimum! glycemia! (Tmin)! and! the! minimum! glucose!

concentration!(Cmin)!in!the!blood![28].!

!

!
5.3.8!IGTT!in!T1D,!T2D!models!!

! !

! The!PA!of! the! insulin−loaded!NP!determined!by! the! IGTT!was! carried!out! in! three!

groups! of! GK! rats! (n! =! 12! per! group)! orally! administered! by! gavage! with! i)! 50! IU/kg!

insulin−loaded!NP,!ii)!empty!NP,!and!iii)!without!administration,!compared!with!the!control!

Wistar! rats! (n! =! 10).! In! parallel,! two! groups! of! diabetic! Wistar! rats! (n! =! 8! per! group),!

corresponding!to!i)!50!IU/kg!insulin−loaded!NP!and!ii)!empty!NP,!were!also!submitted!to!the!

IGTT.!The!NP!were!oral!administered!10!h!prior!to!the!intraperitoneal!administration!of!1.75!

g/kg!glucose!solution! in!both!studies.!The!animals!were! fasted! from!12!h!before!and!13!h!

after! the! oral! administration.! The! plasma! glucose! levels! were! measured! using! the! same!

experimental!setup!as!previously!described.!

!

!

5.3.9!Preparation!of!the!99mTc−ALB!and!99mTc−ALB−NP!

!

! ALB,!the!external!layer!of!the!NP,!was!selected!to!be!labeled!so!it!could!be!the!NP’!

tracer! during! the! biodistribution! studies.! ALB! was! labeled! with! a! mixture! of! sodium!

thiosulfate!(10!mg/mL),!HCL!(1N)!and!1110!to!2220!MBq!of!Na99mTcO4
−! (1.0/1.0/0.5,!v/v/v)!

heated!at!100!°C!for!3.5!min!within!a!dry!bath.!The!vial!was!cooled!to!room!temperature!and!
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2.5!mL!of!ALB!were!added.!Then,!the!mixture!was!stirred!by!vortex!and!2!mL!of!PBS!at!pH!7.4!

were! added.! The! NP! were! coated! with! 99mTc−ALB! using! the! same! experimental! setup! as!

previously! described.!After! the! coating,! the! suspension!was!washed!by! centrifugation! and!

redispersion! in!Milli−Q!water.!The!radiolabeling!efficiency!of!99mTc!was!assessed!by! instant!

thin−layer!chromatography!(ITLC)!with!silica−gel!strips!with!two!systems:!i)!sodium!chloride!

0.9%!(w/v)!to!quantify!the!presence!of!99mTcO4
−!in!the!sample;!and!ii)!acid!citrate−dextrose!

to!allow!the!isolation!of!the!99mTc−ALB/99mTc−ALB−NP!with!a!Rf!value!equals!to!zero!against!

to! Rf! of! one! for! 99mTcO4
−! and! reduzed/hidrolized! 99mTc.! The! radiolabeling! efficiency! was!

determined!for!24!h!after!radiolabeling!by!camera−gamma!method.!

!

!

5.3.10!Biodistribution!of!the!99mTc−ALB−NP!

!

The!biodistribution!of!the!insulin−loaded!99mTc−ALB−NP!in!mice!balb−c!was!studied!by!

camera−gamma!after!oral!gavage!administration.!The!radiotracer!was!administered!to!mice!

with!an!activity!of!15.5!±!2.6!MBq.!The!animals!were!sacrificed!by!cervical!dislocation!at!0,!

30,!60,!90,!120,!180,!360!and!1440!min!after!administration!(n!=!4!per!time,!per!radiotracer).!

The! GI! wall! was! separated! from! the! GI! content,! carefully! rinsed! in! running! water! and!

accurately!weighted.!All! the! images!were! acquired!by! camera−gamma! (GE!400!AC)!with! a!

low!energy!high!resolution!collimator,!256!x!256!matrix,!2!min!acquisition!time!and!a!zoom!

of!2.!The!percentage!of!!the!activity!administered!per!mass!unit!(g)!was!calculated.!

!

!

5.3.11!Statistical!analysis! !

!
! The!statistical!analysis!was!made!by!one−way!ANOVA!with!Bonferroni!post!hoc−test!

(SPSS!20.0,!USA).!All!the!data!sets!were!compared!to!the!controls.!The!level!of!significance!

was! set! at! probabilities! of! *p! <! 0.05,! **p! <! 0.01,! and! ***p! <! 0.001.! All! the! experiments! are!

shown!as!mean!±!s.d..!

!
!
! !
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5.4!RESULTS!AND!DISCUSSION!

!

5.4.1!NP!characterization!!!

!

! NP!nanoencapsulating!insulin!were!produced!by!alginate!and!dextran!sulfate!linked!

with! calcium! ions! and! interacting! with! poloxamer! 188,! coated! with! CS! and! PEG,! and!

subsequently! layered! with! ALB.! The! interaction! of! the! NP’! components! were! previously!

confirmed! by! DSC,!where! the! shifts! on! the! endothermic! and! exothermic! peaks! of! the!NP!

were! interpreted! as! the! ionic! interactions! between! alginate,! dextran! sulfate,! CS! and! ALB,!

which!afforded!the!formation!of!new!chemical!entities!with!changed!absorption!and!thermal!

properties! [10].!As!can!be!seen! in!Figure!5.1,! the!NP!presented!a!polydisperse!distribution!

and!spherical!shape.!The!mean!size!of!approximately!160−170!nm!previously!obtained![10]!is!

in! accordance! with! the! size! observed! microscopically.! Submicron! size! carriers! have!

previously! shown! to! promote! the! contact! with! the! intestinal! cells! and! enable! the! insulin!

absorption!through!different!mechanisms![29,30].!

! These! hydrophilic! NP! had! a! negative! surface! charge! of! −22.1! ±! 0.76! mV.! 100! or!

300!nm!CS−coated!PLGA!particles!with!negative!charge!and!high!hydrophilicity!seem!to!be!

the! best! option! to! target! the! intestinal! cells! [31],! supporting! the! possible! interaction!

between!our!NP!with!the!intestinal!cells.!

! !
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!

Figure!5.1.!Cryo−SEM!image!of!the!NP;!Scale!bar!=!500!nm.!

!

!

5.4.2!Insulin!biological!activity!

!

! The!results!from!the!s.c.!administration!of!insulin!at!a!dose!level!of!2!IU/kg!to!the!GK!

rats! immediately!before!the!glucose!challenge!are!displayed! in!Figure!5.2.!The!behavior!of!

these!groups! corresponding! to! subcutaneously!administered! i)! nonencapsulated! insulin,! ii)!

insulin!released!from!the!NP!and!iii)! insulin−loaded!NP,! in!response!to!a!glucose!challenge,!

was!very!similar!and!no!statistical!differences!were!noticed!between!them,!confirming!the!

retention! of! the! insulin! bioactivity! after! nanoencapsulation.! After! 60! min,! the! glycemic!

values!were!normalized,!except!for!the!group!receiving!the!insulin−loaded!ALB−NP!that!only!

decreased!the!glycemia!to!the!basal!values!after!90!min.!Therefore,!although!not!statistically!

different,!the!insulin!entrapped!into!the!NP!had!a!slower!effect!on!decreasing!the!glycemic!

values! than! the! insulin! released! from! the! NP,! which! was! already! detached! from! the!

polymeric! matrix! when! subcutaneously! administered,! and! therefore! able! to! act!

instantaneously! as! free−form! insulin.! The! integrity! of! insulin! after! nanoencapsulation!was!

ensured!and!as!well!as!its!biological!activity.!
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!

Figure!5.2.!Glycemia!of!GK!rats!following!the!oral!glucose!challenge!after!s.c.!administration!

of!2!IU/kg!nonencapsulated!insulin,!insulin!released!from!the!NP!or!insulin−loaded!NP.!Error!

bars!represent!mean!±!s.d.!(n!=!12!per!group).!

!

!

5.4.3!Oral!antihyperglycemic!effect!of!the!NP!in!T1D!model!

!

! The! PA! of! the! orally! administered! nanoencapsulated! insulin! was! assessed! at! 50!

IU/kg!and!100!IU/kg! insulin!doses! in!12!h!fasted!diabetic!Wistar!rats.!The!high!initial!blood!

glucose! levels! (>!14!mM)!of! the! fasted!T1D!Wistar! rats!allows! the!clear!assessment!of! the!

antihyperglycemic! effect! of! the! NP.! The! plasma! glucose! levels! were! compared! to! the! s.c.!

injected! nonencapsulated! insulin! at! 2! IU/kg.! Figure! 5.3! illustrates! the! glucose! level! versus!

time!profiles!and!the!pharmacodynamic!parameters!are!summarized!in!Table!1.!A!significant!

antihyperglycemic! effect!was! observed! between! 8! to! 12! h! after! the! administration! of! the!

insulin−loaded!NP,!when!compared!to!the!nonencapsulated!insulin.!

!
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!

Figure! 5.3.! Plasma! glucose! levels! of! Wistar! diabetic! rats! receiving! 50! and! 100! IU/kg!

insulin−loaded! NP! or! empty! NP! all! orally! delivered! and! 2! IU/kg! nonencapsulated! insulin!

subcutaneously! injected.! The! level!of! significance!was! set! at!probabilities!of! *p! <!0.05!and!
***p!<!0.001.!Error!bars!represent!mean!±!s.d.!(n!=!10!per!group).!

!

!
Table!5.1.!Pharmacodynamic!parameters!after!oral!delivery!of!the! insulin−loaded!NP!at!50!

and!100! IU/kg! insulin!doses,!empty!NP!and!after! s.c.! injection!of!2! IU/kg!nonencapsulated!

insulin.!Data!represent!mean!±!s.d.,!n!=!10!per!group.!

!

Formulation! Insulin!dose!

(IU/kg)!

AAC0–24!h!! PA!(%)! Tmin
!(h)! Cmin

!

(%!basal!glucose)!

Insulin−loaded!NP!(oral)!

!

50! 1232! 5.0! 12! 30.9!±!12.1!

Insulin−loaded!NP!(oral)!

!

100! 1124! 2.3! 16! 31.4!±!10.2!

Empty!NP!(oral)! −! 395! 1.6! 24! 62.6!±!21.8!

Nonencapsulated!insulin!

(s.c.)!

2! 978! 100.0! 3! 15.0!±!5.1!

!

!

! The!plasma!glucose! levels!were!comparable! for!both!doses!of!50!and!100! IU/kg!of!
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the!insulin−loaded!NP.!The!values!of!the!cumulative!hypoglycemic!effect!and!their!minimum!

relative!blood!glucose!around!30%!of!the!basal!glucose!level!(15.8!±!3.6!mM)!were!similar!as!

shown! in!Table!5.1.!No!dose−response!effect!was!observed! for! the! concentrations! tested,!

which!may! be! understood! as! a! saturation! of! the! sites! of! absorption! of! insulin! beyond! 50!

IU/kg.!The!glycemia!decreasing!effect!of!the!oral!delivered!insulin−loaded!NP!became!clear!2!

h!following!their!administration,!and!after!8!h!a!significantly!reduced!glycemia!by!45%!of!the!

basal!values!was!found!(p!<!0.05).!The!glycemic!reductions!attained!after!10!h!were!–69%!(p!

<! 0.05)! and! –63%! (p! <! 0.05)! with! the! 50! and! 100! IU/kg! insulin−loaded! NP,! respectively.!

Compared!with!the!s.c.! insulin,! the!oral!nanoencapsulated! insulin!revealed!more!sustained!

and!long−term!results,!which!is!in!very!good!accordance!with!previous!studies![19,32].!At!24!

h!postdose,!the!glycemia!was!still!reduced!by!ca.!40%!of!the!basal!values.!The!nanoscale!size!

observed! for! these! particles! may! be! one! accountable! factor! for! the! significant!

antihyperglycemic! effect! obtained,! which! increases! the! probability! of! uptake! by! the!

intestinal!cells! [33].!They!demonstrated!to!have!stable!size!behavior!during!the!GI!passage!

and!to!protect!insulin!in!acidic!conditions!as!well![10].!Moreover,!the!inherent!mucoadhesive!

properties!and!capacity!of!transiently!opening!the!TJ!of!CS!may!prolong!the!NP!retention!in!

the! intestinal! cells,!promote! the!penetration! into! the!mucus! layer!and! increase! the! insulin!

paracellular!transport![34,35].!!

! The!glucose!level!corresponding!to!all!groups!did!not!reach!the!initial!values!due!to!

the!prolonged!fasted!state!of!the!animals![21].!The!relative!PA!of!the!50!IU/kg!and!100!IU/kg!

insulin−loaded! NP! was! 5.04! and! 2.30%,! respectively,! acquired! from! the! dose−corrected!

AAC0–24! h! relative! to! the! s.c.! insulin.! The! increased! PA! of! the! nanoencapsulated! insulin!

compared! to! the! empty!NP! indicated! that! the!NP!protected! insulin! from!degradation! and!

facilitated! the! intestinal! absorption! by! increasing! the! residence! time! of! insulin! at! the!

intestinal!epithelium!and!internalization!by!the!enterocytes![36].!!

!

!

5.4.4!IGTT!in!T1D,!T2D!models!

!

! The! IGTT! mimics! the! plasma! glucose! levels! in! a! postprandial! state! and! gives!

information!on! the! antihyperglycemic! effect! as! a! result! of! the! insulin! performance!on! the!

glucose!homeostasis![19].!The!previous!study!revealed!that!the!maximum!antihyperglycemic!
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effect!of!the!50!IU/kg!oral!delivered!insulin−loaded!NP!was!achieved!after!12!h.!Therefore,!

the! IGTT!was!done!after!10!h!of! the!oral! administration!of! the! formulations! to!detect! the!

effect! of! the! NP! during! the! 3! h−test! and! compared! between! the! T1D,! T2D! and! control!

models.!After! the! intraperitoneal!glucose!administration!(1.75!g/kg)! to!Wistar!diabetic!rats!

(T1D),! the!plasma!glucose! levels!of! the! rats! increased! to!326%!after! 30!min! (Figure!5.4A).!

When! the! insulin−loaded! NP! were! administered! 10! h! before! the! glucose! challenge,! the!

glucose! levels! also! raised! but! to! a! lesser! extent,! reaching! 282%! of! the! initial! values.! The!

glucose!levels!decreased!significantly!faster!after!90!min!(p!<!0.05)!in!the!rats!receiving!the!

insulin−loaded!NP!than!in!those!receiving!the!empty!NP.!The!glycemia!was!decreased!to!96%!

after!180!min! in! the!group! receiving! the! insulin−loaded!NP,! compared! to! the! reduction! to!

183%! in! the! control! group! (p! <! 0.05).! Consequently,! the! insulin−loaded! NP! significantly!

enhanced!the!response!to!a!glucose!challenge!in!the!T1D!rats.!

! GK!rats!are!characterized!by!impaired!glucose−induced!insulin!secretion,!decreased!

pancreatic!β−cell!mass!and!insulin!sensitivity!in!the!liver,!and!insulin!resistance!either!in!the!

muscles!or! in! the!adipose! tissue! [37].!The!glycemic! response! in! the! control!Wistar! and!GK!

rats!after!the! intraperitoneal!administration!of!glucose! is!shown!in!Figure!5.4B.!The!typical!

glucose! intolerance! of! the! GK! rats! was! compared! to! the! control! Wistar! rats,! which!

demonstrated! a! rapid! capacity! to! normalize! the! glycemic! values.! The! blood! glucose! levels!

increased!to!400%!in!the!GK!rats!receiving!the!empty!NP!and!to!470%!in!the!GK!rats!without!

administration!(both!negative!controls),!after!30!min.!As!happened!with!the!diabetic!Wistar!

rats,!when!the!insulin−loaded!NP!were!administered!10!h!before!the!glucose!challenge,!the!

glycemia!also!increased!but!to!a!lesser!extent,!attaining!320%!of!the!initial!values!(from!the!

basal!mean!value!of!4.5!±!0.5!mM).!The!increased!values!(%)!in!the!GK!rats!compared!to!the!

diabetic!Wistar!rats!are!essentially!due!to!their! lower!absolute!basal!glycemic!values.!After!

90! min! of! the! glucose! challenge,! a! significantly! faster! reduction! of! the! glycemia! was!

observed!in!the!rats!receiving!the!insulin−loaded!NP!(p!<!0.05),!which!was!in!accordance!to!

the! results! obtained! for! the! Wistar! diabetic! rats.! After! 180! min,! the! control! groups!

decreased!the!glycemic!values!to!189!and!213%!and!the!group!receiving!the!insulin−loaded!

NP!showed!a!greater!decrease! reaching!151%.!At! this! time,!no!statistical!differences!were!

obtained! between! these! groups,! in! contrast! to! the! results! from! the!Wistar! diabetic! rats.!

Although! the! pancreatic! islets! of! the! GK! rats! are! faulty,! this! genetically! modified! animal!

model!of!T2D!could!still!produce!little!amounts!of!insulin!and!glucagon![38].!Therefore,!the!
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exogenous! insulin!can!cover−up!the!outcome!of! the! insulin−loaded!NP.!The!comparison!of!

the! response! between! the! control! Wistar! and! GK! rats! indicated! that! the! metabolic!

decomposition! rate! of! glucose! is! slower! in! the! second!model! [39].! All! the!GK! groups! had!

significant!hyperglycemic!values!and!a!markedly!decreased!glucose!tolerance!compared!with!

the!Wistar!rats.!The!insulin−loaded!NP!were!capable!of!significantly!improve!the!response!to!

a!glucose!challenge,!either!in!the!T1D!and!T2D!animal!models.!

!

!

!

Figure!5.4.!Glycemia!following!oral!glucose!challenge!10!h!after!the!A)!oral!delivery!of!the!50!

IU/kg!insulin−loaded!NP!and!empty!NP!to!diabetic!Wistar!rats!(n!=!8!per!group)!and!after!B)!

oral!delivery!of!the!50! IU/kg! insulin−loaded!NP,!empty!NP!or!without!administration!to!GK!

rats,!compared!with!control!Wistar!rats.!The!level!of!significance!was!set!at!probabilities!of!
*p! <! 0.05! (statistically!different! from!empty!NP)!or! +p<0.05;! ++p<0.01! (statistically!different!

from!no!administration).!Error!bars!represent!mean!±!s.d.!(n!≥!10!per!group).!

!

!

5.4.5!Biodistribution!of!the!99mTc−ALB−NP!

!

! The!biodistrobution!of! the!NP!was!analyzed! in!balb−c!mice! for! further!comparison!

with! future! biodistribuition! studies,! once! this! model,! unlike! rats! model,! possesses!

gallbladder.! The! 99mTc−ALB! radiolabeling! efficiency! of! approximately! 96%! achieved! after! 5!

min!was!kept!higher!than!90%!until!720!min.!The!99mTc−ALB!was!then!used!to!prepare!the!
99mTc−ALB−NP!for!the!imaging!study!in!order!to!monitor!and!evaluate!their!biodistribution!in!

comparison! to! the! 99mTc−ALB.! The! final! 99mTc−ALB−NP! showed! a! radiolabeling! efficiency!

higher!than!95%!until!360!min!after!radiolabeling.!The!99mTc−ALB−NP!had!a!median!diameter!
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of! approximately! 200! nm,! demonstrating! that! the! radiolabelling! increased! the! NP! size! in!

approximately!30!nm.!

! Upon!oral!delivery,!the!progression!of!the!99mTc−ALB!and!99mTc−ALB−NP!throughout!

the! GI! tract! was!monitored! for! 1440!min! (Figure! 5.5)! to! ensure! that! the! radiotracer! was!

tracked! during! its! full! elimination! from! the! GI! tract.! In! the! course! of! the! time,! the!

radiolabelled!ALB!and!ALB−NP!propagated!from!the!stomach,!small!intestine!and!later!to!the!

large!intestine.!A!clear!difference!can!be!observed!between!them!from!30!to!120!min!after!

oral!administration.!At!360!min!post!ingestion,!the!majority!of!the!radioactivity!was!detected!

in!the!large!intestine!and!at!the!end!of!the!study!no!radioactivity!was!detected.!!

!

!

!

Figure! 5.5.! Progress! over! time! of! the! 99mTc−ALB! and! 99mTc−ALB−NP! observed! after! oral!

administration!to!a!mice!model.!The!number!1!and!2! in!each! image!are!anatomical!marks,!

which!indicate!the!stomach!and!cecum,!respectively.!
!

!

! The! 99mTc−ALB! had! a! quick! retention! in! the! stomach! wall! (Figure! 5.6)! after! oral!

administration,! which! remained! for! the! following! 90! min,! while! the! 99mTc−ALB−NP! only!

increased! the! radioactivity! values! 60! min! after! the! administration,! indicating! that! the!

multilayered! NP! triggered! a! delayed! interaction! of! the! radiotracer! in! this! region.! The!

presence!of!radioactivity!in!the!stomach!content!decreased!deeply!over!time,!with!less!than!

50%!of!the!initial!activity!after!90!min!for!both!radiotracers.!!
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!

!Figure!5.6.!Percentage!of!the!administered!activity!of!the!99mTc−ALB!and!99mTc−ALB−NP!per!

mg!of!stomach,!small!and!large!intestine’s!walls!and!contents.!The!level!of!significance!was!

set!at!probabilities!of!*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001.!Error!bars!represent!mean!±!s.d.!

(n!≥!3).!!

!

!

! Due!to!the!large!surface!area!of!the!small!intestine,!it!constitutes!the!main!region!for!

the! drug! absorption! [40].! The! radioactivity! of! the! 99mTc−ALB−NP! observed! in! the! small!

intestine’s! wall! between! 120! and! 180! min! was! significantly! higher! than! the! 99mTc−ALB!

radioactivity! (p! <! 0.05).! Furthermore,! at! 120!min,! the! radioactivity! observed! in! the! small!
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intestine’s! content!deeply!decreased,! indicating! that! the! strong! interaction!of! the!ALB−NP!

with! the! epithelial! cells! was! responsible! for! the! radioactivity! detected! in! the! epithelium.!

These! results! also! indicate! that! the! interaction! between! ALB! and! CS! was! successfully!

maintained!throughout!the!small!intestine!passage.!The!inheritance!of!positive!charge!from!

CS! allows! the! electrostatic! interaction! with! ALB,! which! is! negatively! charged! at! the! small!

intestinal! pH! [41].! Therefore,! the! mucoadhesive! properties! of! CS! could! explain! the!

augmented! radioactivity!observed! for! the! 99mTc−ALB−NP! in! the! small! intestinal!walls!when!

compared! to! the! 99mTc−ALB,! which! is! in! accordance! with! our! previous! report! (Chapter! 4)!

where! insulin! showed!a!higher!permeation!across! the! cell!monolayers!when!encapsulated!

into!the!the!NP![10].!The!presence!of!radioactivity!in!the!large!intestine’s!content!achieved!

higher! values! for! the! 99mTc−ALB! than! for! the! 99mTc−ALB−NP! at! 120! min,! although! similar!

values!were!obtained!in!the!large!intestine’s!wall!at!the!same!time.!Therefore,!no!interaction!

of!the!ALB−NP!with!intestinal!wall! in!this!region!was!noticed,!except!at!180!min!(p!<!0.01).!

This! result! is! probably! due! to! the! interaction! between! ALB! and! CS! that! gets!weaker! over!

time,! possibly! related!with! the! increase! of! the! pH! along! the! intestine.! Although! the! large!

intestine! is! considered! to! be! a! favorable! site! for! peptide! absorption! due! to! the! lack! of!

peptidases! in! the! luminal! content,! the! penetration! of! the! cellular! membrane! is! more!

challenging!than!in!the!small!intestine!and!the!epithelial!surface!decreases!from!the!pylorus!

towards!the!anus,!suggesting!less!favorable!characteristics!for!the!drug!absorption![42].!The!

absence!of!activity!in!the!liver!and!thyroid!(data!not!shown)!revealed!the!high!stability!of!the!
99mTc−ALB! after! oral! administration,! since! the! free! 99mTc! presents! high! uptake! by! these!

organs.!!

! ALB! was! included! in! this! multilayer! nanosystem! to! act! as! a! sacrificial! target! to!

protect! insulin! against! the! harsh! environment! founded! in! the! stomach! after! oral! delivery.!

The!99mTc−ALB!and!99mTC−ALB−NP!revealed!a!different!pattern!of!intestinal!interaction!along!

the! GI! tract,! suggesting! that! ALB! was! not! totally! degraded! in! the! stomach! and! was! still!

integrated!in!the!NP’!structure,!which!allows!it!to!protect!insulin!and!stabilize!the!NP!in!the!

intestinal! environment! as! well.! Furthermore,! the! increased! contact! of! the! NP! with! the!

intestinal! epithelium! demonstrated! in! the! biodistribution! studies,! probably! due! to! the!

mucoadhesive!characteristics!of!the!NP,!support!the!antihyperglycemic!effect!obtained.!

! !
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5.5!CONCLUSIONS!

!

! The! reported! work! illustrated! the! antihyperglycemic! effect! of! the! 160−170! nm!

biopolymer−based! NP! dual! coated! with! CS! and! ALB.! A! comparative! study! after! the! oral!

delivery!of!the!insulin−loaded!NP!to!the!T1D!and!T2D!models!was!for!the!first!time!carried!

out.!The!designed!formulation!provided!a!stabilized!nanosystem!within!the!GI!environment,!

which! resulted! in! significant! antihyperglycemic! effect! after! oral! administration! for! both!

models,! although! the! antihyperglycemic! effect! lasted! longer! in! the! model! of! T1D.! The!

biodistribution! studies! revealed! high! stability! of! the! radiotracer! 99mTc−ALB! after! oral!

administration.!Additionally,! the! 99mTc−ALB−NP!could!significantly!enhance!the! interactions!

with!the!small!intestinal!walls,!which!could!be!associated!with!the!mucoadhesive!properties!

of!CS.!This!behavior!also!indicated!that!ALB!was!not!totally!degraded!in!the!stomach,!which!

allowed!the!protection!of!insulin!and!stabilization!of!the!NP!in!the!intestinal!environment!as!

well.!These!results!suggest!that!this!nanosystem!is!a!potential! tool! to!accomplish!high!oral!

BA! of! insulin,! which!may! also! be! useful! for! the! oral! delivery! of! other! peptide! or! protein!

drugs.!Clinically,!it!might!be!very!promising!for!the!therapy!of!T1D!and!T2D.!!

!

!
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6.1!ABSTRACT!! !

!
! The!potential!of!NP!to!overcome!the!barriers!for!oral!delivery!of!protein!drugs!have!

led! to! the!development!of!platforms! capable!of! improving! their!BA.!However,!despite! the!

progresses! in! drug! delivery! technologies,! the! success! of! oral! delivery! of! insulin! remains!

elusive! and! the!disclosure!of! insulin!mechanisms!of! absorption! remains! to!be! clarified.! To!

overcome!multiple! barriers! faced! by! oral! insulin! and! to! enhance! the! insulin! permeability!

across! the! intestinal! epithelium,! here! insulin−loaded! ADS−NP! were! formulated! and!

dual−coated!with!CS!and!ALB.!The!nanosystem!was!characterized!by! its!pH−sensitivity!and!

mucoadhesivity,!which!enabled!to!prevent!70%!of!in"vitro!insulin!release!in!simulated!gastric!

conditions! and! allowed! a! sustained! insulin! release! following! the! passage! to! simulated!

intestinal!conditions.!The!pH!and!time−dependent!morphology!of!the!NP!was!correlated!to!

the! release! and! permeation! profile! of! insulin.! The! dual! CS/ALB! coating! of! the! ADS−NP!

demonstrated!augmented! intestinal! interactions!with! the! intestinal! cells! in! comparision! to!

the!uncoated!NP,!resulting!in!a!higher!permeability!of!insulin!across!Caco−2/HT29−MTX/Raji!

B! cell! monolayers.! The! permeability! of! the! insulin−loaded! ALB−NP!was! reduced! after! the!

temperature! was! decreased! and! after! co−incubation! with! chlorpromazine,! suggesting! an!

active! insulin! transport! by! CME.! Moreover,! the! permeability! inhibition! with! the!

pre−treatment!with!sodium!chlorate!suggested!that!the! interaction!between!the!glycocalix!

and!the!NP!was!critical! for! the! insulin!permeation.!Overall,! the!developed!nanosystem!has!

clinical!potential!for!the!oral!delivery!of!insulin!and!therapy!of!T1D.!

!
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6.2!INTRODUCTION!

!
! Diabetes!is!a!group!of!metabolic!and!chronic!disorders!that!results!from!the!partial!

or!absolute! loss!of! insulin!production!and/or! insulin! resistance! in! target! cells.! The!primary!

mode!of!treatment!of!T1D!consists!of!exogenous!insulin!therapy,!which!is!also!required!at!a!

later! stage! in! patients! with! T2D.! To! overcome! the! limitations! of! the! current! s.c.!

administration!of!insulin,!oral!delivery!has!emerged!as!the!most!desirable!alternative!route!

of! administration! because! of! its! convenience! and! good! patient! compliance! [1,2].! More!

importantly,!the!oral!route!is!considered!the!most!physiological,!since!it!closely!mimics!the!

endogenous!insulin!pathway!and!provides!better!glucose!homeostasis![3].!However,!despite!

the!efforts!of!researchers!and!the!desire!of!the!diabetic!patients,!there!is!still!no!product!on!

the!market!for!oral!delivery!of!insulin.!The!oral!BA!of!insulin!is!very!poor,!which!is!essentially!

due! to!enzymatic!digestion!of! insulin! in! the!GI! tract!and! the! low!permeability! through! the!

epithelial!cell!layer!in!the!intestine![4,5].!!

! To!date,!different!strategies!have!been!used!to!improve!the!oral! insulin!absorption!

[6−10]! and,! among! these! strategies,! NP! may! represent! a! closer! approach! to! reach! a!

successful!oral! insulin!delivery!nanosystem! [10−12].!More!precisely,!biopolymer−based!NP!

have! been! explored! and! gained! a! lot! of! consideration,! given! their! established!

biocompatibility! and! biodegradability! [13,14].! For! example,! alginate−based! NP! have! been!

shown!to!successfully! incorporate!enzymes,!drugs!and!proteins!by!entrapping!or!attaching!

them! to! the! particles’!matrix! [15].! Previous! studies! revealed! that! the! incorporation! of! an!

anionic! copolymer,! such! as! dextran! sulfate,! enhanced! the! loading! of! hydrophilic! drugs! in!

alginate!matrices![16,17].!The!vast!exploration!of!CS−based!NP!over!the! last!years!has!also!

demonstrated!that!this!biopolymer!plays!an!important!role!in!the!insulin!oral!BA![10].!CS,!a!

mucoadhesive! cationic! biopolymer,! is! able! to! promote! the! mucus! and! cellular! adhesion,!

increasing! the! residence! time! of! the! delivery! systems! at! the! site! of! absorption,! thereby!

increasing!the!oral!BA![10,18−20].!Moreover,!CS!is!also!known!to!increase!the!permeability!

of!the!drugs!by!transiently!opening!the!cellular!TJ!present!between!the!intestinal!epithelial!

cells![21].!The!application!of!ALB!as!an!outermost!coat!to!CS−based!NP!has!revealed!to!act!as!

a! sacrificial! target! to! avoid! insulin! degradation! by! preventing! proteases! from! accessing!

insulin! within! the! NP,! and! by! stabilizing! the! NP! either! in! the! acidic! [22−24]! or! intestinal!

environment! [25].! ALB! is! a! versatile! protein! carrier! for! drug! delivery,! characterized! by! its!
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non−immunogenic,!nontoxic,!biodegradable!and!biocompatible!properties! [26,27].!ALB−NP!

have!gained!considerable!attention!due!to!their!high!binding!capacity!to!various!drugs![26].!

! However,!the!behavior!of!biopolymers−based!NP!when!in!contact!with!the!intestinal!

barrier! and! specific! cellular! and!molecular! interactions!with! the! principal! cells! comprising!

this! barrier! (e.g.,! enterocytes,! the! mucus−producing! goblet! and! M! cells)! remains! to! be!

clarified.! Different! pathways! have! been! hypothesized! to! be! involved! in! the! transport! of!

either!free!and/or!NP−associated!insulin.!These!pathways!include:!(i)!paracellular!transport;!

(ii)! transcytosis! through! enterocytes;! (iii)! receptor−mediated! transcytosis;! and! the!

transcellular! pathway! used! by! the! M! cells! in! the! PP! [28].! Due! to! their! high! transcytotic!

capacity!and!ability!to!transport!NP![29],!the!M!cells!offer!a!putative!way!for!the!oral!delivery!

of!nanoencapsulated!peptides! [30].! In! the!case!of! the! transcellular!pathway,! the! transport!

begins! by! an!uptake! that! depends!on! the! type!of! endocytosis! involved:!macropinocytosis,!

CME,! caveolae−mediated!endocytosis!or! caveolae−!and! clathrin−! independent!endocytosis!

[31].!Whether!insulin!uptake!occurs!through!one!or!more!pathway!is!still!unknown,!since!the!

studies! elucidating! the! absorption! mechanisms! of! insulin! do! not! make! use! of! cell−based!

intestinal! models! that! reproduce! the! enterocytes,! and! goblet! and!M! cells! simultaneously!

[28].!

Therefore,!the!aim!of!this!work!was!to!evaluate!the!effectiveness!of!insulin−loaded!

biopolymeric−NP! on! the! insulin! permeability! across! intestinal! epithelial! cells.! The!

independent! effects! of! the! CS! and! ALB! coatings! were! evaluated! through! an! extensive!

characterization!of!the!NP!with!impact!both!on!insulin!release!profiles!in!biological!fluids!and!

at! the! cellular! level.! Finally,! a! systematic! evaluation! of! the! cellular! and! molecular!

mechanisms!used!by!the!NP!to!transport!insulin!across!the!intestine!was!also!performed.!

!

!
6.3!MATERIALS!AND!METHODS!

!

6.3.1!Materials!and!cell!culturing!

!
Human!recombinant! insulin!(MW!5800!Da),! low!viscosity!sodium!alginate!(viscosity!

of! 1%! solution! at! 25! ºC,! 4−12! cps),! dextran! sulfate,! sorbitan!monooleate! (Span®! 80),! low!

molecular! weight! CS,! bovine! serum! ALB,! paraffin! oil,! FITC,! dimethylsulfoxide! (DMSO),!

sodium! azide,! filipin! complex! from! Streptomyces" filipinensis,!
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2−(N−morpholino)−ethanesulfonic! acid! (MES),!

1−ethyl−3−(3−(dimethylamino)−propyl)−carbodiimide! (EDC),! N−hydroxysuccinimide! (NHS),!

4−(2−hydroxyethyl)−1−piperazineethanesulfonic! acid! (HEPES)! and! glutaraldehyde! were!

purchased! from! Sigma−Aldrich! (USA).! Calcium! carbonate!was! obtained! from! Setacarb! and!

poloxamer! 188! (Lutrol®!F68)! from! BASF! (Germany).! Sodium! chlorate! was! purchased! from!

Acros!Organics!(Spain).!Protamine!sulfate!and!chlorpromazine!hydrochloride!were!obtained!

from! Tokyo! Chemical! Industry! (Japan).! HBSS,! PBS,! Alexa−Fluor! 488®,! Versene! and! heat!

inactivated! fetal! bovine! serum! (FBS)! were! purchased! from! Life! Technologies.! Dulbecco’s!

Modified! Eagle’s! medium! (DMEM),! L−glutamine,! non−essential! amino! acids! (NEAA),!

penicillin! (100! IU/mL)! and! streptomycin! (100! mg/mL),! EDTA! and! trypsin! were! purchased!

from!HyClone.!!

Human! colon! adenocarcinoma! Caco−2,! lymphocytes! Raji! B! and! human! gastric!

adenocarcinoma! AGS! cells! were! obtained! from! American! Type! Culture! Collection.!

Goblet−like! HT29−MTX! cells! were! kindly! provided! by! Dr.! T.! Lesuffleur! (INSERM! U178,!

Villejuif,!France).!

!

!

6.3.2!NP!preparation!

!

! The! ADS−NP! were! prepared! by! emulsification/internal! gelation! followed! by!

polyelectrolyte!complexation![32].!A!schematic!representation!of!the!technique!is!shown!in!

Figure! 6.1.! Briefly,! the! formation! of! the! ADS! matrix! through! emulsion! dispersion! was!

followed! by! triggered! instantaneous! particle! gelation.! The! nonionic! triblock! copolymer!

poloxamer!188!(0.16%,!w/v)!was!added!to!an!aqueous!solution!of!sodium!alginate!(0.02%,!

w/v)! and! dextran! sulfate! (0.0075%,! w/v).! After! that,! an! aqueous! suspension! of! ultrafine!

calcium! carbonate! (0.05%,! w/v)! was! sonicated! for! 30! min! at! 50%! to! break−down! crystal!

aggregates!and!dispersed!at!calcium/alginate!mass!ration!of!1.0:0.3.!The!resultant!dispersion!

was! emulsified! within! paraffin! oil! (aqueous! phase/oil! phase! 50/50,! v/v)! facilitated! by!

another! non−ionic! surfactant,! sorbitane! monooleate! (1.84%,! v/v),! by! impeller−stirring!

homogenization!(1600!rpm)!and!tip−sonication!at!50%.!After!15!min,!gelation!was! induced!

by! addition! of! paraffin! oil! containing! glacial! acetic! acid! (molar! ratio! acid−calcium,! 3.5)! to!

solubilize!calcium!dispersed! in! the! the!ADS!droplets!during!15!min,!with!continued!stirring!
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and!tip−sonication.!The!drug!loading!was!performed!by!simultaneously!dispersing!an!insulin!

solution!(7!mg/mL!in!0.01!M!HCl)!during!the!gelation!process.!The!ADS−NP!were!recovered!

through!an!extraction!procedure!as!described! in!Chapter!2! [32].!The!ADS−NP!were! further!

washed! by! centrifugation! at! 6000! rpm! for! 10! min! and! dispersed! in! Milli−Q! water! by!

tip−sonication.!!

!

!

!

Figure!6.1.!Schematic!representation!of!the!emulsification/internal!gelation!technique!used!

to! prepare! the! insulin−loaded! ADS−NP.! The! formation! of! the! egg−box! structure!

(calcium/alginate! gel)! was! induced! by! the! pH! decrease! of! the!W/O! nanoemulsion,! which!

enabled! the! controlled! release! of! calcium.! The! insulin! entrapment! in! the! NP’! matrix! was!

reinforced! by! the! presence! of! dextran! sulfate.! The! dual! coating! was! applied! by!

polyelectrolyte!complexation!by!dropwise!addition!of!CS!and!ALB,!sequentially.!!

! ! !

! !
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6.3.3!NP!coating!

!

! CS! solution! (0.3%,!w/v)!was! prepared!by! dissolving!CS! in!Milli−Q!water! containing!

0.5%! (v/v)! acetic! acid! overnight! under!magnetic! stirring,! followed! by! the! addition! of! PEG!

(0.15%,! w/v)! and! CaCl2! (1.5%,! w/v)! with! pH! adjustments! to! 4.6,! followed! by! filtration!

through! a! paper! filter!Millipore! #4.! The! CS−NP!were! obtained! after! dropwise! addition! of!

CS/PEG/CaCl2! solution! to! the! ADS−NP! diluted! (1:4)! with! Milli−Q! water! (CS/alginate! mass!

ration!of!1:0.07)!under!magnetic!stirring.!

! Finally,!the!CS−NP!were!coated!by!dropwise!addition!of!1.0%!(w/v)!ALB!solution!at!

pH! 5.1! (ALB/CS!mass! ration! of! 1:0.2)! under!magnetic! stirring.! The! supernatant! containing!

unbound! polymer! was! separated! through! the! NP! concentration! to! 4! mg/mL! by!

centrifugation! in! filters! with! a! membrane! pore! size! of! 100! kDa! (Amicon! Ultra;! Merck!

Millipore!Ltd.).!Afterwards,!the!CS−!and!ALB−NP!were!homogenized!by!tip−sonication!for!30!

s.!

!

!

6.3.4!NP!characterization!!

!

After! production,! the! NP! were! characterized! for! their! average! particle! size!

(Z−average),! PdI,! and! average! ζ−potential,! using! a!Malvern! Zetasizer! Nano! ZS! instrument!

(Malvern! Instruments! Ltd,! UK).! For! these!measurements,! samples!were! diluted! in!Milli−Q!

water!at!a!concentration!of!0.4!mg/mL.!

The!morphology!of!the!NP!was!studied!by!transmission!electron!microscopy!(TEM)!

(Jeol! JEM−1400,! Jeol! Ltd.,! Japan)! using! an! acceleration! voltage! of! 120! kV.! For! sample!

preparation,! the! NP! were! dispersed! in! Milli−Q! water! and! dropped! on! a! carbon! coated!

copper! TEM! grid! before! air−drying! at! room! temperature! overnight.! To! assess! the!

pH−dependent!morphology!of! the!NP!over! time," the!NP!were!dispersed! in!HBSS−MES! (pH!

5.5)! or! HBSS−HEPES! (pH! 7.4)! buffers! and! stirred! at! 100! rpm! for! 30! min! and! 3! h,! before!

preparing!the!samples!for!TEM!analysis.!

"

"

! !
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6.3.5!EE!and!LC!of!insulin!

!

! To!determine!the!EE!and!LC!of!the!prepared!NP,!the!amount!of!insulin!associated!to!

the!NP!was!calculated.!This!calculation!was!made!according!to!the!follow!Equations!1!and!2:!!

!

!!! % = ! !"#$%&!!"!!"#$%!"!!"#$%$!!"!!!!!!"!"#$%!!"#$%&!!"!!"#$%!" !×!100! ! ! ! ! (1)!

!

!"! % != ! !"#$%&!!"!!"#$%!"!!"#$%$!!"!!!!!!"!"#$%!!"#$%&!!"!!" !!×!100! ! ! ! ! (2)!

!

Insulin!was!extracted!from!the!NP!through!dissolution! in!PBS!at!pH!7.4!during!3!h.!

After! the! NP! dissolution,! the! medium! was! centrifuged! and! the! mass! of! insulin! in! the!

supernatant!was!measured,! corresponding! to! the! EE.! The! LC!was! calculated!based!on! the!

dried!mass! of! the! NP! obtained! after! lyophilization! (HETO! LyoPro! 3000,! Heto/Holten! A&S,!

Denmark).!!

!

!

6.3.6!HPLC!quantification!

!

! Insulin!was!quantified!by!HPLC!(Agilent!1260,!Agilent!Technologies,!USA)!with!a!C18!

column!(4.6!×!150!mm,!5!μm,!Supelco!Discovery®,!USA).!The!mobile!phase!consisted!of!ACN!

and! 0.1%! TFA.! The! flow! was! initially! set! at! the! ratio! of! 30:70! (ACN:! 0.1%! TFA,! v/v),! and!

linearly!changed!to!40:60!(v/v)!gradient!over!5!min.!The!flow!rate!was!1.0!mL/min!and!the!

injected! volume! of! the! sample! was! 75! μL.! The! column! temperature! and! detection!

wavelength!were!set!at! room!temperature!and!214!nm,!respectively.!The!total!area!under!

the!peak!was!used!to!quantify!insulin.!

!

!

6.3.7!In!vitro!release!tests!

!

The! in" vitro! release! studies! of! insulin! were! conducted! from! 10! mg! of! the! NP! in!

dialysis! diffusion! bags! (Spectra/Por®,! Biotech! CE,! MWCO! 100,000,! Spectrum! Laboratories!

Inc.,!USA).!The!release!of!insulin!was!measured!by!immersing!the!dialysis!diffusion!bag!in!50!
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mL! of! SGF! (USP! 34)! at! pH! 1.2.! After! 2! h,! the! medium! was! replaced! by! SIF! (USP! 34)! at!

different!pH−values!(pH!5.5!and!pH!7.4).!Aliquots!of!100!μL!were!collected!at!specific!time!

points! during! the! dissolution! experiments! and! the! withdrawn! volume! was! replaced! with!

fresh!pre−heated!buffer,!keeping!the!volume!constant.!The!collected!aliquots!were!analyzed!

by! HPLC! in! order! to! quantify! the! insulin! released! from! the! NP! over! time.! The!

nonencapsulated!insulin!release!profile!was!used!as!control.!All!the!tests!were!performed!at!

37!°C!and!100!rpm!under!sink!conditions.!

!

!

6.3.8!Fluorescent!labeling!of!the!NP!

!

! The! covalent! labeling! of! Alexa! Fluor®! 488! (Life! Technologies,! USA)! to! alginate!was!

performed!in!MES!buffer!(pH!5.2)!using!the!EDC/NHS!coupling!chemistry.!Briefly,!1!mg!of!the!

ADS−NP!were!dispersed!in!1!mL!of!10!mM!MES!buffer!solution!containing!EDC!and!NHS!(final!

concentrations!30!mM)!and!mixed!for!2!h!at!room!temperature! in!the!dark!to!activate!the!

carboxylic!groups!on!the!alginate.!After!sonication!for!30!s,!Alexa!Fluor®!488!was!added!at!a!

ratio!of!200:1!of! the!NP! to!dye,!and!allowed! to!stir!overnight!at!200! rpm.!Afterwards,! the!

Alexa!Fluor®!488−labelled!NP!were!washed!twice!with!Milli−Q!water.!

A!solution!of!FITC!(0.2%,!w/v)!dissolved! in!DMSO!was!added!dropwise!to!70!mg!of!

insulin!dissolved!in!35!mL!of!0.1!M!Na2CO3!and!mixed!for!8!h!at!4!°C!in!the!dark.!After!that,!

NH4Cl!was!added!to!a!final!concentration!of!50!mM!and!incubated!for!another!2!h!at!4!°C!to!

stop! the! coupling! reaction.! The! FITC−insulin!was! then!dialyzed!by!using! a!membrane!with!

8−10!kDa!for!72!h!at!4!°C!in!the!dark.!Afterwards,!the!FITC−insulin!was!lyophilized!for!24!h."

!

! !

6.3.9!Cell!culturing!!

!

! Human! gastric! adenocarcinoma! AGS! (passages! #10−15),! human! colon!

adenocarcinoma!Caco−2! (passages!#31−39),!goblet−like!HT29−MTX! (passages!#30−39)!and!

lymphocytes! Raji! B! cells! (passages! #26−35)! were! grown! separately! in! culture! flasks! in! a!

complete! medium! consisting! of! DMEM! supplemented! with! 10%! (v/v)! FBS,! 1%! (v/v)!

L−glutamine,!1%!(v/v)!NEAA,!and!1%!(v/v)!antibioticeantimitotic!mixture!(final!concentration!
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of! 100! IU/mL! penicillin! and! 100! IU/mL! streptomycin).! The! cell! cultures! were! kept! in! a!

standard! incubator! (16! BB! gas,! Heraeus! Instruments! GmbH,! Germany)! at! 37! °C! in! an!

atmosphere!of!5%!CO2!and!95%!relative!humidity.!

!

!

6.3.10!Cell!viability!studies!

!

The!cell!viability!experiments!were!performed!on!AGS,!Caco−2!and!HT29−MTX!cells.!

The! cells! were! seeded! separately! at! concentrations! of! 1×105! cells/mL! into! 96−well! plates!

(Corning!Inc.,!USA).!The!cells!were!allowed!to!attach!to!the!wells!for!24!h.!The!medium!was!

then! removed! and! the! cells! were! washed! twice! using! fresh! HBSS−HEPES! buffer! (pH! 7.4).!

Afterwards,!100!μL!of!the!NP!were!added!to!the!cells!at!different!concentrations!(1,!0.5,!0.25!

and! 0.1!mg/mL)! and! incubated! for! a! period! of! 3! h! for! the! AGS! cells,! and! for! 6! h! for! the!

Caco−2!and!HT29−MTX!at! 37! °C.!After! incubation,! the! cells!were!washed! twice!with! fresh!

HBSS−HEPES! buffer.!Next,! 50!μL! of! fresh!HBSS−HEPES! and! 50!μL! of! CellTiter−Glo®!reagent!

assay!(Promega!Corporation,!USA)!were!added!to!the!wells!as!described!elsewhere![33].!A!

positive! (1%! Triton! X−100)! and! negative! control! (HBSS−HEPES! buffer! solution)! were! also!

prepared!and!treated!similarly!to!the!sample!wells.!The!luminescence!was!measured!using!a!

Varioskan!Flash!Multimode!Reader!(Thermo!Fisher!Scientific,!USA).!!

!

!

6.3.11!Cell−NP!interactions!

!

! To! verify! the! interactions! between! the! cells! and! the! NP,! Caco−2:HT29−MTX!

co−cultures! in! the!proportion!of!90:10!were!seeded! in!Lab−Tek!8−chamber!slides! (Thermo!

Fisher!Scientific!Inc.,!USA)!and!allowed!to!attach!for!24!h.!Afterwards,!the!cells!were!washed!

twice!with! fresh! pre−heated! HBSS−MES! buffer! (pH! 5.5).! Then,! 200! μL! of! the! Alexa! Fluor®!

488−loaded!NP! (0.5!mg/mL)!were!added! to! the!cells!and! incubated!at!37! °C! for!3!h.!After!

incubation,!the!cells!were!washed!twice!with!fresh!pre−heated!HBSS−MES!buffer.!Then,!the!

plasma!membrane!was!stained!by!adding!200!μL!of!CellMaskTM!DeepRed!(Invitrogen,!USA)!

and! incubated! for! 3!min! at! 37! °C.! The! excess! of! staining! solution!was!washed! twice!with!

fresh! HBSS−MES! buffer! and! the! cells! were! fixed! using! 2.5%! glutaraldehyde! for! 20!min! at!
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room! temperature.! The! intercellular! localization! of! the! Alexa! 488®−loaded! NP! was! then!

observed!using!a!Leica!SP5!confocal!microscope!(Leica!Microsystems,!Germany).!

!

!

6.3.12!Cellular!association!analyses!by!flow!cytometry!

!

! Caco−2:HT29−MTX!co−cultures!were! seeded! in!6−well!plates!at!a!density!of!7×105!

cells/mL! in! a! ratio! of! 90:10! and! allowed! to! attach! for! 48! h! at! 37! °C.! The! cells! were! then!

washed! with! HBSS−MES! (pH! 5.5)! and! incubated! with! the! Alexa! Fluor®−labeled! NP! (0.5!

mg/mL)! for! 3! h.! Afterwards,! the! cells!were!washed! three! times!with!HBSS−MES!buffer! to!

remove! the! NP! not! associated! with! the! cells! and! detached! by! incubating! with! 0.5!mL! of!

Versene! for! 15! min.! Then,! the! cells! were! centrifuged! and! the! supernatant! removed! and!

re−suspended!in!700!µL!of!basic!sorting!buffer!that!consists!in!1!×!PBS!(Ca/Mg2+!free)!with!5!

mM!of!EDTA!and!25!mM!of!MES,!to!avoid!the!cells!aggregation!and!analyzed!right!after!using!

a!Beckman!Coulter!Galios™!Flow!Cytometer!with!a! laser!excitation!wavelength!of!488!nm.!

The! results! were! analysed! using! the! software! Kaluza! Analysis! Version! 1.3.! About! 10,000!

events! were! obtained! for! each! sample.! Data! were! analyzed! and! plotted! using! Weasel!

software.!

! !

!

6.3.13!Preparation!of!the!triple!co−culture!cell!monolayers!

!

! To! prepare! the! triple! co−culture! intestinal! cellular!monolayer,! 1.5×105!cells/mL! of!

Caco−2! and!HT29−MTX! cells! in! a! ratio! of! 90:10!were! seeded! in! 12−Transwell®! cell! culture!

inserts!and!were!allowed! to!grow!and!differentiate! for!14!days!with!medium!replacement!

every!other!day.!Then,!1.0×105!Raji!B!cells!were!added!to!the!basolateral!chamber!for!7!days!

more,!in!order!to!induce!the!phenotype!change!of!the!Caco−2!cells!into!M!cells!and!to!obtain!

a!triple!co−culture!model![34].!!

!

!

! !



 Chapter 6 
! !
!

!

200!

6.3.14!Intestinal!permeability!experiments!

!

! The!permeability!experiments!across!the!cell!monolayers!were!performed!from!the!

apical! (0.5!mL)!to!basolateral!direction!(1.5!mL)! in!HBSS−HEPES!(pH!7.4)!or!HBSS−MES!(pH!

5.5)!at!37!°C!using!an!orbital!shaker!(100!rpm).!After!removing!the!cell!culture!medium,!0.5!

mL!of!the!nonencapsulated!insulin!or!insulin−loaded!NP!at!the!concentration!of!0.5!mg/mL!

were!pipetted!into!the!apical!side!of!the!inserts.!At!different!time!points!(15,!30,!60,!120!and!

180!min),!100!μL!samples!were!taken!from!the!basolateral!side!of!the!inserts!and!the!same!

volume!of! fresh!HBSS−HEPES! (pH!7.4)!or!HBSS−MES!(pH!5.5)!buffer!was!added!to! retain!a!

constant! volume! of! the! medium.! The! amounts! of! insulin! permeated! across! the! cell!

monolayers!were!determined!by!a!Human!Insulin!Elisa!Kit!(Mercodia,!Sweden),!according!to!

the!manufacturer’s! instructions.!The!cumulative!amounts!of! insulin! transported!across! the!

monolayers! were! calculated! from! the! concentrations! measured! in! the! basolateral!

compartment.!The!Papp!was!calculated!as!described!elsewhere![25].!

!

!

6.3.15!Morphological!characterization!of!the!co−culture!monolayers!

!

! After! the! permeability! studies! in! HBSS−HEPES! at! pH! 7.4,! the! NP! suspension! was!

carefully! removed! and! the! cells! were! fixed!with! 2.5%! glutaraldehyde! for! 20!min! at! room!

temperature.!The!wells!were!then!washed!twice!with!sodium!cacodylate!buffer!(NaCac)!for!

3! min.! Afterwards,! the! cells! were! post−fixed! with! 1%! osmium! tetroxide! in! 0.1! M! NaCac!

buffer! (pH!7.4)! and! then!dehydrated!and!embedded! in! epoxy! resin.!Ultrathin! sections! (60!

nm)!were! cut!perpendicular! to! the! insert,! post−stained!with!uranyl! acetate! and!examined!

with!TEM!using!an!acceleration!voltage!of!120!kV.!

!

! !

6.3.16!Cellular!uptake!studies!

!

! The!cellular!uptake! studies!were!performed!using! the! same!experimental! setup!as!

for!the!intestinal!permeability!studies.!However,!the!NP!were!loaded!with!FITC−insulin.!The!

FITC−insulin−loaded! NP!were! added! in! the! exact! same! conditions! as! for! the! permeability!
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studies!with!incubation!at!37!°C!for!3!h!with!shaking!at!100!rpm.!The!cells!were!lysed!using!a!

cell! lysing! buffer! after! incubation.! The! lysate!was! then! centrifuged! at! 4000g! for! 5!min! to!

remove!the!supernatant.!Finally,! the!supernatant!was!analyzed! for! fluorescence! (λexcitation!=!

490! nm! and! λemission! =! 520! nm)! using! a! Varioskan! Flash!multimode!Reader! (Thermo! Fisher!

Scientific,!USA)!to!measure!the!amount!of! insulin!present!bound!or!within!the!mucus!layer!

or!cell!monolayers.!

!

!

6.3.17!Assessment!of!transport!pathways!

!

! To! identify! the! possible! transport! mechanism! of! the! insulin−loaded! NP! by! the!

intestinal!cells,!the!monolayers!were!prepared!using!the!same!experimental!setup!as!for!the!

intestinal! permeability! studies.! The! permeability! of! insulin! across! the! cell!monolayers!was!

performed!by! incubating! cells! in!different! conditions!or! treating! them!with! specific! agents!

[11]:! (i)! to! study! the! effect! of! temperature! on! the! insulin! permeability,! the! cells! were!

incubated!with!NP!at!4!°C!for!3!h;!(ii)!to!test!the!effect!of!sodium!azide,!an!active!transport!

inhibitor,!100!mM!sodium!azide!was!dissolved!in!the!NP!suspension!and!incubated!with!cells!

for! 3! h! at! 37! °C;! (iii)! to! study! the! effect! of! protamine! treatment,! an! adsorptive−mediated!

endocytosis! inhibitor,! 1! mM! protamine! sulfate! was! dissolved! in! the! NP! suspension! and!

incubated!with!cells!for!3!h!at!37!°C;!(iv)!to!investigate!the!effect!of!desulfurization,!the!cells!

were!pre−incubated!with!35!mM!sodium!chlorate!in!the!cell!culture!medium!for!48!h,!rinsed!

twice!with!HBSS−HEPES!(pH!7.4)!buffer!and!incubated!with!the!NP!suspension!for!3!h!at!37!

°C! [35];!and! (v,!vi)! to!examine! the!effects!of! chlorpromazine!and! filipin,!which!are!clathrin!

and!caveolae!endocytosis!inhibitors,!respectively,!the!cells!were!incubated!with!10!mg/mL!of!

chlorpromazine!or!1!mg/mL!of!filipin!dissolved!in!the!NP!suspension!and!treated!for!3!h!at!37!

°C! [36].! In! addition,! the! control! samples! were! conducted! at! 37! °C! for! 3! h! without! any!

treatment!and!the!cumulative!amounts!of! insulin! transported!across! the!monolayers!were!

calculated!from!the!concentrations!measured!in!the!basolateral!compartment.!!

!

!
6.3.18!Statistical!analysis!

!

! Measured! values! are! represented! as! mean! ±! s.d.! of! at! least! three! independent!
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experiments.!One−way!ANOVA!with!Bonferroni!post!hoc−test!(SPSS!20.0,!USA)!was!used!to!

analyze!the!data.!The!level!of!significance!was!set!at!probabilities!of!*p!<!0.05,!**p!<!0.01,!and!
***p!<!0.001.!

!

!
6.4!RESULTS!AND!DISCUSSION!

!

6.4.1!NP!characterization!!

!
The!characteristics!of!the!designed!NP!based!on!the!mean!size,!PdI,!ζ−potential,!EE!

and!LC!are!represented!in!Table!6.1.!All!the!types!of!NP!presented!average!sizes!of!ca.!300!

nm,!with!PdI!values!≤!0.30.!NP!with!reduced!size!are!known!to!establish! improved!contact!

with! the! intestinal! cells! than! do! bigger! particles,! facilitating! the! permeation! via! different!

mechanisms![37].!Furthermore,!since!the!NP!immobilized!by!the!mucus!can!be!cleared!from!

the! mucosal! tissue,! their! size! must! be! less! than! 500! nm! [38]! to! avoid! significant! steric!

inhibition!by!the!fiber!mesh!and!adhesion!to!mucin!fibers![39].!The!decrease!of!the!NP!size!

was!also!correlated!with!an!increase!of!the!cohesive!energy!of!the!NP!and,!therefore,!their!

stability![40].!Further!TEM!visualization!of!the!NP!provided!more!detailed!information!on!the!

size! distribution! and! also! on! the! morphological! surface! properties! of! the! NP.! The! TEM!

images! shown! in! Figure! 6.2! support! the! results! in! terms! of! mean! size.! Our! ADS−NP!

presented! irregular! shapes! and! no! apparent! structural! changes! were! detected! after! their!

coating!with!CS.!!

On!one!hand,!the!coverage!of!CS!onto!the!ADS−NP!(CS−NP)!surface!is!derived!from!

the! electrostatic! interactions! between! the! negatively! carboxylic! groups! (COO−)! of! alginate!

and!the!sulfate!groups!(SO4
2
−)!of!dextran!sulfate!with!the!protonated!amine!groups!(NH3

+)!of!

CS,! leading! to! the! formation! of! a! less! delineated! shape! of! the! NP! (Figure! 6.2B)! and! an!

increase!in!the!mean!size!(p!<!0.05).!On!the!other!hand,!the!helical!structure!of!ALB!has!been!

described! to! be! responsible! for! the! increase!packing! of! the!NP’!membrane! and!polymeric!

matrix! [24].! Our! results! are! in! accordance! with! those! reports,! which! can! be! seen! by! the!

decrease! in! the!NP! size!after! the!ALB! coating! (ALB−NP)! (p! <!0.05),! as!well! as!by! the!more!

compacted! structure! observed! in! Figure! 6.2C.! The! effect! of! ALB! on! the! NP! size! may! be!

related!to!changes!in!the!electrical!state,!in!which!the!increase!or!decrease!of!the!electrical!

repulsions!lead!the!particles!to!swell!or!shrink,!respectively![22,41].!Their!size!presented!the!
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smaller!PdI!value! (0.17)! suggesting! the!stability!of! the!system! in! terms!of! size!distribution,!

given! its! higher! homogeneity.! These! results! are! in! very! good! accordance! with! a! previous!

study![22],!where!ALB!provided!electrostatic!stabilization!to!the!NP.!

!

!

Table!6.1.!Size,!PdI,!ζ−potential,!EE!and!LC!of!insulin!of!the!ADS−,!CS−!and!ALB−NP.!Results!

are!presented!as!mean!±!s.d.!(n!≥!3).!The!values!of!the!CS−!and!ALB−NP!were!compared!to!

the!ADS−NP!(*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001).!

!

NP! Size!!(nm)! PdI! ζ−potential!(mv)! EE!(%)! LC!(%)!

ADS! 313.2!±!2.8" 0.30" −30.6!±!0.8! 72.4!±!3.3" 10.1!±!2.8"

CS! 338.8!±!5.8*" 0.25" +53.9!±!1.2***" 21.9!±!2.8*" 4.8!±!0.4*"

ALB! 300.8!±!3.8*" 0.17" +28.9!±!0.9***" 30.7!±!3.4*" 6.2!±!1.4"

!

!

Regarding!the!surface!charge,!the!ADS−NP!were!negatively!charged!(−30.6!±!0.8!mV)!

as!expected!by!the!nature!of!the!polymers!used.!The!negatively!charged!mucus!layer!on!the!

intestinal!epithelium!would!lead!to!electrostatic!repulsion!of!the!NP!that!are!also!negatively!

charged!preventing!them!to!get!closer!and!to!interact!with!intestinal!cells![42].!Therefore,!CS!

was!used!as!a!strategy!to!improve!the!interaction!of!these!NP!with!the!intestinal!epithelium.!

CS!is!a!positively!charged!mucoadhesive!polymer,!known!to!increase!the!contact!time!of!the!

NP!with!the!intestinal!layer,!which!may!lead!to!a!wide!absorptive!surface!and!subsequently!

enhanced!drug!absorption![28].!Moreover,!CS!is!an!efficient!intestinal!absorption!enhancer,!

able!to!transiently!open!the!TJ!between!the!epithelial!cells![43].!Further!CS!coating!of!the!NP!

was!successfully!confirmed!by!the!drastic!increment!of!the!ζ−potential!from!−30.6!to!+53.9!

mV! (p! <! 0.001),! and! also! by! a! slight! increase! of! the!NP! size! by! ca.! 25! nm! (p! <! 0.05).! The!

ALB−NP! had! a! ζ−potential! value! lower! than! the! CS−NP! (−28.9! mV;! p! <! 0.001),! given! the!

negative!charge!of!ALB!at!pH!5.1.!!

!

!

!
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!

Figure!6.2.!TEM!images!of!the!(A)!ADS−,!(B)!CS−,!and!(C)!ALB−NP.!Scale!bars!=!500!nm.!Scale!

bars!in!inset!=!200!nm.!

!

!

6.4.2!EE!and!LC!of!insulin!

!

The! ADS−NP! showed! the! highest! EE! with! 72.4! ±! 3.3%! of! the! initial! protein!

encapsulated! inside! the!NP! (Table! 6.1).! The! encapsulation! of! insulin! inside! the!NP! can! be!

attributed!to!the!electrostatic!interactions!among!the!NP’!components!at!pH!~!5.!Insulin!has!

an! pI! around! 5.3! [44],! alginate! has! pKa! values! of! 3.38! and! 3.65! for! mannuronic! (M)! and!

guluronic! (G)! residues! [45],! respectively,!and!dextran! sulfate!has! a! negative! first! pKa! value!

and!a!second!pKa!value!near!2![46].!Therefore,!strong!electrostatic!attractions!between!the!

positively! charged! protein! and! the! negatively! charged! polymers!may! occur.! Furthermore,!

calcium!ions!interact!with!the!G!residues!and!can!establish!ionic!bridges!with!the!negatively!

charged! carboxylic! residues! of! insulin,! strengthening! the! association! between! insulin! and!

alginate![47].!The!addition!of!poloxamer!188!can!also!contribute!to!the!insulin!EE!due!to!the!

steric!stabilization!by!molecules!of!poloxamer![22].!!

After!the!coating,!the!CS−!and!ALB−NP!had!EE!values!of!21.9!±!2.8!and!30.7!±!3.4%,!

respectively.! The! reduction! in! the! EE! for! both! the! CS−! and! ALB−NP! may! be! due! to! an!

additional! step!of!mixing!of! the!NP!with! the!CS,!which! could!have! led! to! some!premature!

release!of!the!drug![18].!Moreover,!the!protonated!amine!groups!of!both!insulin!and!CS!may!

compete!together!to!the!negatively!charged!groups!of!alginate!and!dextran!sulfate,!making!

the! ADS! network! weaker! and! leading! to! some! insulin! loss.! When! ALB! was! added! to! the!



Dual Chitosan/Albumin Coated Alginate/Dextran Sulfate Nanoparticles   
! !

!
!

205!

nanosystem,!ca.!10%!more!of!insulin!was!retained!inside!the!ALB−NP!when!compared!to!the!

CS−NP.!We! hypothesize! that! the! difference! in! the! electrostatic! interactions! that! occurred!

between! the! ALB! and! CS!may! attenuate! the! competition! between! insulin! and! CS! for! the!

same!groups!of!the!ADS!matrix.!The!ADS−NP!also!presented!the!highest!LC!of!10.1!±!2.8%,!

compared!to!4.8!±!0.4!and!6.2!±!1.4%!for!the!CS−!and!ALB−NP,!respectively.!The!LC!results!

are!in!accordance!with!the!EE!values,!since!the!CS!coating!decreased!the!amount!of!insulin!

encapsulated!inside!the!NP,!which!was!slightly!improved!after!the!ALB!coating.!Higher!LC!of!

insulin!are!preferable,!because!even!for!degradable!particles,!the!use!of!unreasonably!high!

quantities!of!the!carrier!can!lead!to!toxicity!problems!of!the!carrier![48].!

!

!

6.4.3!pH−dependent!morphology!of!the!NP!

"

" These! multilayered! biopolymer−based! NP! have! the! capacity! to! respond! to! pH!

variations! in! a! remarkable!way.! The! synergistic! effect! described! between! alginate! and!CS,!

together!with! the!protective! and! stabilizing!effect!offered!by!ALB,! are! the! reasons! for! the!

morphological!differences!observed!in!Figure!6.3.!Alginate!is!a!polymer!characterized!by!its!

rapid!dissolution!at!high!pH,!due!to!the!dissociation!of!the!carboxylic!groups![49].!When!in!

contact!with!the!buffer!at!pH!5.5!during!30!min,!the!ADS−NP!adopted!a!spherical−like!shape,!

which!may!be!related!to!an!initial!stabilizing!effect!of!the!ionic!external!medium.!However,!

after! 3! h! of! incubation,! the!morphology! of! the!ADS−NP!was! similar! to! the! ones! observed!

with! the! NP! in! water! (Figure! 6.2A),! showing! that! the! ADS−NP! were! stable! at! pH! 5.5.!

Furthermore,!a!rapid!dissolution!was!observed!when!the!ADS−NP!were!in!contact!with!the!

buffer!at!pH!7.4.!After!30!min!of!incubation,!intact!NP!could!still!be!observed!simultaneously!

with! the! dissolved! matrix,! but! after! 3! h! of! incubation,! the! NP! showed! almost! totally!

compromised!structures.!!

The!insoluble!nature!of!CS!at!high!pH−values!is!responsible!for!the!different!shapes!

observed! for! the!CS−NP.!After!3!h!of! incubation!at!pH!5.5,!an!obvious!difference!could!be!

identified!between!the!shapes!of! the!ADS−!and!CS−NP.!The!CS−NP!showed!a! tendency! for!

aggregation!with!a!combination!of!elongated!and!spherical−shaped!NP.!By!increasing!the!pH!

to! 7.4,! the! CS−NP! adopted! a! round−shape! and! the! fast! dissolution! of! the! ADS−NP! was!

prevented!by!the!presence!of!CS.!!
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After! 30! min! of! incubation,! the! ALB−NP! reached! an! ionic! equilibrium! with! the!

external!medium!and!after!3!h!of!incubation!their!network!changed,!which!can!be!explained!

by!the!dissolution!of!alginate!and!insolubilization!of!CS,!partially!disrupting!the!matrix!of!the!

NP.!Moreover,! the! helical! structure! of! ALB!might! have! induced! the! packaging! of! the! NP’!

polymeric!matrix! [24].! This! tightly! packed! structure! is! explained! by! the! strong! interaction!

between! the!negatively! charged!ALB!with! the!positively! charged!CS,!which! resulted! in! the!

major! decrease! in! the!NP! size! observed! after! 3! h! of! incubation.!We! hypothesize! that! the!

decrease! of! the! ALB−NP! size! at! pH! 7.4! is! also! related! to! the! complete! dissolution! of! the!

alginate!chains!that!were!more!exposed!in!the!NP’!structure!leading!to!a!readjustment!of!the!

NP’!structure!and!generating!smaller!NP.!!

!

!

!
!

Figure!6.3.!The!pH−dependent!morphology!of!the!ADS−,!CS−!and!ALB−NP!after!incubation!in!

HBSS−MES!(pH!5.5)!and!HBSS−HEPES!(pH!7.4)!for!30!min!and!3!h.!Scale!bars!=!200!nm.!!

!

!

! !
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6.4.4!In!vitro!release!tests!

! !

! Next,!the!capacity!of!the!NP!to!control!the!insulin!release!in!response!to!changes!in!

the! pH!was! evaluated.! To! predict! the! release! profiles! in! conditions! similar! to! the!GI! tract!

(stomach!and!intestine),!the!NP!were!firstly!added!to!SGF!at!pH!1.2,!which!mimics!the!gastric!

environment.!After!2!h,!the!release!medium!was!changed!to!SIF,!which!simulates!the!transit!

to! the! intestinal! environment.! The! pH! of! the! GI! tract! increases! gradually! from! gastric! pH!

(1.2−2.5)!to!pH!5.0−6.0!in!the!small!intestine![50,51]!and!to!6.8!and!7.2!in!the!proximal!and!

distal! colonic! regions,! respectively! [52].! Therefore,! different! pH−values!were! used! (pH! 5.5!

and! 7.4)! to! increase! the! in" vitro/in" vivo! correlation! of! the! study.! The! release! profiles! of!

insulin!from!the!NP!are!shown!in!Figure!6.4.!!

The!NP!released!up!to!35%!of!insulin!at!pH!1.2!for!2!h.!At!such!low!pH,!the!charge!of!

insulin! (pI! =! 5.3)! is! highly! positive,! and! thus,! the! interactions! with! alginate! and! dextran!

sulfate! prevented! the! insulin! release.! Acidic! environments! are! responsible! for! the!

protonation!of!the!carboxyl!groups!of!alginate,!and!the!chains!tend!to!aggregate.!Moreover,!

calcium! forms! ionic! cross−links! between! the! alginate!polymer! chains! resulting! in! a! sol−gel!

transition![53].!This!might!form!a!stable!barrier!to!retain!insulin!and!limit!its!release!from!the!

NP![22].!In!comparison!to!the!capacity!of!the!NP!to!retain!insulin!in!the!gastric!conditions,!a!

much!higher!release!rate!(almost!80%)!was!observed!for!nonencapsulated!insulin!due!to!the!

high!solubility!of!insulin!at!this!low!pH.!!

The! increase! in!pH! in! the! intestinal!medium! triggered! the! insulin! release! from! the!

CS−!and!ALB−NP.!The!release!of!insulin!from!the!ADS−NP!was!only!noticed!as!the!pH−value!

was! increased! from!5.5! to!7.4.!The!mechanism!of!the! insulin!release! in! these!conditions! is!

probably!due!to!the!dissolution!of!the!alginate!nucleus!as!a!result!of!calcium!loss,!and!also!

due! to! the!electrostatic! repulsion!between!alginate!and! insulin,!which!are!both!negatively!

charged!at!neutral!pH![54,55].!Ionically!cross−linked!alginate!gels!are!rapidly!destabilized!by!

the! release! of! the! calcium! ions! crosslinking! the! gel! into! the! surrounding! media! due! to!

exchange! reactions! with!monovalent! cations! present! in! the!medium! such! as! sodium! ions!

[56].!The! increase! in!pH!allows! this! reaction! to!occur!when!the! ratio!of! sodium!to!calcium!

ions! becomes! 30! or! above! [57].! Therefore,! considering! that! the!main! ion! in! the! intestinal!

fluids! is!sodium,!the!dissolution!of!alginate!would!also!occur! in!physiologic!conditions! [58].!

Therefore,!the!amount!of! insulin!retained!within!the!NP!at!pH!5.5!may!be!tightly!bound!to!



 Chapter 6 
! !
!

!

208!

the!alginate!nucleus,!which!is!corroborated!by!the!preserved!structure!of!the!ADS−NP!after!3!

h!at!pH!5.5,!as!observed!in!the!TEM!images!in!Figure!6.3.!Contrarily,!at!pH!7.4!these!NP!were!

almost!completely!dissolved,!although!a!more!extensive!dissolution!for!a!longer!period!may!

be!required!for!additional!release![22].!

The!insulin!release!from!the!CS−!and!ALB−NP!at!pH!7.4!was!more!sustained!than!at!

pH! 5.5,! where! burst−type! release! profiles! were! observed.! At! pH! 7.4,! the! solubility! of! CS!

becomes! compromised! (pKa! =! 6.5),! and! this! insolubility! may! be! responsible! for! the!

prevention!of! the!NP’! structure!disruption,! retaining! insulin! for!a! longer!period!of! time.! In!

contrast,! a! complete! release! of! insulin! from! the! CS−NP! at! pH! 5.5!was! achieved! after! 2! h.!

Insulin! was! probably! released! from! the! CS−NP! by! diffusion! [59,60].! However,! this! fast!

release!was!also! responsible! for! the!consequent!precipitation!of! insulin!over! the!next!3!h.!

Nonencapsulated! insulin!also!precipitated!upon!the!passage!from!pH!1.2!to!pH!5.5.! Insulin!

contains! several! functional! groups! with! different! charges! and!with! different! acid! or! basic!

behaviors!depending!on!the!pH−conditions.!At!pH!5.5!(approximately!the!insulin!pI),!the!net!

charge! of! the! amino! acids! is! balanced! leading! to! a! formally! uncharged! molecule,! more!

non−polar! and! with! remarkably! decreased! solubility! [61].! Contrarily! to! all! the! types! of!

formulations! and! also! to! the! nonencapsulated! insulin,! the! ALB−NP! greatly! improved! the!

release!of!insulin!up!to!ca.!100%!at!pH!5.5!after!2!h!and!prevented!the!insulin!precipitation!

(ca.!80%!was!maintained! in! solution)!during! the! following!3!h.!The!ALB!coating!effect!was!

essential!to!release!insulin!and!prevent!its!precipitation!at!pH!5.5,!playing!an!important!role!

on!the!insulin!protection!and!particle!stabilization![46].!As!previously!observed!in!Figure!6.3,!

the!ALB−NP!became!smaller!over! the! time!when! in! contact!with!both!buffers! (pH!5.5!and!

7.4),!which!may!explain!the!higher!release!rate!of!insulin!from!these!NP.!These!findings!are!

in! very! good! agreement! with! a! previous! report! in! the! literature! that! showed! that! the!

increase! in! the! surface!area−to−volume!ratio!of! the!NP!with!decreasing! size! is! responsible!

for! the! highest! release! rates! of! the! encapsulated! drug! [62].! The! study! was! conducted!

separately!at!pH!5.5!and!7.4!to!have!a!clear!understanding!about!the!release!profile!in!both!

pHs.!If!the!particles!subjected!to!pH!5.5!were!placed!sequentially!in!pH!7.4,!only!the!ADS−NP!

would! reveal! additional! information,! since! the! CS−! and! ALB−NP! released! 100%! of! insulin!

after!2!h!in!pH!5.5!and!no!release!would!be!observed!when!introduced!to!pH!7.4.!

The! release! experiments! confirmed! the! potential! of! the! ALB−NP! to! significantly!

increase! the! dissolution! rate! of! insulin! at! pH! 5.5! and! release! the! protein! in! a! sustained!
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manner!at!pH!7.4,!while!protecting!the!drug!inside!the!nanostructure!at!pH!1.2.!Such!results!

indicate!that!when!given!orally,!minimal!amounts!of!insulin!would!be!released!from!the!NP!

in!the!stomach,!while!the!remaining!portion!could!achieve!a!complete!and!sustained!release!

in!the!intestine!following!4!h!of!administration.!!

!

!

!

Figure!6.4.!In"vitro!cumulative!release!profiles!of!insulin!from!the!ADS−,!CS−!and!ALB−NP!at!

pH! 1.2! for! 2! h! followed! by! (A)! pH! 5.5! and! (B)! pH! 7.4! for! 6! h.! All! the! experiments! were!

performed! at! 37! °C! and! 100! rpm.! Data! sets! from! 5! h! onwards! were! compared! to!

nonencapsulated!insulin.!The!level!of!significance!was!set!at!probabilities!of!*p!<!0.05,!**p!<!

0.01,!and!***p!<!0.001.!Error!bars!represent!mean!±!s.d.!(n!=!3).!

!

!

6.4.5!Cell!viability!studies!

!

As!a!result!of! the!promising!pH−triggered!release!of! insulin! in!GI!conditions,! the" in"

vitro"safety!and!cytocompatibility!of! the!NP!were!analyzed! in!AGS,!Caco−2!and!HT29−MTX!

cells.!The!cell!lines!were!selected!due!to!their!importance!as!suitable!models!mimicking!the!

different! cell−types! of! the! GI! tract! (e.g.,! stomach,! enterocytes! and!mucus! secreting! cells)!

and,! therefore,! relevant! in! the!oral! route!of!administration.!Although! the!Raji!B!cells!were!

included! in! the! following! studies,! these! cells! are! in! suspension! and! are! used! to! induce!

M−phenotype! of! the! Caco−2! cells! and! are! never! in! contact! with! the! particles.! Therefore,!

viability!studies!were!not!performed!with!this!type!of!cells.!The! in"vitro!viability!of!the!cells!
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was!analyzed!by!exposing!them!to!the!NP!at!different!concentrations!(0.1,!0.25,!0.5,!and!1!

mg/mL)! for! different! incubation! times! (3! h! for! the! AGS! cells,! and! 6! h! for! the! Caco−2! and!

HT29−MTX!cells),!as!shown!in!Figure!6.5.!The!rationale!for!using!different!concentrations!of!

NP!was!to!understand!if!there!was!any!concentration!dependent!toxicity!and!to!evaluate!the!

lowest!concentration!of!the!NP!that!can!be!safely!administrated!for!a! future! in"vivo"setup.!

Although! the! natural! cellular! and! chemical! complexity! of! co−cultures! makes! them! more!

realistic!models!of!human!physiology,!previous!reports!have!demonstrated!that!the!mucus!

layer! acts! as! a! mechanical! barrier! reducing! the! interaction! of! particles! with! the! cellular!

co−cultures! of! Caco−2/HT29−MTX! and! subsequently! leading! to! minor! toxicity,! when!

compared! to! Caco−2! cells! alone! [63].! Furthermore,! while! the! Caco−2! cells! viability! was!

strongly!affected!by! the!presence!of!biorelevant!media! (fed! state!SIF),!no! toxic!effect!was!

detected! for! the! co−culture! of! Caco−2/HT29−MTX! in! terms! of! viability! and! lactate!

dehydrogenase! release! [64].! Therefore,! the! viability! was! performed! in! individual! cells! to!

analyze! the! interaction! between! each! cell! type!with! the!NP! and! understand! the! cause! of!

possible!toxic!effects.!

For! the! AGS! cells,! the! non−related! toxicity! values! with! regards! to! the! NP!

concentration! can! be! observed! in! Figure! 6.5A.! Except! for! the! highest! concentration,! the!

ADS−NP! showed! cell! viabilities! higher! than! 90%.! The! CS−NP! showed! elevated! cytotoxicity!

with! the! two! highest! concentrations,! which! was! reversed! after! the! ALB! coating.! For! the!

Caco−2! cells,! it! can! be! observed! that! all! the! NP! at! all! concentrations,! except! the! highest!

concentration! of! the! CS−NP,! showed! cell! viability! values! higher! than! 75%! after! 6! h! of!

exposure.!The!more!satisfactory!results!were!obtained!for!the!HT29−MTX!cells,!in!which!no!

toxicity! effects!were!detected,! independently!of! the! type! and! concentration!of!NP! tested.!

These! results! are! in! agreement! with! other! reports! in! the! literature! showing! that! the!

presence!of!the!mucus! layer!on!top!of!the!HT29−MTX!cells!prevents!the!strong! interaction!

between!the!cells!and!the!NP,!thereby!minimizing!any!cell!damage![10,18].!In!contrast,!the!

absence!of!such!mucus!layer!in!the!Caco−2!cells!increases!the!probability!of!cytotoxicity.!The!

absence! of! cytotoxicity! of! the! ADS−NP! in! both! intestinal! cells! and! in! the! majority! of! the!

tested! concentrations! in! the! AGS! cells! is! hypothetically! attributed! to! the! surface! negative!

charge! of! the! NP,! which! result! in! low! cellular! interaction! and! reduced! cytotoxicity.!

Moreover,!the!biocompatibility!properties!of!alginate!and!dextran!sulfate!are!well!described!

in!the!literature![22,65].!On!the!opposite!side,!the!CS−!and!ALB−NP!are!extremely!positively!
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charged!and,!therefore,!are! internalized/associated!to!a!greater!extent!than!the!negatively!

charged! ones,! which! may! lead! to! increased! toxicity! levels! [66,67].! The! ALB−NP! also!

demonstrated!less!toxicity!effect!than!the!CS−NP,!corroborating!the!NP!charge!influence!on!

the! cellular! viability,! since! the! ALB−NP! are! less! positively! charged.! The! relatively! low!

cytotoxicity! of! these! NP! could! be! ascribed! to! the! presence! of! biocompatible! (and!

biodegradable)! polymers! on! their! surface! [65,68].! Furthermore,! the! hydrophilic! nature! of!

the!NP! is! responsible! for!weak! interactions!with! the!cells’!membranes,! thus! increasing! the!

cytocompatibility!of!the!NP![69,70].!

!

!

!

Figure! 6.5.! Cell! viability! of! the! intestinal! cells! exposed! to! the! ADS−,! CS−! and! ALB−NP,!

assessed!by!the!CellTiter−Glo®!luminescence!assay.!The!ATP−content!of!AGS!(A),!Caco−2!(B)!

and! HT29−MTX! (C)! cells! after! 3! (A)! and! 6! h! (B! and! C)! incubation! with! different! NP!

concentrations! at! 37! °C! was! investigated.! All! data! sets! were! compared! to! the! negative!

control!HBSS−HEPES!buffer.!The!level!of!significance!was!set!at!probabilities!of!*p!<!0.05,!**p!

<!0.01,!and!***p!<!0.001.!Error!bars!represent!mean!±!s.d.!(n!≥!3).!

!

!

6.4.6!Interaction!of!the!NP!with!Caco−2:HT29−MTX!co−culture!cells!

!

! Caco−2! and! HT29−MTX! cells! represent! enterocytes! and! goblet! cells,! respectively,!

which!comprise!the!two!most!abundant!cells! in!the!intestinal!epithelia.!Therefore,! in!order!

to! demonstrate! the! potential! of! the! prepared! NP! to! interact! with! intestinal! cells,!

Caco−2/HT29−MTX!co−culture!in!a!90:10!proportion!was!used!as!a!reliable!model!to!predict!

the!in"vivo!performance!of!the!developed!NP![34].!As!can!be!seen!in!Figure!6.6,!the!confocal!

HBSS

ADS-N
P

CS-N
P

ALB-N
P

0
20
40
60
80

100
120
140
160

C
el

l V
ia

bi
lit

y 
(%

)

** **
*** **

**

A

HBSS

ADS-N
P

CS-N
P

ALB-N
P

0
20
40
60
80

100
120
140
160

C
el

l V
ia

bi
lit

y 
(%

)

** *
*

**** **

**

B

HBSS

ADS-N
P

CS-N
P

ALB-N
P

0
20
40
60
80

100
120
140
160

C
el

l V
ia

bi
lit

y 
(%

) *

*
*

*
* * *

* * ***
********

*
*

****
*

C

0.5 mg/mL 1 mg/mL 0.5 mg/mL 0.25 mg/mL 0.1 mg/mL



 Chapter 6 
! !
!

!

212!

fluorescence!microscope!images!showed!no!interactions!between!the!cells!and!the!ADS−NP.!

Regarding! the! CS−! and! ALB−NP,! it! was! observed! that! even! after!multiple!washes,! the! NP!

were!still!present!in!contact!with!the!cells.!The!yellow!color!that!resulted!from!the!overlap!of!

the! green! and! red! labeling! channels! in! the!merged! pictures! revealed! a! very! close! contact!

with!the!NP!co−localized!with!the!cell!membranes.!The!CS−!and!ALB−NP!seemed!also!to!be!

located!inside!the!cells.!!

To!quantify!the!cell−particle!interactions,!the!flow!cytometry!experiments!were!also!

performed!(Figure!6.7).!The!ADS−NP! increased!the! interactions!with! the!cells!compared!to!

the!control!(p!<!0.001),!but!the!fluorescence!intensities!of!the!cells! incubated!with!the!CS−!

and!ALB−NP!were!considerably!shifted!to!the!right!(p!<!0.001)!compared!to!the!ADS−NP.!This!

was! a! clear! evidence! of! the! high! cellular! association! of! the! coated! NP! and! the! cells.! This!

result! is!explained!due! to! the!presence!of! the!mucoadhesive!CS!on! the! surface!of! the!NP,!

which!potentiates!stronger!electrostatic!interactions!when!the!mucus!layer!is!present!in!the!

cellular! co−culture.!Moreover,! the! positive! charge! of! the! NP! increases! the! affinity! to! the!

negatively! charged! cells’! membrane! [18,71].! The! presence! of! an! ALB! layer! also!

demonstrated! to! have! a! positive! role! towards! insulin! transport! across! the! intestinal!

membrane! by! stabilizing! insulin! in! the! intestinal! conditions! [25].! Therefore,! our! results!

showed!high! accordance!with! these! findings! and!demonstrated! that! the!positive! effect! of!

the! ALB! layer! in! the!NP! still! allowed! the!mucoadhesive! properties! of! CS! to! be! functional,!

acting!as!a!synergistic!multilayer!nanosystem.!!
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Figure! 6.6.! Qualitative! cell−NP! localization! by! confocal! fluorescence! microscopy! after!

incubation!of!the!NP!with!the!cells!for!3!h!at!37!°C.!The!NP!were! labeled!with!Alexa!Fluor®!

488!and!the!cells’!membrane!were!stained!with!CellMaskTM!DeepRed!(Invitrogen,!USA).!Red:!

cell!membranes! stained!with! Cell−MaskTM! Deep! Red;! green:! Alexa! Fluor®! 488−labeled! NP;!

yellow:!co−localization!of!the!NP!and!the!cell!membranes.!!

!
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Figure!6.7.!Flow!cytometry!quantification!of!the! interactions!of!the!ADS−,!CS−!and!ALB−NP!

with!the!Caco−2/HT29−MTX!co−culture!cells.!The!cells!were!incubated!with!the!NP!for!3!h!at!

37! °C.! The! table! summarizes! the! percentage! of! positive! events! for! each! sample.! Data! is!

shown!as!mean!±!s.d.!(n!≥!3).!

!

!

6.4.7!Permeability!studies!

!

To! analyze! the! permeability! of! the! insulin−loaded!NP! and! assess! the! independent!

role!of! each!polymer! in! the!NP’! structure,! a! triple! co−culture!of!Caco−2/HT29−MTX/Raji! B!

model!was!used![34].!This!cellular! intestinal!monolayer!model!mimics! in!a!more!accurately!

way!the!in"vivo"conditions,!as!it!includes!the!enterocytes,!the!mucus−producing!goblet!cells!

in!physiological!proportions!(90:10),!and!the!M!cells!in!the!PP![28].!After!the!addition!of!the!

Raji!B!cells!to!the!monolayer!in!order!to!convert!the!enterocytes!in!cells!with!M−phenotype,!

the!values!of!the!TEER!had!an!increment!of!ca.!14.2%!(not!statistically!significant),!which!is!in!

accordance!with!previous!reports![34].!!!

As!can!be!observed!in!Figure!6.8,!the!permeation!profiles!at!pH!5.5!(Figure!6.8A)!in!

comparison! to! pH! 7.4! (Figure! 6.8B)! presented! different! trends.! The! insolubility! of! the!

nonencapsulated! insulin! observed! at! pH! 5.5! in! the! release! studies! (Figure! 6.4A)! is! in!

accordance!with!these!results,!where!a!steady!permeability!profile!and!reduced!amounts!of!

insulin!were!obtained!after!30!min!reaching!less!than!0.25%!of!the!initial!amount!after!180!

min.! The! absorption! of! proteins! and! peptides! across! the! intestinal! epithelium! is! limited!

mainly!by!the!presence!of!TJ!and!by!the!mucus!layer![72].!However,!the!biopolymer−based!

 

! Sample Positive events (%) 

Control 2.97 ± 0.01 

ADS-NPs 8.83 ± 0.74 

CS-NPs 14.95 ± 0.24 

ALB-NPs 12.14 ± 0.35 

ALB�NP&
CS�NP&
ADS�NP&
Control&
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NP!were!able!to!significantly!enhance!the!insulin!permeation!across!the!intestinal!cells!at!pH!

5.5,! as! compared! to! the! nonencapsulated! insulin.! Furthermore,! this! permeability!

improvement!was!even!higher!(ca.!2.4%!of!the!initial!amount)!when!the!CS−NP!were!used,!

as!it!can!be!seen!by!the!differences!in!the!Papp−values.!!Following!the!release!of!insulin!from!

the!CS−NP!after!2!h!at!pH!5.5!(Figure!6.4A),!the!insulin!that!showed!to!rapidly!precipitate!in!

the! medium! was! now! able! to! permeate! across! the! monolayer! from! the! apical! to! the!

basolateral! side,! which! may! be! related! to! the! sustained! permeation! profile! obtained,!

preventing! the! accumulation! of! insulin! in! the! apical! side! and! further! precipitation.! The!

differences!obtained!between!the!amounts!of!insulin!across!the!cell!monolayers!by!the!ADS−!

and! CS−NP! may! be! due! to! the! CS! mucoadhesive! properties! and! capacity! to! transiently!

opening! the! TJ,! thereby! increasing! the! insulin! permeation! across! the! intestinal! epithelium!

[43,73,74].!The!ADS−NP!are!negatively!charged,!which!may!lead!to!repulsions!between!the!

NP!and!the!negatively!charged!mucin.!This!problem!was!overcome!after!CS!coating,!which!

provided! positive! charges! to! the! NP’! surface,! enabling! the! closer! contact! and! longer!

retention!of! the!CS−NP! in! the!cellular!mucus! layer.!No!significant!statistical!difference!was!

observed!between!the!Papp!of!insulin!delivered!from!the!CS−!and!ALB−NP.!!

When! analyzing! the! permeability! at! pH! 7.4! (Figure! 6.8B),! the! amount! of!

nonencapsulated! insulin! that! crossed! the!monolayer! after!3!h!was!higher! (ca.! 1.1%!of! the!

initial! amount)! than! at! pH! 5.5,! with! ca.! 5−fold! increase! of! the! Papp! value.! This! can! be!

explained!by!the!higher!amount!of!insulin!available!to!permeate!across!the!cell!monolayers!

at!pH!7.4,!as!observed!in!the!release!studies!in!Figure!6.4B.!The!insulin!release!from!both!the!

ADS−!and!CS−NP!at!pH!7.4!after!3!h!was!ca.!50%!of!the!initial! insulin,!whereas!the!ALB−NP!

released!almost!100%!(Figure!6.4B).!The!higher!insulin!release!explains!why!the!permeability!

values! of! insulin! from! the!ALB−NP!were! ca.! 2.9−! and! 3.6−fold! compared! to! the!ADS−! and!

CS−NP,! respectively,! resulting! in! the!permeation!of!more! than!4%!of! the! initial! amount!of!

insulin.! Moreover,! previous! reports! have! showed! that! the! use! of! ALB! as! an! outermost!

coating! to! the! CS−NP! improved! the! protection! of! insulin! from! the! degradation! by! the! GI!

proteases,! acting!as! a! sacrificial! target! instead! for! insulin! [13],! and! that! the!ALB! layer!was!

crucial! to! improve! insulin!uptake!across! the! intestinal!monolayers! [25].!ALB!could! stabilize!

insulin! in! the! intestinal! conditions,! representing! a! 3.4−fold! increase! of! the! insulin!

permeability!across!the!Caco−2/HT29!cell!monolayers![25].!Concerning!the!ADS−NP,!only!a!

slight! improvement! of! the! insulin! permeability! was! detected! at! pH! 7.4! compared! to! the!
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nonencapsulated!insulin.!One!possible!explanation!for!this!could!be!the!rapid!dissolution!of!

the!ADS−NP!at!pH!7.4,!which!did!not! allow! the!NP! to! interact!with! the! cells! long!enough,!

which! was! observed! by! the! absence! of! the! NP! in! the! TEM! images! of! the!

Caco−2/HT20−MTX/Raji! B! cells! monolayers! (see! Figure! 6.9).! Similar! results! for! the! insulin!

permeation!at!pH!7.4!were!observed!for!the!CS−NP.!At!lower!pH!(5.5),!the!free!amine!groups!

of! the! CS! chains! are! present! in! a! protonated! form,! allowing! the! CS−NP! to! exhibit! their!

mucoadhesive!properties.!However,!at!pH!7.4,!the!amine!groups!become!deprotonated!and!

the! CS! molecules! lose! their! charge! and! solubility! [75],! which! may! explain! the! lower!

permeability!obtained!for!insulin!at!this!pH!compared!to!pH!5.5.!!

Nevertheless,!the!TEM!images!in!Figure!6.9!showed!that!both!the!CS−!and!ALB−NP!

increased! the! interactions! with! the! cell! monolayers,! highlighting! the! mucoadhesive!

properties! of! CS,! which! were! in! very! good! agreement! with! the! confocal! fluorescence!

microscope!images!shown!in!Figure!6.6.!These!results!indicate!that!the!permeation!of!insulin!

was!enhanced!by!encapsulating!it!into!the!ADS−NP,!which!was!further!improved!after!the!CS!

and!ALB!coatings!on!their!surface!when!the!permeation!experiments!were!performed!at!pH!

5.5!and!7.4,!respectively.!
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Figure! 6.8.! In" vitro! cumulative! permeability! profiles! and! Papp! ! coefficient! of! insulin! and!

insulin−loaded! NP! across! the! Caco−2/HT29−MTX/Raji! B! co−culture! monolayers.! All!

experiments!were!conducted!from!the!apical−to−basolateral!direction!in!(A)!HBSS−MES!(pH!

5.5)! and! (B)! HBSS−HEPES! buffer! (pH! 7.4)! at! 37! °C.! Data! sets! were! compared! to!

nonencapsulated!insulin!(*p!<!0.05,!**p!<!0.01,!and!***p!<!0.001),!between!them!(#p!<!0.05,!##p!

<! 0.01,! and! ###p! <! 0.001),! and!between! the!different!pHs! (+p! <! 0.05,! ++p! <! 0.01,! and! +++p! <!

0.001).!Error!bars!represent!mean!±!s.d.!(n!≥!3).!

!

!

!

!
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Figure!6.9.!TEM!images!of! flat!embedded!ultrathin!sections!showing!the! interaction!of! the!

NP! (delimitated! by! red! dotted! lines)! with! the! Caco−2/HT29−MTX/Raji! B! co−culture!

monolayers! in! HBSS−HEPES! buffer! (pH! 7.4)! at! 37! °C.! No! ADS−NP! were! found! in! the!

monolayers;!the!CS−!and!ALB−NP!were!observed!in!the!vicinity!of!the!cell!membranes.!Scale!

bars!=!500!nm.!

!

!

6.4.8!FITC−insulin!uptake!study!

!

The!amount!of!FITC−insulin!bound!to!or!within!the!cells!and!mucus! layer!at!pH!5.5!

and! 7.4! is! displayed! in! Figure! 6.10.! At! pH! 5.5! (Figure! 6.10A),! the! highest! amount! of!

FITC−insulin! present! inside! or! in! the! vicinity! of! cells! was! found! for! the! nonencapsulated!

insulin!(p!<!0.001).!These!results!were!in!very!good!accordance!with!the!permeability!studies!

at! such! pH−values,! where! the! Papp! of! the! nonencapsulated! insulin! was! the! lowest! value!
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obtained,! i.e.,! insulin! was! retained! in! the! cells! and/or! mucus! layer! and! was! not! able! to!

permeate! across! the! monolayer.! Concerning! the! insulin−loaded! NP,! the! CS! and! ALB−NP!

showed! increased! Papp! compared! to! the! ADS−NP,! which!was! also! related!with! the! lowest!

amount! of! FITC−insulin! bound/within! the! cells.! At! pH! 7.4! (Figure! 6.10B),! a! significant!

increase!of!FITC−insulin!associated!to!cells!was!obtained!with!the!CS−NP!compared!either!to!

the! nonencapsulated! insulin! or! to! the! ADS−! and! ALB−NP! (p! <! 0.001).! The! insulin−loaded!

ALB−NP!exhibited! the!highest! Papp−values! compared! to! the!other! tested! formulations! (p! <!

0.05),! whereas! the! CS−NP! had! no! positive! effect! on! the! insulin! permeation! across! the!

monolayers.! The! mucoadhesive! properties! of! CS! were! responsible! for! the! increase! of!

FITC−insulin! in!the!vicinity!or!within!the!cells,!but!the!presence!of!ALB!was!crucial!to!allow!

the! permeation! of! insulin! from! the! apical! to! the! basolateral! side! of! the! intestinal!

monolayers.! As! can! be! observed! in! Figure! 6.10,! the! amount! of! FITC−insulin! in! association!

with! the! intestinal! cells! was! higher! at! pH! 5.5! than! at! pH! 7.4.! At! pH! 5.5,! insulin! is! almost!

uncharged! (pI! =! 5.3),! whereas! at! pH! 7.4! the! protein! becomes! negatively! charged.! The!

negative!charge!of!insulin!at!pH!7.4!may!lead!to!electrostatic!repulsions!with!the!negatively!

charged!mucus! layer!on!the!intestinal!epithelium,!being!responsible!for!the!less!amount!of!

insulin!retained!by!the!intestinal!cells.!

!

! !
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Figure! 6.10.! Amount! of! FITC−insulin! attached! or! uptaken! in! the! Caco−2/HT29−MTX/Raji! B!

co−culture!monolayers!in!(A)!HBSS−MES!(pH!5.5)!and!(B)!HBSS−HEPES!buffer!(pH!7.4)!at!37!

°C.!Data! sets!were! compared! to! nonencapsulated! insulin! (*p! <! 0.05,! **p! <! 0.01,! and! ***p! <!

0.001)!and!between!them!(#p!<!0.05,!##p!<!0.01,!and!###p!<!0.001).!Error!bars!represent!mean!

±!s.d.!(n!≥!3).!

!

!

6.4.9!Transport!pathway!of!insulin!

!

! To! identify! the! pathway! by! which! insulin! permeated! the! triple! co−culture! of!

Caco−2/HT29−MTX/Raji! B,! the! ALB−NP! were! incubated! under! different! conditions.! Figure!

6.11! displays! the! effect! of! each! condition! on! the! insulin! permeability.! The! depletion! of!

intracellular!stores!of!ATP!by!sodium!azide!or! low!temperatures!(4!°C)!are!two!responsible!

factors! for! the! inhibition! of! the!membrane! traffic.! However,!while! the! ATP! depleted! cells!

were!described! to!have!unchanged! free!quantity! of! clathrin,! the!decrease!of! temperature!

was!related!to!a!reduction!of!this!quantity!and!also!to!an!increase!in!the!number!of!coated!

pits! at! the! level! of! the! plasma!membrane! [76].! The! insulin! permeability! was! significantly!

reduced! at! 4! °C! (p! <! 0.01),! but! no! differences! were! observed! after! incubation! of! the!

monolayers!with! sodium!azide.! An! active! transport! for! insulin! has! already! been!described!

several! times! in! the! literature! [11,77,78].! At! lower! temperature,! in! opposite! to! the! ATP!

depletion!conditions,!most!of!the!clathrin!of!the!cell!is!polymerized,!and!thus,!this!protein!is!

not! available! for! assembly! into! new! coated! pits! [76],! which! suggests! a! clathrin−mediated!

FIT
C-in

su
lin

ADS-N
P

CS-N
P

ALB-N
P

0

5

10

15

20

25

30

A
m

ou
nt

 o
f F

IT
C

-in
su

lin
 b

ou
nd

 to
 

or
 w

ith
in

 c
el

ls
 a

nd
 m

uc
us

 (µ
g)

***
*** ***

##

##

A pH 5.5

FIT
C-in

su
lin

ADS-N
P

CS-N
P

ALB-N
P

0

1

2

3

4

5

30

A
m

ou
nt

 o
f F

IT
C

-in
su

lin
 b

ou
nd

 to
 

or
 w

ith
in

 c
el

ls
 a

nd
 m

uc
us

 (µ
g)

***

B

### ###

pH 7.4



Dual Chitosan/Albumin Coated Alginate/Dextran Sulfate Nanoparticles   
! !

!
!

221!

transport! for! insulin.! These! findings! are! in! accordance! with! the! inhibition! of! insulin!

permeability! obtained! after! the! addition! of! chlorpromazine! (p! <! 0.01),!which! disrupts! the!

assembly!and!disassembly!of! clathrin.!Although!a!decrease!of! the! insulin!permeability!was!

also!obtained! in! the!presence!of! filipin,! the!disruption!of! the!caveolae’s! structure!was!not!

found!to!statistically! influence!the! insulin!transport.!Previous!reports!demonstrated!similar!

results! with! CS−based! NP,! where! the! cellular! uptake! was! significantly! inhibited! by! the!

presence! of! chlorpromazine,! but! was! not! affected! by! the! presence! of! filipin! across! the!

Caco−2!monolayers![79].!

The! transport! of! insulin! across! the! intestinal! monolayers! was! also! markedly!

decreased! with! the! pretreatment! of! sodium! chlorate! (p! <! 0.01).! This! agent! inhibits! the!

glycosaminoglycan!sulfation,!which!could!disturb!the!electrostatic!interactions!between!the!

ALB−NP! and! the! glycocalyx! on! the! apical! membrane,! which! is! oppositely! charged,! and!

therefore!reduce!the!insulin!permeation.!These!results!are!also!consistent!with!the!reported!

internalization!of!insulin−loaded!trimethyl!CS!chloride!NP!by!HT29−MTX!cells![11].!

!

!

!

Figure! 6.11.! Insulin! permeability! of! the! ALB−NP! across! the! Caco−2/HT29−MTX/Raji! B!

co−culture!monolayers!at!different!conditions.!Data!sets!were!compared!to!the!control!(*p!<!

0.05,!**p!<!0.01,!and!***p!<!0.001).!Error!bars!represent!mean!±!s.d.!(n!≥!3).!

!

!

! !
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6.5!CONCLUSIONS!!

!
! In! the! present! study,! the! effect! of! biopolymer−based! NP! was! evaluated! on! the!

insulin! release! in! the! GI! tract! and! permeation! across! a! triple! co−culture! of!

Caco−2/HT29−MTX/Raji! B! cell!model.! The! nanosystem! composed! of! ADS−matrix! and! dual!

coated! with! CS/ALB! exhibited! pH−sensitive! and! mucoadhesive! properties.! About! 70%! of!

insulin! was! successfully! retained! inside! the! NP! in! the! gastric! environment! and! slowly!

released! following! passage! to! intestinal! conditions.! The!NP! showed! different! behaviors! in!

terms! of! morphology,! release! profile! and! interaction! with! the! intestinal! cells! at! different!

pH−values! (5.5! and! 7.4).! The! presence! of! ALB! in! the! NP’! coating! provided! electrostatic!

stabilization!and!significantly! increased!the!dissolution!rate!of! insulin! from!the!NP.! In!both!

the!environments,!the!presence!of!CS!and!ALB!was!essential!to!enhance!the!NP’!interactions!

with! the! intestinal! cells! and! further! increase! the! insulin! permeability,! which! was!

demonstrated! to! occur! by! an! active! transport! mediated! by! clathrin! endocytosis.! The!

electrostatic! interactions! between! the! positively! charged! NP! and! the! negatively! charged!

glycocalix! was! also! crucial! for! the! insulin! permeation! to! occur.! These! results! suggest! the!

potential! of! the! developed! nanosystem! composed! of! biocompatible! and! biodegradable!

polymers! to! improve! the! permeability! of! insulin! across! the! intestinal! wall! when! orally!

delivered,!and!its!clinical!potential!is!envisaged!for!the!therapy!of!T1D.!!

!

!
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7.1!CONCLUSIONS! !

!
! Dual!CS/ALB−coated!ADS−based!NP!were!developed!as!an!oral! carrier!nanosystem!

for! insulin,! and!were! evaluated! based! on! their! ability! to! enhance! the! permeability! of! the!

encapsulated!insulin!through!the!intestinal!epithelium.!

! In! the! first! study,! the! influence! of! the! formulation! and! process! parameters! of! the!

preparation! method,! emulsification/internal! gelation,! on! the! physical! properties! of! the!

ADS−particles! were! carefully! evaluated.! The! final! particles! were! characterized! by! a!

monodisperse! population! in! the! nanoscale,! strong! negative! charge,! high! EE,! high! insulin!

retention!within!the!SGF,!being!the!secondary!structure!of!insulin!ensured!during!and!after!

the! process! of! encapsulation.! Further! molecular! modeling! studies! showed! a! relationship!

between! the! electronic! properties! and! insulin! EE,! allowing! for! the! prediction! of! the!

interaction!model!between!sodium!alginate!and!dextran!sulfate.!

! In! the! next! study,! the! coating! of! the! prepared! ADS−NP! was! applied! by! the!

polyelectrolyte! complexation! technique! through! the!addition!of!CS!and!ALB.! To!ensure!an!

effective!coating!of!the!NP,!different!concentrations!of!CS!and!ratios!of!CS:NP!were!studied!

based! on! the! physicochemical! parameters! of! the! NP,! such! as! surface! charge! and! particle!

size.!The!CS!concentration!affected!both!properties!and!the!best!results,!namely!the!lowest!

size!and!ζ−potential!values,!were!obtained!with!chitosan!at!0.3%!(w/v).!

! Next,! the! effect! of! the! GI! environment! on! the! aggregation! of! the! ADS−based!

nanometric−sized!particles,!uncoated!or!double−coated!with!CS!and!ALB!was! investigated,!

and!its!further!influence!on!the!insulin!release!and!permeability!at!the!cellular!level!was!also!

evaluated.!The!NP! size!and!aggregation!across! the!GI! tract! suggested! the!pH! sensitivity!of!

these! biopolymers.! The! dual! CS/ALB−coated!ADS−based!NP! showed! to! provide! the! better!

size!stability!in!GI!conditions!with!less!aggregation!and!more!uniformity!of!size!distribution,!

preventing!the!release!of!the!majority!of!insulin!in!the!gastric!pH!and!sustaining!the!release!

in! the! intestinal! pH! up! to! 3! h.! In! the! cellular! experiments,! this! dual−coated! nanosystem!

exhibited! enhanced! insulin! permeability! across! the! in" vitro" intestinal! cell!monolayers.! The!

permeability!of!insulin!across!the!intestinal!epithelium!was!more!prominent!in!the!presence!

of!the!mucus! layer!and!M−like!cells,! revealing!their!positive!role!on!the! insulin!absorption.!

The! influence! of! the! intestinal! cell! monolayer! models! on! the! insulin! permeability! was!

compared! to! the! curve! that! better! adjusted! to! the! mathematical! kinetics! of! the! insulin!
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release! from! the!NP,!which!exhibited! a!pattern!of! insulin!permeability! in! accordance!with!

the!insulin!release!profile.!!

! The!following!study!consisted!of!evaluating!the!biodistribution!of!the!ALB/CS−coated!

ADS!insulin−loaded!NP!after!oral!administration,!as!well!as!compare!their!antihyperglycemic!

effect!after!oral!delivery! to!T1D!and!T2D!animal!models.!The! results! revealed!a! significant!

reduction!of!the!blood!glucose!levels!for!both!models!up!to!12!h,!although!the!effect!lasted!

longer!in!the!T1D!model.!The!radiolabeling!of!the!external!NP’!layer!of!ALB!with!technetium!

(99mTc−ALB)! was! a! successful! strategy! toward! NP’! tracer! since! there! was! no! systemic!

absorption! of! it,! confirming! the! high! stability! of! the! radiotracer.! Additionally,! the!
99mTc−ALB−NP!significantly!augmented!the!interactions!with!the!small!intestinal!walls,!which!

could! be! attributed! to! the!mucoadhesive! properties! of! CS.! The! NP! biodistribution! profile!

suggested!that!ALB!was!not!totally!degraded!in!the!stomach,!which!allowed!the!protection!

of!insulin!and!stabilization!of!the!NP!in!the!intestinal!environment!as!well.!!

! Finally,!the!NP!performance!was!enhanced!and!insulin!drug!loading!was!increased!by!

2.6−fold,! the! size! was! kept! with! higher! uniformity! and! the! charge! was! reverted! from!

negative!to!positive,! in!order!to!increase!the!contact!with!the!negatively!charged!intestinal!

cells.! ! The! independent! effects! of! the! CS! and! ALB! coatings! were! evaluated! through! an!

extensive! characterization! of! the! NP! with! impact! both! on! the! insulin! release! profiles! in!

biological!fluids!and!at!the!cellular!level.!The!pH!and!time−dependent!morphology!of!the!NP!

were!found!to!be!correlated!with!the!release!profile!and!interaction!with! intestinal!cells!at!

different! pH−values! (5.5! and! 7.4).! The! presence! of! ALB! in! the! NP! coating! provided!

electrostatic!stabilization!and!significantly!increased!the!dissolution!rate!of!insulin!from!the!

NP.!In!both!the!environments,!the!presence!of!CS!and!ALB!was!essential!to!enhance!the!NP’!

interactions! with! the! intestinal! cells! and! further! increase! the! insulin! permeability.!

Furthermore,!a!systematic!evaluation!of!the!cellular!and!molecular!mechanisms!used!by!the!

NP! in! the!uptake!and! transport!of! insulin!across! the! intestine! revealed! the! involvement!of!

several! pathways.! The! permeability! of! insulin! was! reduced! after! the! temperature! was!

decreased! and! after! co−incubation! with! chlorpromazine,! suggesting! an! active! insulin!

transport! by! CME.!Moreover,! the! inhibition!with! the! pre−treatment!with! sodium! chlorate!

suggested!that!the!interaction!between!the!negatively!charged!glycocalix!and!the!positively!

charged!NP!was!critical!for!the!insulin!permeation.!!
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! Overall,!the!nanosystem!developed!in!this!thesis,!ALB/CS−coated!ADS!insulin−loaded!

NP,! composed! of! biocompatible! and! biodegradable! polymers,! showed! great! potential! to!

increase!the!antihyperglycemic!effect!as!well!as! improve!the!permeability!of! insulin!across!

the! intestinal! wall! when! orally! delivered,! and! its! clinical! potential! is! envisaged! for! the!

therapy!of!diabetes.!!

! !

!

7.2!FUTURE!PERSPECTIVES!

!
! In! the! future,! a!better!understanding!of! the!mechanisms! involved! in! the! intestinal!

absorption!of! insulin!will!certainly!allow!the!improvement!of! insulin!efficacy!if!delivered!by!

the! oral! route.! Some! pharmaceutical! companies! have! already! reached! clinical! trials;!

however,!most!have!abandoned!their!delivery!systems!at!the!first!stage!of!development.!It!

would!be!very!important!to!disclose!the!possible!causes!of!their!failures.!

! With!hopes!of!developing!better!oral!insulin!formulations,!the!future!is!also!waiting!

for!challenges!of!more!effective!and!sustained!insulin!delivery,!proof!of!optimum!efficacy!in!

human!beings,! safety!and! tolerability! issues,!patient!affordability!and! long−term!effects!of!

oral! insulin! formulations.! The! authors! anticipate! that! the! appearance! of! an! oral! insulin!

formulation! on! the! market! in! a! ten−year! perspective! is! a! challenge,! although! further!

research!will!define!if!the!oral!insulin!BA!will!become!economically!viable.!

! It!is!unquestionable!that!the!oral!delivery!of!insulin!is!the!most!effective!and!desired!

way! to! replace! the! invasive! route.! The! several! limitations! associated! to! oral! biomolecules!

have! been! responsible! for! the! challenges! faced! by! the! researchers! to! reach! a! successful!

formulation.! The! constant! growth! of! the! biotechnology! field! has! allowed! the!

cost−effectiveness! and! pilot−scale! production! of! proteins! and! peptides,! including! insulin,!

intended! for! oral! administration,! in!which! some! are! in! clinical! stage! of! development.! The!

amount! of! insulin! required! for! therapeutic! effects! together! with! the! formulation!

development!costs!remain!major!challenges!in!pilot!scale−up,!which!need!to!be!addressed!at!

all! levels! of! research! and! development.! However,! the! fact! is! that,! since! the! discovery! of!

insulin,! for! nearly! a! century,! diabetes! therapy! remains! to! be! the! s.c.! administration! of!

insulin,! with! the! inherent! risks! of! life! threatening! hypoglycemia! triggered! by! its! narrow!

therapeutic! window.! The! desire! to!minimize! the! chronic!micro−! and!macrocardiovascular!
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disease! associated! with! diabetes,! have! led! to! alternative! therapies! of! insulin! [1].! The!

enhancement!of!the!therapeutic!efficacy!and!safety!of!the!s.c.!insulin!administration!walk!in!

the!direction!to!intermediate!measures!of!glucose,!lipid!and!body!weight!management!and!

even!to!the!measurement!of!the!disease!mortality.!Therefore,!it!would!be!a!great!advance!in!

the! diabetes! control! if! the! glycemia! were! controlled! in! a! timely,! closed−loop! fashion,!

simulating!pancreatic!function![2].!!

! T2D! constitutes! a! more! complex! disease! than! T1D,! given! its! association! with!

multiple! other! abnormalities.! Obesity! is! considered! the! main! contributor! for! the!

deterioration!of!the!diabetes!condition;!therefore,!the!development!of!a!therapy!that!would!

allow!patients!to!effectively!control!their!weight!is!fundamental!for!diabetes!care.!Bariatric!

surgeries!and!anti−obesity!drugs!have!gained!considerable!interest!in!this!area![1].!!!

! The! need! for! more! effective! therapies! holds! researchers! and! pharmaceutical!

industries’! attention,! but!with! the! heterogeneity! of! the! disease! hardly! one! single! delivery!

method!will!fulfill!all!the!patients!needs.!!

!

!
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