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RESUMO

Para formular racionalmente nanoparticulas, é fundamental conhecer as interagcbes
entre seus excipientes e como eles podem alterar as caracteristicas fisico-quimicas
das nanoparticulas. Essa € uma questdo critica principalmente no screening e
desenvolvimento de carreadores lipidicos nanoestruturados (NLCs) porque eles séo
produzidos com pelo menos trés tipos de excipientes (lipidio sélido, éleo e
tensoativo). Exaustivas combinag¢des de excipientes e comparagdes para determinar
suas influéncias no delineamento de NLCs tem sido desenvolvidas, mas sem uma
perspectiva pratica para quantificar a interagdo sinergistica entre os seus
componentes. Propomos nesse trabalho uma abordagem inovadora para analisar o
efeito das interacdes dos excipientes nas propriedades fisico-quimicas das NLCs, o
que pode ter um grande impacto na forma como os pesquisadores desenvolvem
nanocarreadores. Ademais, nossa metodologia permite analisar o efeito de até 15
excipientes com poucas formulacdes. Isso proporciona um caminho pratico para
fazer screening de excipientes e permite o desenvolvimento de nanocarreadores
com as caracteristicas desejadas previamente estabelecidas. O método consiste de
dois experimentos sequenciais empregando delineamento de Hall, modelagem
matematica com modelos mistos e analise multiniveis. As NLCs foram produzidas
pelo método de emulsificacdo-ultrasonicagdo a quente. Os parametros de entrada
para a analise das NLCs foram: lidocaina, como modelo de farmaco hidrofébico, e
nove excipientes; os parametros de saida foram z-average (tamanho médio, medido
por Espalhamento Dindmico de Luz, DLS), indice de polidispersidade (PDI, medido
por DLS), potencial zeta (DLS), eficiéncia de encapsulagao (HPLC) e capacidade de
carga (HPLC). Todos os modelos de regresséao linear para os experimentos exibiram
valor de efeito consideravel, com significativa estatistica — F (p = 0,01). Para todos
os parametros de saida, o segundo experimento permitiu melhor ajuste que o
primeiro, com significativo valor F (p = 0,02), o que permitiu avaliar as interagdes
com base nos modelos do segundo experimento. A partir disso, oleo de ricino (CA),
palmitato de cetila (CP), acido caprico/caprilico (CC) e polisorbato 80 (PS) foram os
excipientes que apresentaram os maiores efeitos, assim como um padrdo de
interagcdes sinergisticas entre eles. Para confirmar alguns dos resultados obtidos,
uma NLC feita com cera de abelha (BW), CA, PD e lidocaina foi analisada e exibiu o
padrdo predito nos modelos quanto as caracteristicas fisico-quimicas. Esse
resultado mostra a robustez do método desenvolvido, podendo ser aplicado nao
apenas para NLCs, mas também para a producao de outros tipos de nanoparticulas.

Palavras-chave: Carreadores lipidicos nanoestruturados, lipidios naturais, analise
multiniveis, delineamento de Hall, lidocaina



ABSTRACT

To rationally formulate nanoparticles, it is crucial to know the interaction among their
excipients and how they change physicochemical attributes of nanoparticles. This is
especially critical for the screening and development of nanostructured lipid carriers
(NLCs) because they are made of at least three types of excipient (solid lipid, oil and
surfactant). Exhaustive combinations of excipients and comparisons to assess their
influence on the design of NLCs have been performed, but with no practical
perspective to quantify synergistic interaction of NLCs components. In this work, we
propose an innovative approach to analyze the effect of excipient interactions on
physicochemical properties of NLCs, which can have a great impact on the way the
researches develop nanocarriers. Indeed, our method permits to analyze the effects
of many excipients (up to 15) with few formulations. This provides a practical
pathway to make screening of excipients and allows to develop nanocarriers with the
desirable predicted characteristics. It compasses two sequential experiments with
Hall design, mathematical modelling with mixed models and multilevel statistics.
NLCs were prepared by hot emulsification-ultrasonication method. The inputs of
NLCs analysis were lidocaine as the hydrophobic model drug and nine excipients;
the outputs were z-average (size, measured by Dynamic Light Scattering, DLS),
polydispersity index (PDI, measured by DLS), zeta potential (DLS), entrapment
efficiency (HPLC) and drug loading of NLCs (HPLC). All the linear regression models
for the experiments exhibited good effect values with significant F-statistics (p =
0.01). For all outputs, the second experiment permitted higher fitting than the first
one, with significant F-statistics (p = 0.02). This allowed evaluating the interactions
based on the models of the second experiment. Hence, castor oil (CA), cetyl
palmitate (CP), capric/caprylic acid (CC) and polysorbate 80 (PS) presented larger
effects among the excipients as well as a clear pattern of synergistic interactions
among them. To confirm some of the outcomes, a NLC made of beeswax (BW), CA,
PS and lidocaine was analyzed and exhibited the predicted pattern of the
physicochemical characteristics. This shows the robustness of the methodology,
which can be applied not only to NLCs but also to the production of other
nanoparticles.

Keywords: Nanostructured lipid carriers, natural lipids, multilevel analysis, Hall
design, lidocaine
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1. Introdugao

O presente trabalho encontra-se dividido em uma breve introdugao
tedrica, seguido de capitulo redigido sob a forma de artigo, intitulado “Multilevel
analysis to evaluate excipient-excipient interactions in the design of nanostructured

lipid carriers”, e por fim conclusao do trabalho desenvolvido.

Sistemas de liberacao modificada de farmacos

Os farmacos apresentam um intervalo de concentragéo terapéutica acima
do qual sao tdxicos e abaixo do qual sdo ineficazes. Como tentativa para manter a
concentracdo do farmaco dentro do seu intervalo terapéutico por mais tempo, foram
desenvolvidos os sistemas de liberagdo modificada de farmacos (drug delivery
system, DDS) (Fig. 1). O DDS, além da fungdo anteriormente descrita, permite ou
objetiva o direcionamento do farmaco ao local desejado, diminuindo o numero de
doses, a toxicidade e os efeitos adversos e/ou colaterais. Por essas razbes, a
encapsulagcao de farmacos € de grande interesse cientifico, medicinal e comercial
(KINGSLEY et al., 2006).

Nivel téxico

Nivel Plasmatico

Nivel sub-terapéutico

3 4 4 3 Tempo (dia)

A1 A2 A3 Ad

Figura 1. Comparacgéo grafica entre as variagbes de concentragdo de farmacos administrados por
métodos convencionais de multidosagem (a) e sistema de liberacdo controlada (b), sendo A1, A2, A3 e A4
referentes a cada administracdo de uma dose do farmaco. Nota-se que no método (a) o nivel plasmatico se
encontra diversas vezes fora do nivel efetivo, enquanto o sistema (b) se mantém dentro do mesmo nivel com
apenas uma dose

Os DDS compreendem sistemas macroorganizados, como comprimidos,
adesivos transdérmicos e géis,a sistemas micro/nanoestruturados, como complexos
de ciclodextrinas, dendrimerose sistemas poliméricos e lipidicos (GUTERRES;
ALVES; POHLMANN, 2007). Dentre os DDS lipidicos coloidais, encontram-se os

lipossomas, as nanoparticulas lipidicas sodlidas (Solid Lipid Nanoparticles, SLN),
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carreadores lipidicos nanoestruturados (Nanostructured Lipid Carriers, NLC),
conjugados lipidio-droga (CLD) e vesiculas ou nanocapsulas lipidicas (NCL) (ATTAMA,
2011).

Os carreadores lipidicos podem ser classificados de acordo com o tipo de
lipidio empregado e organizacdo estrutural dessas moléculas. Esses sistemas
apresentam como vantagens o fato de serem biocompativeis, biodegradaveis e de
terem flexibilidade em relagcao a natureza do farmaco encapsulado (GUSE et al.,
2006).

Nanoparticulas lipidicas — SLN e NLC

As SLN e NLC sao sistemas coloidais lipidicos bastante explorados
atualmente devido a sua baixa toxicidade, capacidade de alto carregamento de
moléculas lipofilicas, capacidade de liberacdo sustentada do farmaco, producao
escalonavel, dentre outras propriedades. A Figura 2 ilustra esses dois tipos de
nanoparticulas, que sdo formadas por uma matriz composta por lipidio sélido (SLN)
ou de estado fisico misto soélido/liquido (NLC), considerando a temperatura ambiente
e corporal. Essas estruturas sao estabilizadas por emulsificante e dispersas em meio
aquoso (ATTAMA, 2011; DAS; NG; TAN, 2012; PUGLIA; BONINA, 2012; SOUTO;
ALMEIDA; MULLER, 2007; ZUR MUHLEN; SCHWARZ; MEHNERT, 1998).

Primeira geragédo Segunda geragao
= SLN (Nanoparticulas = NLC (Carreadores lipidicos
Lipidicas Sélidas) Nanoestruturados)

~ "
tensoativo

Matriz lipidica

P Mistura de lipidio
Um lipidio
oo sélido e liquido
NLC:alta capacidade de

encapsulamento — menor
cristalinidade

SLN:Menor capacidade de
encapsulamento - alta

cristalinidade

Legenda

@,% Farmaco

@@ Lipidio sélido

&~ Lipidio liquido (6leo)

Empacotamento lipidico denso ocorre Estabilidade fisico-quimica durante
durante a estocagem (propicia a longo tempo de estocagem com
expeulsio de farmacos das estruturas). redugdo da expulsdo do farmaco.

Figura 2. Representagéo e diferengas entre SLN e NLC. Extraido de De Araujo et al, 2013(DE
ARAUJO et al., 2013).

Os dois tipos de nanoparticulas apresentam didametro médio de 50 a 1000

nm, podem ser usados por varias vias de administracao (tanto tépica quanto oral e
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parenteral), com excipientes biocompativeis e de baixa ou inexistente toxicidade
(MULLER et al.,, 1996). Como suas matrizes sdo compostas de triglicerideos e
ceras, sao capazes de encapsular um percentual alto de farmacos com
caracteristicas hidrofobicas e menos eficazes para carrear compostos com
caracteristicas hidrofilicas (MULLER; SHEGOKAR; KECK, 2011; PUGLIA; BONINA,
2012). Além das vantagens descritas, sao relativamente estaveis fisicamente,
sobretudo apds o processo de liofilizagdo por exemplo, que garante maior tempo de
estocagem (ATTAMA, 2011; BATTAGLIA; GALLARATE, 2012; PUGLIA; BONINA,
2012).

Alguns pesquisadores (SCHWARZ; MEHNERT, 1999; ZUR MUHLEN;
SCHWARZ; MEHNERT, 1998) avaliaram a incorporagdo de farmacos lipofilicos
(tetracaina, etomidato e prednisolona) em SLN, as quais apresentaram alta
eficiéncia de encapsulagdo, perfil de liberagdo prolongado e manutengcdo do
tamanho médio de particula por longos periodos. No entanto, ocorre frequentemente
a expulsdo dos farmacos em funcédo do tempo de estocagem, promovida
principalmente pela presenga de polimorfos lipidicos nas nanoparticulas (WISSING;
KAYSER; MULLER, 2004). Diante desse fato, foi desenvolvida uma segunda
geragédo de carreador (NLC) que contém lipidio liquido em sua composi¢cédo. Essa
diferenga resulta na reducdo do indice de cristalinidade da matriz lipidica, o que
favorece o aumento da eficiéncia de encapsulacao e diminui a expulsdo do ativo
durante a estocagem (PARDEIKE; HOMMOSS; MULLER, 2009; SAUPE et al.,
2005).

Estabiliza¢cdo das nanoparticulas lipidicas

De maneira simplificada, a estabilizacdo de dispersdes coloidais depende
do equilibrio das forcas de gravidade/flutuagcdo e de repulsao/atragcdo. O
desequilibrio do primeiro conjunto pode causar sedimentagdo ou floculagao; ja a
prevaléncia das forgas de atragdo pode causar fusdo, aglomeragédo ou dissociagao
das particulas. No caso das nanoemulsdes, a desestabilizacdo pode ainda causar a
separagao de fases do sistema; em todas as nanoparticulas, qualquer um dos
processos pode levar a estravazamento do farmaco para o meio externo
(GANGULY; CHAKRABORTY, 2011; JIANG et al., 2010; STARK; PABST; PRASSL,
2010). Quando desestabilizada, a SLN sofre gelificagao, fusao de particulas e perda

de farmaco encapsulado. Tais eventos decorrem das alteracdes polimoérficas dos
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lipidios durante o armazenamento, ndo sendo resolvidos pela estabilizacdo estérica
dos tensoativos. Ha dispersbes otimizadas que retém a estabilidade fisica
particulada, mas nédo necessariamente a eficiéncia de encapsulacdo (PARDESHI et
al., 2012).

A diminuigdo da expulsdo do farmaco pode ser atingida por uma
combinagdo de excipientes e secagem, obtida por spray-drying ou por liofilizagdo
(FREITAS; MULLERA, 1998; VARSHOSAZ; ESKANDARI; TABBAKHIAN, 2012). Os
excipientes podem tanto reduzir a cristalinidade da matriz como aumentar a
solubilidade do farmaco (JENNING; MADER; GOHLA, 2000). Quando utilizada a
secagem, a dificuldade de se manter um processo de spray-drying estéril favorece o
uso de liofilizacdo na aplicacdo de formulacdes parenterais (BONDI et al., 2014; JIA
et al., 2010; LIU et al., 2008; VARSHOSAZ; ESKANDARI; TABBAKHIAN, 2012). A
retirada da agua em geral favorece a estabilidade no armazenamento e transporte,
reduz o volume e peso por unidade e ainda possibilita armazenamento a
temperatura ambiente de amostras que precisariam de refrigeracdo se diluidas
(KONAN; GURNY; ALLEMANN, 2002; LEE, 2003; LEE et al., 2009).

Caracterizacao fisico-quimica das NLC

As nanoparticulas sdo geralmente caracterizadas em fungdo de sua
distribuicdo de tamanho, carga superficial e morfologia, entre outras propriedades. O
tamanho é calculado pelo didmetro hidrodindmico e acompanhamento de seu indice
de polidispersidade (PDI), que reflete a distribuicdo dos tamanhos na amostra. A
carga superficial € avaliada pelo potencial zeta (ZP), que € um potencial elétrico
medido no plano de cisalhamento das nanoparticulas. Altos valores de ZP em
modulo indicam maior repulsdo eletrostatica entre as particulas e,
consequentemente, maior estabilidade eletrostatica das dispersbées. Porém, quando
as particulas sao estabilizadas estericamente, o ZP n&o prediz estabilidade. Ainda, é
importante a avaliacido da forma das nanoparticulas por microscopia eletrénica, que
fornece imagens diretas das nanoparticulas, podendo-se verificar a distribuicdo de
seus tamanhos e formas (WU; ZHANG; WATANABE, 2011). No caso das NLC,
também é adequado avaliar o grau de cristalinidade das matrizes lipidicas a partir de
termogramas obtidos por DSC (Differential Scanning Calorimetry - Calorimetria
Exploratéria Diferencial), também relacionados com estabilidade (ATTAMA;
MOMOH; BUILDERS, 2012).
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Em relacdo ao dispersante, o parametro avaliado € o pH, sendo que
variagdes nesse valor podem causar instabilidade das nanoparticulas ou do farmaco
carreado durante seu periodo de armazenamento (WU; ZHANG; WATANABE,
2011).

Anestésicos locais — lidocaina

Os anestésicos locais (AL) evitam ou aliviam a dor porque bloqueiam
reversivelmente o processo de excitacdo das membranas de nervos periféricos.
Assim, eles impedem a propagacdo do estimulo elétrico de forma a abolir a
motricidade e sensagbes como tato e temperatura sem gerar perda de consciéncia,
0 que é inerente aos anestésicos gerais (COLLINS; WASHABAUGH, 1985;
MALAMED, 2001; STRICHARTZ, 2008).

AL sao moléculas anfipaticas, com a hidrofobicidade do grupo aromatico
(em uma das extremidades da molécula) e a polaridade conferida, em geral, por um
grupo amino secundario ou terciario na outra extremidade da molécula; uma cadeia
intermediaria de carater polar, éster ou amida, liga as extremidades (ARAUJO; DE
PAULA; FRACETO, 2008b; STRICHARTZ; RITCHIE, 1987). Os AL possuem pKa
entre 7,6-8,9; o que implica que ambas as formas, protonada e neutra, estdo
presentes em pH fisiologico, com predominio da protonada (MCLURE; RUBIN,
2005).

A estrutura e as propriedades fisico-quimicas sdo determinantes para a
poténcia dos AL (ARAUJO et al., 2003). A solubilidade aquosa, por exemplo, é
essencial para o transporte e ionizagdo dos AL, enquanto sua lipofilicidade garante
que permanegam nos neurbnios, mantendo a nocicepcdo (BUTTERWORTH,;
STRICHARTZ, 1990). Todavia, os compostos anestésicos apresentam toxicidade
diretamente proporcional a sua poténcia, o que se interpée na busca de compostos
mais ativos (ARAUJO et al., 2003; DE PAULA et al., 2012).

As formulagbes atualmente comercializadas de AL possuem diferentes
ativos, dosagens e formas farmacéuticas. Porém, a maioria proporciona tempo de
analgesia limitado de, em média, quatro horas. Estratégias para aumentar o tempo
de acdo dos AL incluem a sintese de novos compostos ou 0 uso em associacao
medicamentosa (DE PAULA et al., 2010) com anti-hipertensivos (VAN TUIJL et al.,
2006), anti-inflamatérios, vasoconstritores e opidides (QUEIROZ, 2012).
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A lidocaina (LD), ou 2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide, foi
sintetizada pela primeira vez em 1954 e é a molécula pioneira dos AL do tipo amino
amida (figura 3), sendo utilizada desde entdo como anestésico e analgésico local e
antiarritmico (COLLINSWORTH; KALMAN; HARRISON, 1974).

Figura 3. Estrutura quimica da lidocaina

No entanto, apenas recentemente estudos clinicos demonstraram que a
administracdo intravenosa desse anestésico pode resultar em melhor controle da dor
relacionada com cancer e pds-operatorio imediato e tardio. Sua administracao via
intravenosa pode levar também a uma diminuicdo no consumo de opidides ou a
substituicdo destes nos casos de pacientes refratarios, sendo a melhora da dor
mantida mesmo depois da eliminagdo do farmaco. Em adi¢cdo ao efeito analgésico e
hiperalgésico, a LD apresenta propriedades anti-inflamatérias, o que € desejavel no
tratamento pés-operatério. LD intravenosa € administrada como infusdo ou diversos
bolus devido a sua meia vida plasmatica ser curta; essas condigbes requerem
controles adicionais do paciente, equipamentos e/ou maiores doses do farmaco
(GIBBONS et al.,, 2016; HERMINGHAUS et al., 2011; LAURETTI, 2008;
MCCARTHY; MEGALLA; HABIB, 2010). Por isso, o desenvolvimento de um DDS de
LD teria como vantagens o aumento no tempo de agédo do AL, redugdo do numero
de administragao do farmaco, com diminuicdo também no tempo de internagao para
tal administracdo, reduzindo-se assim a exposicdo de pacientes ao ambiente

hospitalar e também aos custos envolvidos em uma internacgao.

Dada a importéncia dos DDS, as vantagens das NLC frente a outros tipos de
carreadores e os beneficios que a LD poderia trazer quando encapsulada em sistemas de
liberagdo modificada, o presente trabalho apresenta uma proposta de encapsular LD em

NLC utilizando diferentes excipientes e utilizando um delineamento experimental e analise
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estatistica inovadores, que trazem como vantagens a possibilidade de observar interagbes
entre os excipientes e fazer uma predicdo das quantidades mais adequadas de excipientes
de acordo com as caracteristicas fisico-quimicas observadas nos experimentos envolvendo
as NLC. A metodologia proposta pode ser aplicada tanto para o screening de excipientes

quanto para o desenvolvimento e otimizagdo de formulagdes.
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2, Objetivos

21. Objetivo Geral

Aplicar analise multiniveis no desenvolvimento de Carreadores Lipidicos

Nanoestruturados (NLC) para encapsular lidocaina e verificagdo de interagdes entre

os excipientes utilizados.

2.2 Objetivos Especificos

o Fazer screening de lipidios de acordo com seu potencial
de solubilizagao da lidocaina;

° Determinar coeficiente de particdio da lidocaina nos
lipidios selecionados;

° Realizar delineamento experimental para avaliar o
comportamento dos excipientes nas formulagdes desenvolvidas;

o Caracterizar  fisico-quimicamente as  formulacdes
desenvolvidas (didmetro hidrodindmico, indice de polidispersao, potencial
zeta, eficiéncia de encapsulagao, capacidade de carga);

o Determinar o perfil de liberagdo, morfologia e perfil
térmico de formulagdes selecionadas a partir das caracteristicas fisico-
quimicas;

o Desenvolver metodologia de analise estatistica dos

resultados obtidos.
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ABSTRACT
To rationally formulate nanoparticles, it is crucial to know the interaction among their
excipients and how they change physicochemical attributes of nanoparticles. This is
especially critical for the screening and development of nanostructured lipid carriers
(NLCs) because they are made of at least three types of excipient (solid lipid, oil and
surfactant). Exhaustive combinations of excipients and comparisons to assess their
influence on the design of NLCs have been performed, but with no practical
perspective to quantify synergistic interaction of NLCs components. In this article, we
propose an innovative approach to analyze the effect of excipient interactions on
physicochemical properties of NLCs. It compasses two sequential experiments with
Hall design, mathematical modelling with mixed models and multilevel statistics.
NLCs were prepared by hot emulsification-ultrasonication method. The inputs of
NLCs analysis were lidocaine as the hydrophobic model drug and nine excipients;
the outputs were z-average (size, measured by Dynamic Light Scattering, DLS),
polydispersity index (PDI, measured by DLS), zeta potential (DLS), entrapment
efficiency (HPLC) and drug loading of NLCs (HPLC). All the linear regression models

for the experiments exhibited good effect values with significant F-statistics (p =
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0.01). For all outputs, the second experiment permitted higher fitting than the first
one, with significant F-statistics (p = 0.02). This allowed evaluating the interactions
based on the models of the second experiment. Hence, castor oil (CA), cetyl
palmitate (CP), capric/caprylic acid (CC) and polysorbate 80 (PS) presented larger
effects among the excipients as well as a clear pattern of synergistic interactions
among them. To confirm some of the outcomes, a NLC made of beeswax (BW), CA,
PS and lidocaine was analyzed and exhibited the predicted pattern of the
physicochemical characteristics. This shows the robustness of the methodology,
which can be applied not only to NLCs but also to the production of other
nanoparticles.

KEYWORDS: Multilevel statistical analysis; Design of experiment; NLC;

Nanostructured lipid carrier; natural lipids; lidocaine
1 introduction:

Nanostructured lipid carriers (NLCs) are the second generation of solid lipid
nanoparticles (SLN), widely used as biodegradable and safe delivery systems for
hydrophobic drugs and bioactive substances '-3. They are submicron particles of a
mixed solid-liquid lipid core coated with surfactants; the carried substance is
generally located within the lipid core. In order to obtain reproducible and stable
NLCs, they should present low polydispersity index of particle size, high zeta
potential in module and high encapsulation efficiency 4.

To manipulate these properties, one could alter critical process parameters or
formulation parameters. Formulation critical parameters of NLCs include the lipid
type, amount, crystallinity and melting point, besides drug and surfactant properties °.
Therefore, to perform a rational formulation design, it is crucial to know which
excipients interact with each other and change the physicochemical attributes. Some
researchers have done exhaustive combinations of excipients and comparisons to
assess both qualitative and quantitative influences of the investigated factors for
NLCs. Although they reported the presence of synergistic interaction of the
components of NLCs, with respect to physicochemical outputs, they did not
quantitatively approach the subject. In fact, these several combinations of excipients
have been analyzed with small and isolated experimental full designs, which do not
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allow to investigate synergistic interactions because the factors of each isolated
experiment are different 6-10,

We present in this article, for the first time, a method to analyze the interactions
of the excipients with respect to the physicochemical properties of NLCs. The method
begins with pre-formulation studies, to evaluate the viability of excipient
combinations. In the second stage, we implement two sequential experimental Hall's
design to have a mixed model of the excipient interactions. Hall's design is a non-
regular design that permits to combine up to 15 factors with just 16 runs, with no full
aliasing among them and their two-factor interactions. In contrary, regular strategies
depend on a large amount of samples, such as full factorial designs, not always
feasible. Also, in models with few samples, a greater uncertainty arises and the effect
of a single substance is confounded with two factor interactions. After performing the
experiments, we assess the physicochemical characteristics of NLCs (z-average,
polydispersity index, zeta potential, entrapment efficiency and drug loading). To
evaluate the variance along the two experiments, multilevel analysis is applied, and
then there are formulated linear models of the main and interactions effects. Next, we
apply Wu-Hamada's definition of conditional effects "' to build graphs of the
excipients synergy. The third step is the formulation studies. This stage aims to
understand the reasons and consequences of the verified interactions (formulations
stability, release profile of the model drug and transmission electron microscopy).

The summarised workflow is represented in Fig. 1.
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Step 1: Pre-formulation studies:
P

® Drug solubility
e Partition coefficient
® Themmal profile

v

Step 2: Hall design: exp 1 and exp 2

® Physicochemical characterization
e Multilevel analysis
e Wu-Hamada interaction graphs

v

Step 3: Formulation studies:

e Stability
® Drug release profile
e Transmission electron microscopy images

Figure 4. Workflow of the developed methodology.

In what follows, we report the outcomes of the application of this method to a
NLC-loaded lidocaine as the hydrophobic model drug. Five natural liquid lipids
(castor, sesame, cottonseed, corn, and capric/caprylic oils) were compared together
with two natural solid lipids (beeswax and cetyl palmitate) and two surfactants
(poloxamer 188 and polysorbate 80). In our method, the levels of excipients are
changed directly; therefore, we get mixed models of the main factors and their
interactions. For this reason, the present work allows us to refine previous results in
the literature about the interaction among the NLC excipients, as well as to predict
new effects that were not previously reported. From a practical viewpoint, it permit us
to apply systematic criteria to choose the excipients to develop NLCs and provide
guideline for formulations of NLCs based on the analysis of interaction among their
excipients, which is applicable not only to this, but also to other drug delivery

systems.
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2 Methods:
21 Material

Super Refined™ excipients were gently donated by Croda do Brasil: castor oil
(CA), sesame oil (SO), cottonseed oil (CS), corn oil (CO), polysorbate-80 (PS),
beeswax (BW); Crodamol™CP-PA (CP). Liponate® GC (Capric/caprylic oil, CC) was
gently donated by Lipo do Brasil. Poloxamer 188 (Kolliphor® 188, KO), acetonitrile

and lidocaine (LD) base were purchased from Sigma.

2.2 Lipids selection

The previous selection of lipids was according to the following features: natural
origin, theoretical capability to solubilize lidocaine, melting point and availability of
highly purified samples. The chosen melting point range for solid lipids was 45 to
70°C (selecting cetyl palmitate and beeswax), to guarantee the solid state in room or
body changes in temperature and preserve drug integrity upon heat degradation 4.
The chosen melting point range for liquid lipids was below 0°C to guarantee the liquid
state in room/refrigerator changes in temperature (selecting castor, sesame,
cottonseed, corn, and capric/caprylic oils). The maintenance of the original physical
states assure that these physical transitions do not interfere with physicochemical
outcomes among different formulations, masking possible interaction effects.
Liponate GC® is not a super refined oil, but we kept it as a gold standard, since it is

the most used liquid lipid to produce NLCs '°.

2.3 Lidocaine solubility

The solubility of lidocaine was evaluated as reported previously (adapted
method described by Joshi and Patravale '°. Briefly, increments of 10 mg LD were
added into 500 pL of oil until there were no complete solubility of the added amount.
To assess the solubility in solid lipids, increments of LD were added to 50 mg of

melted solid lipid and determination was visual.
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2.4 Partition coefficient of lidocaine

The partition coefficient (logP) of lidocaine in lipids was determined by adding 10
mg of the drug into a mixture of 3 mL of water and 3 mL of lipid and mixed along 24
hours. After that, the agueous phase was obtained through centrifugation (5000 rpm,
10 minutes) and filtered (0,45 ym pore membrane). LD determination in aqueous
phase was obtained in HPLC (refer to quantification of LD method) . The
determination of LD in oily phase was done by the difference between the LD added

and LD in the aqueous phase. Partition coefficient was calculated according to Eq.

(1. (1)

2.5 Preparation of Nanostructured Lipid Carriers (NLC)

NLC were prepared using hot emulsification-ultrasonication method '8. Briefly,
lipid phase was melted in water bath 10 °C above the melting point of the solid lipid,
followed by addition of LD under magnetic stirring up to complete homogenisation. In
another beaker, aqueous phase was heated under magnetic stirring and dropped into
lipid phase under high-speed agitation (1200 rpm for 3 min in ultra-turrax blender
(IKA® T18 basic, Staufen, Germany)). After that, the emulsion was submitted to tip
sonication (Vibracell, Sonics & Materials Inc., Danbury, USA), operated at potency
130 W, frequency 20 kHz and amplitude 50 % in cycles of 30 seconds (on/off) during
30 minutes. The formulation was cooled in ice bath until reach room temperature and

stored at room temperature.

2.6 LD Quantification, entrapment efficiency and drug loading:

The entrapment efficiency (%EE) of LD into NLC was determined indirectly by
ultrafiltration method using centrifugal filter tubes (Millex, Millipore, Bedford, MA,
USA) with a 30 kDa molecular weight cut-off. NLCs suspensions were centrifuged at
18514 x g, during 20 min. %EE was calculated by the difference between the amount
of LD in the formulations and the amount detected in the filtrate, applying the Eq. (2)
1920, (2),

Assay of LD was performed by HPLC as described in its USP monograph 21,
with the Waters Breeze 2 HPLC system (Waters, Milford, Massachusetts, USA). The

parameters were: UV detection at 254 nm (detector UV 2998 waters); mobile phase
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with 4 parts of glacial acetic acid 0.5 % in deionized water, pH 3.4 and 1 part of
acetonitrile; flow rate of 1.5 mL/min; injection volume of 20 yL; column NST 18 — 300
mm x 3.9 mm x 4 ym (L1); 10 minutes of running time. Drug loading (%DL) was
calculated by Eq. (3): (3).

To analyze the results of %DL there were calculated the relative drug loading
(%RDL), comparing to the theoretical drug loading (Eq. (4)): (4), where theoretical
%DL is obtained considering the total amount of LD added. We use the relative drug
loading because the samples have different amounts of the excipients and LD, so it

is necessary to scale the data to compare them appropriately.

2.7 Determination of hydrodynamic diameter (z-average), polydispersity index (PDI)

and zeta potential ()

The z-average was determined by Dynamic Light Scattering (DLS) (Zetasizer
Nano ZS, Malvern Instruments Ltd, Malvern, England), at 90° angle and 25 °C, with
samples diluted 1:200 in ultrapure water (refraction index 1,333 — viscosity 0,8905
cP) for adequate correlation coefficient (between 0,7 - 1). Zeta potential was

determined by electrophoretic mobility in the same instrument.

2.8 Differential Scanning Calorimetry (DSC)

DSC thermograms of the bulk materials and NLCs samples were obtained using
a Mettler instrument model DSC1 (Mettler-Toledo Schwerzenbach, Switzerland). The
samples were weighted on microanalytical balance Metler Toledo, model MX5
(Mettler-Toledo Schwerzenbach, Switzerland). Blanks were automatically deducted.
For analysis, the parameters were aluminum pans, temperature range of 20-80 °C,

heating rate of 5 °C per minute, N2 atmosphere (50 mL per minute).
2.9 LD in vitro release profile

The release of LD was analyzed in a Franz diffusion cell system, in which a
dialysis membrane with a molecular exclusion pore size of 14 kDa separate the
donor (1 mL of sample) and acceptor (12 mL of phosphate buffer pH7.4)
compartments. The cell were kept at 37 °C and under magnetic stirring (300 rpm) 22,
200 pL of each sample in each time point were withdrawn from the acceptor
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compartment for LD quantification; the same withdrawn volume was replaced by
buffer to maintain the total cell volume.

2.10 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to evaluate morphology,
integrity and size of NLC. There was added uranyl acetate (2 %) to the appropriately
diluted NLC to provide contrast, after which aliquots were deposited onto copper
grids coated with a carbon film and dried at room temperature. After drying,
micrographs of the samples were obtained using a JEOL1200 EXII microscope
operated at 80 kV 22,

2.11 Design of Experiment (DoE) and statistical analysis

The DoE used was the first 10 columns of the Hall’'s design 23. As a non-regular
design with two levels, it permits to combine up to 15 factors in 16 runs, without full
factor aliasing 2. In this work, we used 10 factors: 9 excipients and one drug model.
The experimental plan consisted in two sequential Hall's designs to have a mixed
model of the interactions among the excipients (STables 1 and 2). Lidocaine was
used as a drug model, so its levels were fixed in both designs. To make general
conclusions about the action of the solid and liquid lipids, as well as the surfactants,

their levels were changed from the first to the second experiment.

The statistical analysis was performed with the language R 2°. At first, there was
assessed the variability between the two experiments via the maximum-likelihood
estimation (Cf. GLS and IMM models in Supplementary Material). Next, a linear
model (GM) for the data of both experiments was generated with the step-by-step
method, and validated with a multilevel analysis (Cf. GM and FMM in Supplementary
Material). Thus, GM was used as models (M1 and M2) for each experiment
separated, to analyze its representability of each experiment. To evaluate the
complex confounding of two-factor interactions and main effects of Hall's design, we
applied Wu-Hamada's definition of conditional effects '* to the model (M1 or M2) that
presented highest R? and significative F-statistics — the significant factors and
interactions was validated by the final multilevel model FMM.
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The statistical assumptions of the models generated were all of them tested (Cf.
Supplementary Material). The normality of the residuals was assessed by Shapiro-
Wilk test. For the independence of the errors, it was used the Durbin-Watson test.
Homoscedasticity was assessed with Breusch-Pagan. The analysis of the influence
of the samples was made with Cook’s distance and hat-values, and collinearity of
coefficients with the variance inflation factor (VIF). Finally, confidence interval was

checked 2627,

3 Results and discussion:

3.1 LD solubility and partition coefficient:

The evaluation of selected lipids and surfactants was according to their ability to
solubilize LD (Fig. 2.A). All liquid lipids solubilized more than 100 mg/mL of LD, and
all solid lipids solubilized more than 0,2 mg/mL of the drug; both mass proportion are
the minimum mass levels proposed in our DoE, therefore it is guaranteed that LD
would be able to fully solubilize in both lipid types, decreasing risk of drug
crystallization. Surfactants increased LD solubility in water at least two-fold.
According to USP solubility definition, LD was very soluble in solid lipids, freely
soluble in oils and slightly soluble in water and surfactants 28. Solubility of LD
presented the following order: liquid lipids: CA=CC > SO=CO > CS; surfactants: PS >
KO; solid lipis: BW > CP.

Excipient Solubility
Solid lipids (mg/mg)
BW 7
CP 4
Oils (mg/mL)

CA 260 - 280

CC 260 - 280

SO 160 - 180

CO 160 - 180

CS 120 - 140

Surfactants and water (mg/mL)

PS 1% 5
KO 1% 4

Deionized water 2
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Figure 5. A. Solubility of lidocaine (LD) in the excipients (BW=beeswax, CP=cetyl
palmitate, CA=castor oil, CC=capric/caprylic oil, SO=sesame oil, CO=corn oil,
CS=cottonseed oil, PS 1%= polysorbate 80 1% (V/V) in water, KO 1%=poloxamer
188 1% (w/V) in water). The solubility range of LD in oils is due the method of
determination and means the amount that solubilize (low number) and the amount
that is not completely soluble in each oil (higher number). B. Partition coefficient of
LD in solid and liquid lipids (average + standard deviation). The experiment was ran

in duplicate.

The partition coefficient (Fig. 2.B) agrees with the solubility profile, in the sense
that lipids with higher or lower LD solubility also presented higher and lower partition
coefficients, respectively. Partition coefficient of LD presented the following order: CA
> CC > SO=C0O=CS=BW > CP. Differences between measurements of intermediate
excipients might be due to solubility determination method, which resulted in ranges
rather than exact values. However, for our purpose, ranges are adequate to

guarantee solubility in NLCs.

3.2 Thermal analysis (DSC)

The thermal analysis (Fig. 3) showed the purity of CP, whereas its melting peak

is characteristic of a B polymorph, the most stable crystalline form of lipids 2. LD also
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presented a narrow melting peak, which indicates purity and identification, according
to the range determined by USP 2'. BW presented a large peak because it is a
complex mixture of organic compounds, and its composition varies depending on the
genetic characteristics of the bees, as well as the site of collection. Also, its melting
point is in accordance to the literature range °. NLC presented peaks in two different
regions: one in 58.89 °C, which may represent the BW, and another one in 67.77 °C,
that probably corresponds to LD that was not encapsulated. Thermal analysis of
liquid lipids were not performed because they present no significant changes on their

behavior in the range of temperature evaluated.

NLC#7_2
cP

BW

LD

Ny

0 20 40 60 80 100
Temperature (°C)

Figure 6. Thermal analysis (DSC) of the solid lipids (CP and BW), LD and NLC#7_2
(from experiment 2). LD has a narrow peak, as well as CP, in 68.87 °C and 53.82 °C,
respectively. BW presented a broad peak in 65.7 °C, and NLC#7_2 mainly two
peaks, in 58.89 and 67.77 °C. Analysis was carried out increasing the temperature
from 20 to 80 °C, heating rate of 5 °C per minute, N2 atmosphere (50 mL per
minute).

Table 1 presents the thermodynamics characteristics of the excipients and

formulation analyzed by DSC.
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Table 1. Summary of DSC analyses (melting point of solid bulk materials/ NLC).

Sample Integral Integral/weight Onset (°C) Peak (°C)
(mJ) (J/g)
NLC#7_2 -32,76 -3,5 57,71 58,89
-15,08 -1,6 67,05 67,77
LD -525,81 -66,7 67,58 68,87
CcP -1050,39 -195,7 52,04 53,82
BW -780,83 -145,5 59,6 65,7

3.3 Physicochemical properties analysis

The statistical analysis of the data from experiments 1 (exp 1) and 2 (exp 2)
were performed, considering the z-average, PDI, zeta potential, entrapment
efficiency and relative drug loading. Exp 1 differs from exp 2 in the levels of some
factors (STables 1 and 2, from Supplementary Material), which allows inferences
about excipient interactions in intervals of values and not only fixed combinations of
levels, as it is usually made in fixed models.

All the responses, except PDI (p<0.05), did not present significative intercept
variance from exp 1 to 2 (p>0.9). All the linear regression models for the experiments
together exhibited good effect size (R? >0.61) with high significative F-statistics
(p<0.01). In special, the global model when applied to exp 2 always presented higher
fitting (R?>0.82) than the exp 1 and with significative F-statistics (p<0.02). Since the
multilevel analysis confirmed that the global linear model was very significative for
each response (p<0.001), we could analyze the interactions directly in the data of the
models of exp 2.

The resume of the results that will be discussed in this section is the following.
Z-average (ZA) presented unimodal distribution, mean size (322 + 47) nm. The
interaction between polysorbate-80 (PS), castor oil (CA) and cetyl palmitate (CP)
determined ZA. Polydispersity index (PDI) variated between 0.14 to 0.35, mean (0.23
1+ 0.05). The main factors that influenced PDI were PS, CP and CA. Zeta potential
(ZP) presented mean value (-46.2 + 4.4) mV. Surfactants presented divergent
performance on ZP, due to interactions with liquid lipids. Entrapment efficiency was
between 58 % and 79 %, mean (72 £ 5) %, and relative drug loading from 60 % to 80
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%, mean (70 £ 5) %. For both, the interaction among liquid lipids was crucial, such as
cottonseed (CS) and capric/caprylic (CC) oils.

3.3.1 Z-average

Fig. 4 (a) shows the behavior of z-average along the two experiments.
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Figure 7. Z-average distribution from exp 1 and 2 at low and high levels of each
excipient (BW= beeswax, CA= castor oil, CC= capric/caprylic oil, CO= corn oil, CP=
cetyl palmitate, CS= cottonseed oil, KO= poloxamer 188, LD= lidocaine,
PS=polysorbate 80, SO= sesame oil). Error bars correspond to the standard
deviation of samples mean of each experiment. The values of levels of each
experiment are in STables 1 and 2 (a); interaction of PS on CA in z-average of exp 2
(b); interaction of CA on PS in z-average of exp 2 (c); interaction of CP on CA in z-
average of exp 2 (d); interaction of CA on CP in z-average of exp 2 (e).

It is clear, and in accordance to the literature, that the solid lipids act to increase
the z-average (Fig. 4 (a)), with emphases for CP (p<0.0001). Some authors also
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described this comportment of CP on the NLC particle size, claiming that the
viscosity of the lipid phase increases at high CP concentrations, which affects the
homogenisation during NLC production via hot homogenisation method, allowing the
aggregation of the particles and increase of particle size 4°.

Contrary to solid lipids, the increase in surfactants amounts decreased the z-
average (Fig. 4 (a)). Their action is collinear, PS has a prominence but neither PS
nor KO had significant effects alone, only in interaction with other excipients. Fig. 4
(@) also shows that liquid lipids are almost confounded, and according to
Teeranachaideekul'®, the oil content did not affect the mean particle size. The
exception is CA: it increased the z-average (p<0.0001), and this action may be
explained by Hu et al®, where they stated that smaller nanoparticles are obtained
from the use of less viscous oils (and CA was the most viscous oil that we used). The
multilevel analysis revealed that the prominence of PS was an effect of its interaction
with CA (p<0.01). Fig. 4 (b) displays this interaction. CA in its highest level made an
increase in the z-average (Fig. 4 (c)). On the other hand, when PS was in the high
level, the z-average was smaller (Fig. 4 (b)). In accordance with Fig. 4 (a), PS on
both levels of CA decreased the z-average (Fig. 4 (b)), and CA on both levels of PS
increases z-average (Fig. 4 (c)). Helgason et alf® described that the increase in the
particle size of SLN was accentuated with low surfactant concentrations (they worked
with 10% of solid lipid and a variation between 1 — 5 % of tween 20 (w/w)). According
to them, this occurs because the surface of the particle is less covered with the
surfactant and, therefore, there is an increased probability to happen particle-particle
interactions. Our results about the interaction between PS and CA shows that this is
not what happened for NLCs, considering the tested lipids. At least in the cases
analyzed in our experiments, the effect of the surfactants is associated to their
interactions with the liquid lipids. To provide an explanation for this phenomenon,
further studies are necessary.

Lastly, the interaction between CA and CP also was significant (p<0.05).
Separated, when either CA or CP were at high levels, both maintained elevated
values of z-average, and reached low values of z-average when both were at low
levels. In addition, when some of them was at a low level, the other one acted to

increase the z-average (Fig. 4 (d) and (e)).
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This analysis indicates that to choose among the levels of each factor, it is
necessary to consider the applicability of the formulation and its desirable size. For
example, if one is developing a NLC to a parenteral application, it is necessary that
NLC is between 100 — 200 nm'. Considering this, according to the described
multilevel analysis of z-average, there were desirable to choose CP and CA in low
levels, and PS in high levels.

3.3.2 PDI

Fig. 5 (a) shows that the behavior of PDI along the two experiments was
different (p<0.05). With respect to the liquid lipids, it is possible to visualize that at
higher levels, they tended to raise the PDI in the exp 1 but to decrease in the exp 2,
which has higher amounts of lipids. The same happened to solid lipids, but not so

much pronounced.
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Figure 8. Polydispersity index (PDI) distribution from exp 1 and 2 at low and high
levels of each excipient (BW= beeswax, CA= castor oil, CC= capric/caprylic oil, CO=
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corn oil, CP= cetyl palmitate, CS= cottonseed oil, KO= poloxamer 188, LD=
lidocaine, PS=polysorbate 80, SO= sesame oil). Error bars correspond to the
standard deviation of samples mean of each experiment. The values of levels of
each experiment are in STables 1 and 2 (a); interaction of PS on CP in PDI of exp 2
(b); interaction of CP on PS in PDI of exp 2 (c); interaction of CA on CP in PDI of exp
2 (d); interaction of CP on CA in PDI of exp 2 (e).

Rose et al (2015) verified that increasing the total amount of lipids affected
positively the PDI, probably due to the elevation in lipid concentration 3'. Our
multilevel analysis showed that the factors that influenced the z-average were also
the ones that influenced PDI, namely, the main effects of PS (to increase, p<0.0001)
and CA (to decrease, p<0.01). In Fig. 5 (b), we see the interaction between PS and
CP (p<0.01). If CP is at high level, PS has no effect, but when CP is low, PS
increases the PDI (Fig. 5 (b)). Contrarily, if PS is at high level, CP decreases the PDI,
but has no effect if PS is low (Fig. 5 (c)). This general behavior that the high amount
of lipids and low amount of surfactant decreases PDI was reported by Martins et al ’.
Thus, as we presented, the relationship among the lipids, at least with respect to the
solid ones, and surfactants is not immediate, because it depends on the level of each
factor. Fig. 5 (d) and (e) make this point. If CP is at high level, CA has no effect, but
when CP is low, CA decreases the PDI (Fig. 5 (d)). On the other hand, if CA is at
high level, CP has no effect to the PDI but CP decreases it if CA is low (Fig. 5 (e)).
Therefore, combining these results, we have that CP, CA and PS interacted all of
them in non-trivial ways. This shows that Gonzalez-Mira et al 32 assertion that
surfactants alone can contributed to lower PDI values is not a general rule. They
conclude it (studying poloxamer 188) because their inputs were proportions of total
lipids and surfactants, which do not provide information about interactions among the
excipients that our analysis can provide.

The multilevel analysis also showed that BW and the interaction between BW
and CP were significant (p<0.001), but their effects were smaller when compared to
those analyzed above.

As it is always desirable to obtain low PDI values, and considering that the most
influent excipients were CA, PS and CP, the results suggest keeping CA and CP at
highest levels and PS at lowest levels. However, an accurate analysis must be done
whenever the levels of the factors indicate opposite solutions to obtain the desirability

criteria. For instance, in a first analysis, to obtain a small NLC, low amount of CP is



39

required. However, to obtain low PDI value, it requires high amount of CP. Then, to
define CP amount, it is important to check whether CP is a main factor or if it is
actually interacting to another excipient. In the PDI, CP is not acting alone, therefore
we can use it at low levels as soon as we keep PS also at low levels (cf. Fig. 5 (b)
and (c)), and CA at high levels (Fig. 5 (d) and (e)).

3.3.3 Zeta potential

Fig. 6 (a) presents the influence of excipients on zeta potential. Despite the
consistent trend of the solid lipids to increase the zeta potential in module, their effect
was not significant. On the other hand, the liquid lipids CA (p<0.01) and CS (p<0.05)
acted the make the zeta potential more positive. The effect of the amount of oils on
the zeta potential values may be associated to the disruption of the surfactant shell
promoted by the high concentration of liquid lipid, which leads a rearrangement of the
surface charge of the nanoparticles %33. In addition, PS increased the zeta potential
(p<0.01), and from Fig. 6 (a) it seems that KO presented the same action.

It was reporter by Ribeiro et al 822 that the interaction among solid and liquid
lipids with poloxamer 188 has different effects on the zeta potential depending on the
natural lipids used (copaiba oil, beeswax, sesame oil, and others). Here we can
make this assertion precise with respect to both surfactants. Fig. 6 (b) and (c) show
that KO and CA have a simple synergistic interaction (p<0.01): at both levels of each
other, low or high, they acted to decrease the zeta potential (more negative). This
explains the action of the KO: CA acted to make the zeta potential more positive, and
so the same happened to KO. On the other side, PS significantly interacted with LD
(p<0.0001).
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Figure 9. Zeta potential (ZP) distribution from exp 1 and 2 at low and high levels of
each excipient (BW= beeswax, CA= castor oil, CC= capric/caprylic oil, CO= corn oll,
CP= cetyl palmitate, CS= cottonseed oil, KO= poloxamer 188, LD= lidocaine,
PS=polysorbate 80, SO= sesame oil). Error bars correspond to the standard
deviation of samples mean of each experiment. The values of levels of each
experiment are in STables 1 and 2 (a); interaction of CA on KO in ZP of exp 2 (b);
interaction of KO on CA in ZP of exp 2 (c); interaction of LD on PS in ZP of exp 2 (d);
interaction of PS on LD in ZP of exp 2 (e).

In Fig. 6 (d), we can see that LD at both levels of PS turned the zeta potential
more negative, and so contributed to the stability of the NLC. On the other hand, in
Fig. 6 (e), we observed that when LD is at high level the zeta potential is very
negative, and PS has no effect, but when LD is at low level the zeta potential is less
negative and PS contributes to increase it. Moreover, the model generated for the
zeta potential response shows that PS interacted significantly with CS (p<0.01) and
CC (p<0.01), but the size of the effect of these interactions were not big as the

interaction with LD.
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Once all the formulations reached good zeta potential values (higher than 30
mV, in module), it is not necessary to restrain the levels of the factors that contributed
to influence this output. Nonetheless, our results show that the interaction of the
surfactants with the liquid lipids is relevant to understand the behavior of the zeta
potential. It is also important to mention that LD, as a drug model, contributes to
stabilize the NLC, probably because it interferes the superficial composition of the

nanoparticles.

3.3.4 Entrapment efficiency (%EE)

In Fig. 7 (a) we can see that PS (p<0.05) and CS (p<0.01)increased the
%EE. Although Fig. 7 (a) does not make clear the action of CC and SO, multilevel
analysis indicated that CC (p<0.01) and SO (p<0.01) decreased %EE.

Another fact is that the liquid lipids interacted with the other excipients to
determine the entrapment. In special, the interactions between CC and CS was very
significant (p<0.001). In Fig. 7 (b) it is clear that CS has no effect on the levels of CC,
and the entrapment is directly proportional to the level of CC. This is confirmed in Fig.
7 (c), where CC increased the entrapment independently of the level of CS. The
interaction between SO and KO also was significant (p<0.01). Figs. 7 (d) and (e)
show that SO and KO had action similar to CC and CS. This behavior was covered
by Pathak et al °, where they stated that the increase in entrapment is dependent not
only on the solubility of the drug in the carrier, but also on the amount of liquid lipid °.

An interesting point is that PS exhibited many interactions with respect to %EE:
it interacted with CC (p<0.001), CO (p<0.01) and KO (p<0.01), but the size of the

effect of these interactions was less grandiose than the reported ones.
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Figure 10. Entrapment efficiency (%EE) distribution from exp 1 and 2 at low and high
levels of each excipient (BW= beeswax, CA= castor oil, CC= capric/caprylic oil, CO=
corn oil, CP= cetyl palmitate, CS= cottonseed oil, KO= poloxamer 188, LD=
lidocaine, PS=polysorbate 80, SO= sesame oil). Error bars correspond to the
standard deviation of samples mean of each experiment. The values of levels of
each experiment are in STables 1 and 2 (a); interaction of CS on CC in %EE of exp 2
(b); interaction of CC on CS in %EE of exp 2 (c); interaction of KO on SO in %EE of
exp 2 (d); interaction of SO on KO in %EE of exp 2 (e).

Considering the aforementioned interactions, it is generally desirable that the liquid

lipids present high amounts to have high %EE, as well as PS.

3.3.5 Relative drug loading (R-drug loading)
Fig. 8 (a) shows that BW increased the R-drug loading (p<0.01), but KO
decreased it (p<0.0001). The action of the liquid lipids was more complex. Fig. 8 (a)

exhibits CO decreasing the R-drug loading, but CC appears to increase it and the
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multilevel analysis shows the opposite. At this point, the evaluation of the interactions
was necessary.

Fig. 8 (b) exhibits that when CC is at a high level, CO promotes a discrete
increase on the R-drug loading, but when CC is low, CO decreases strongly the R-
drug loading. On the other hand, if CO is at low or high level, CC always increases
the R-drug loading, and this is accentuated when CO is at the high level (Fig. 8 (c)).
This explains why the isolated effect of CC was to increase the R-drug loading.
Moreover, the interaction of CC with CO also elucidated why in the model its isolated
effect was to increase the R-drug loading (Cf. FMM in Supplementary Material).
According to Mdiller et al 34, the use of lipids with different molecular structures may
assure a high drug loading capacity of the lipid matrix of NLCs, because of the
formation of many imperfections in the lipid lattice of them.

Additionally, it is important to mention that BW interacted with SO and with CA,
but the size effect of these interactions was not big when compared to the
interactions of KO and SO, on the one hand, and with LD, on the other. In Fig. 8 (d),
we visualize that when KO is at a high level, LD decreased the R-drug loading but it
does not have a strong effect if KO is at a low level. Contrarily, Fig. 8 (e) shows that
when LD is at a low level KO has no effect on the R-drug loading, but when LD is at a
high level KO acted to decrease it. One possible interpretation is that the high
amount of KO promote an interaction of this surfactant with LD, avoiding its
incorporation into the lipid matrix, which decreases the drug loading. Nevertheless, to
confirm this further experiments should be done. It was reported by Pathak et al °
that the reduction of solid lipids could influence to augment the drug loading capacity
of the formulations. Our results suggest that this happens because not necessarily
the less amount of solid lipid, but also the addition of liquid lipids contribute to the
formation of oily vesicles in the inner of the nanoparticles, which may have more
affinity to the drug and, therefore, to enhance the drug loading.

According to our analysis, to improve drug loading, it is important to maintain
high level of CC. If BW was the selected solid lipid, high amounts of it also
contributes to reach high drug loading. Moreover, KO acted to decrease drug

loading, so its use should occur in moderate levels.
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Figure 11. Relative drug loading (%RDL) distribution from exp 1 and 2 at low and
high levels of each excipient (BW= beeswax, CA= castor oil, CC= capric/caprylic oil,
CO= corn oil, CP= cetyl palmitate, CS= cottonseed oil, KO= poloxamer 188, LD=
lidocaine, PS=polysorbate 80, SO= sesame oil). Error bars correspond to the
standard deviation of samples mean of each experiment. The values of levels of
each experiment are in STables 1 and 2 (a); interaction of CO on CC in %RDL of exp
2 (b); interaction of CC on CO in %RDL of exp 2 (c); interaction of LD on KO in
%RDL of exp 2 (d) and interaction of KO on LD in %RDL of exp 2.

3.4 Stability of the optimal formulations

All the formulations were analyzed according to z-average, PDI and zeta
potential for 30 days. The formulations that presented the best stability, relative low
PDI and higher %EE and %DL were evaluated after 6 months. The selected
formulations were: NLC # 3; 6; 7 and 8 from exp 1; and NLC # 6; 7; 15; 16 from exp
2. Interestingly, the majority of the selected formulations presented high levels of CA
and BW. CA presents hydroxyl groups in its molecules, which may improve

thermodynamic stability 3°. Besides, BW and CA seems to have a superior
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homogeneity than CA with CP (data not shown). The results from z-average, PDI and
zeta potential of days 0, 30 and 180 are on Fig. 9. According to these, NLC # 8 1 did
not meet good stability criteria, because it had an increase in z-average and PDI in
180 days. Its PDI was higher than 0,4, which is not a good parameter to
monodisperse formulations 36.

From exp 1, we repeated the determination of %EE and %DL of NLC# 3, 6 and
7. The formulations NLC #6 and #7 had a pronounced decrease in encapsulated LD,
and were excluded to the release profile study, because they profiles could not
represent the reality to that respective samples. Therefore, only NLC#3 had its
release profile evaluated.
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3.5 LD release profile

Based on the stability studies, the release profile of LD was carried out using the

most stable formulation, NLC#3 1, compared to the free drug. The release profile of
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LD shown in Fig. 10 confirms that NLC modified LD release; after the first hour, they
presented distinct releases, and after 24 hours, free LD was completely released,

while only 53% of the encapsulated LD reached the acceptor compartment.
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Figure 10. LD release profile (comparison between the free drug and the
encapsulated in NLC#3_1). The bar errors are standard deviation and the experiment
was carried out in duplicates.

Linear regression analysis was used to fit a model to the data of free-LD sample
(FL) and encapsulated sample (ES). The models generated were, respectivelly, FL(t)
= 19.341{9-556 and ES(f) = 10.6181°517 where t is the time. The R? were 0.9378 for
FL, and 0.9736 for ES (details of this model in Supplementary Material). We also
applied difference and similarity tests to the profiles: the difference index was 43.3
and the similarity index was 30.4. According to the FDA guideline, it is allowed an
empirical 10 % average difference at each sample time point, this would determine a
similarity factor of 50 3’. For this reason, two profiles are considered pharmaceutically
equivalent if the similarity index is in the range 50-100 and the difference index is
lower than 15 3. The results show that the two profiles analyzed are
pharmaceutically highly non-equivalent. Actually, since FL had an exponent n = 6, it
presented an anomalous subdiffusion. On the other side, as ES had an exponent n =

5, its model is actually a Higuchi model and so presented a Fickian diffusion 3°. This
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is an evidence that the NLC studied made the LD release slower in the long term and
converted the mean squared displacement of the LD into a linear function of time.

3.6 Transmission electron microscopy

The morphology of NLCs were obtained by TEM images (Fig. 11). The
micrographs revealed intact NLCs, with spherical shapes and defined borders, for
both samples (with and without LD), indicating that LD-loaded NLC did not presented
shape changes because of the drug inclusion. Also, the sizes of the nanoparticles

were consistent with those determined by DLS (data not shown).

Figure 11. TEM micrographs of NLC#3 empty (A) and LD-loaded NLC#3 (B), both
from exp 2. Magnification: 60,000 (left) and 100,000 (right side).
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3.7 NLC containing BW, CA, PS and LD

In order to confirm the predicted results presented above, a new NLC was made
containing BW, CA, PS and LD. The choice of these excipients relies on the fact that
they contributed to decrease PDI and to increase %EE, R-drug loading and zeta
potential (in module).

The physicochemical properties of the new NLC were: z-average (267 £ 7) nm,
PDI (0,17 £ 0,02), zeta potential (-41 + 2) mV, %EE (80.1 £ 0.1) % and relative drug
loading (80.1 + 0.1) %, which successfully confirmed the aforementioned results.

4 Conclusions:

As a robust drug delivery system &, we believe that the excipient interactions
information could help those who want to encapsulate different drugs or active
molecules into NLCs. The statistical models were appropriate and elucidated the
behavior among the excipients. Our analysis exhibited that CA, CP, CC and PS were
the most interactive excipients along the different responses, and we outlined some
general patterns in order to make optimal NLCs. Thus, we can predict the best
quantities and proportions of the excipients that will reach a desirable feature in NLC,
with a method that can also be applied to the other drug delivery systems.
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SFigure 3: release profiles of LD and the fitted models

STable 1. Hall's design of experiment 1 (Factors: CP=cetyl palmitate, BW=beeswax,
CC=capric/caprylic oil, SO=sesame oil, KO=poloxamer 188, CS=cottonseed oill,
CO=corn oil, CA=castor oil, PS=polysorbate 80, LD=lidocaine. The values on each
column refers to the amount of excipient, in milligrams, in each formulation.
Formulations: NLC#1_1 refers to the first formulation of experiment 1, and so on to
the subsequent formulations).

Factors

Formulation 1 2 3 4 5 6 7 8 9 10

CP BW CC SO KO CS CO CA PSs LD
NLC#1_1 290 290 10 10 85 10 10 10 135 25
NLC#2 1 450 290 10 10 135 50 50 10 85 50
NLC#3 1 290 450 10 10 135 50 10 50 85 25
NLC#4 1 450 450 10 10 85 10 50 50 85 25
NLC#5 1 290 290 50 10 135 10 50 50 135 50
NLC#6_1 450 290 50 10 85 50 10 50 135 50
NLC#7_1 290 450 50 10 85 50 50 10 135 25
NLC#8 1 450 450 50 10 135 10 10 10 85 50
NLC#9 1 290 290 10 50 85 50 50 50 85 50
NLC#10_1 450 290 10 50 135 10 10 50 135 25
NLC#11_1 290 450 10 50 135 10 50 10 135 50
NLC#12_1 450 450 10 50 85 50 10 10 135 50
NLC#13 1 290 290 50 50 135 50 10 10 85 25
NLC#14_1 450 290 50 50 85 10 50 10 85 25
NLC#15_1 290 450 50 50 85 10 10 50 85 50
NLC#16_1 450 450 50 50 135 50 50 50 135 25

STable 2. Hall's design of experiment 2 (Factors: CP=cetyl palmitate, BW=beeswax,
CC=capric/caprylic oil, SO=sesame oil, KO=poloxamer 188, CS=cottonseed oill,
CO-=corn oil, CA=castor oil, PS=polysorbate 80, LD=lidocaine. The values on each
column refers to the amount of excipient, in milligrams, in each formulation.
Formulations: NLC#1_2 refers to the first formulation of experiment 2, and so on to
the subsequent formulations).

Factors

Formulation 1 2 3 4 5 6 7 8 9 10
CP BW CC SO KO CS CO CA PSs LD

NLC#1_2 190 190 10 10 100 10 10 10 200 25
NLC#2_2 390 190 10 10 200 90 90 10 100 50
NLC#3 2 190 390 10 10 200 90 10 90 100 25
NLC#4 2 390 390 10 10 100 10 90 90 100 25
NLC#5 2 190 190 90 10 200 10 90 90 200 50
NLC#6 2 390 190 90 10 100 90 10 90 200 50
NLC#7_2 190 390 90 10 100 90 90 10 200 25
NLC#8 2 390 390 90 10 200 10 10 10 100 50
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90
90
10
10
10
10
90
90

100
200
200
200
100
100
100
200

50
25
50
50
25
25
50
25
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Models to each physicochemical output (z-average, polydispersity index, zeta
potential, entrapment efficiency and relative drug loading):

GM
Call:

.............. Z-AVERAGE

Im.default(formula = scale(average) ~ CA + CP + CA:CP + CA:PS,
data = design)

Residuals:

Min 1Q Median

Coefficients:

Estimate Std. Error t value Pr(>|t|)
(Intercept) -3.520e+00 6.100e-01 -5.770 3.89e-06 ***

CA 5.509e-02 1.128e-02 4.882 4.18e-05 ***
CP 9.336e-03 1.790e-03 5.216 1.70e-05 ***
CA:CP -7.521e-05 3.519e-05 -2.137 0.04178 *

CA:PS

3Q
-1.45268 -0.45560 0.04302 0.42765 1.13915

Max

-1.486e-04 4.770e-05 -3.115 0.00433 **

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 0.6256 on 27 degrees of freedom
Multiple R-squared: 0.6592, Adjusted R-squared: 0.6087
F-statistic: 13.05 on 4 and 27 DF, p-value: 4.839e-06

M1
Call:

Im.default(formula = scale(average) ~ CA + CP + CA:CP + CA:PS,
data = design1)

Residuals:

Min 1Q Median
-1.07554 -0.32038 0.01749 0.30300 0.99751

3Q

Max
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Coefficients:

Estimate Std. Error t value Pr(>|t|)
(Intercept) -2.4001718 1.5256648 -1.573 0.1440
CA 0.0091684 0.0416788 0.220 0.8299
CP 0.0068238 0.0040345 1.691 0.1189
CA:CP 0.0001040 0.0001212 0.858 0.4092
CA:PS -0.0004709 0.0002239 -2.103 0.0593.

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05"'.'0.1"" 1

Residual standard error: 0.6991 on 11 degrees of freedom
Multiple R-squared: 0.6416, Adjusted R-squared: 0.5112
F-statistic: 4.922 on 4 and 11 DF, p-value: 0.01604

M2
Call:
Im.default(formula = scale(average) ~ CA + CP + CA:CP + CA:PS,

data = design2)
Residuals:

Min 1Q Median 3Q Max
-0.52687 -0.35604 -0.00559 0.22379 0.71864
Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) -2.926e+00 5.575e-01 -5.248 0.000273 ***
CA 5.223e-02 8.976e-03 5.818 0.000116 ***
CP 7.982e-03 1.819e-03 4.388 0.001085 **
CA:CP -4.626e-05 3.092e-05 -1.496 0.162692
CA:PS -1.772e-04 4.066e-05 -4.359 0.001138 **

Signif. codes: 0 "**' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 0.4509 on 11 degrees of freedom
Multiple R-squared: 0.8509, Adjusted R-squared: 0.7967
F-statistic: 15.69 on 4 and 11 DF, p-value: 0.0001617

GLS
Generalized least squares fit by maximum likelihood
Model: scale(average) ~ 1
Data: design
AIC  BIC logLik
93.79611 96.72758 -44.89805

Coefficients:



Value Std.Error t-value p-value
(Intercept) 00.1767767 0 1

Standardized residuals:
Min Q1 Med Q3 Max
-2.2185950 -0.6182530 0.1765478 0.6545023 1.6909655

Residual standard error: 0.984251
Degrees of freedom: 32 total; 31 residual

IMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC logLik
200.9757 205.3729 -97.48785

Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 1.035557 5.009187

Fixed effects: entrapment ~ 1
Value Std.Error DF t-value p-value
(Intercept) 72.10625 1.167434 30 61.76471 0

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.7442226 -0.2917065 0.2562941 0.6645139 1.3243316

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df  AIC BIC logLik Test L.Ratio p-value

GLS 1 293.79611 96.72758 -44.89805

IMM 2 395.79611 100.19332 -44.89805 1 vs 2 1.079874e-08 0.9999

FMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC logLik
69.35171 79.61187 -27.67586
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Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 1.487302e-05 0.5746075

Fixed effects: scale(average) ~ CA + CP + CA:CP + CA:PS
Value Std.Error DF t-value p-value
(Intercept) -3.519776 0.6100451 26 -5.769698 0.0000

CA 0.055092 0.0112846 26 4.882085 0.0000
CP 0.009336 0.0017899 26 5.216234 0.0000
CA:CP -0.000075 0.0000352 26 -2.137326 0.0421
CA:PS -0.000149 0.0000477 26 -3.114799 0.0044
Correlation:

(Intry CA  CP CA.CP
CA -0.693
CP -0.957 0.654
CA:CP 0.706 -0.747 -0.772
CA:PS -0.117 -0.305 0.177 -0.340

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.52813191 -0.79288732 0.07486548 0.74425088 1.98248726

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df  AIC BIC logLik Test L.Ratio p-value

IMM 1 395.79611 100.19332 -44.89805

FMM 2 769.35171 79.61187 -27.67586 1 vs 2 34.44439 <.0001

GM

Call:

Im.default(formula = scale(l(log(dispersity))) ~ PS + BW + CA +
CP:BW + CP:PS + CA:CP + CA:CO, data = design)

Residuals:
Min 1Q Median 3Q Max
-1.45023 -0.37137 0.00196 0.37135 1.26991

Coefficients:
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Estimate Std. Error t value Pr(>|t|)
(Intercept) -6.493e-01 6.099e-01 -1.064 0.297711

PS 3.571e-02 7.662e-03 4.660 9.85e-05 ***
BW -8.720e-03 3.352e-03 -2.601 0.015658 *
CA -3.459e-02 1.213e-02 -2.852 0.008792 **

BW:CP 3.665e-05 9.520e-06 3.850 0.000769 ***
PS:CP -1.237e-04 2.429e-05 -5.094 3.28e-05 ***
CA:.CP 1.307e-04 3.699e-05 3.532 0.001700 **
CA:CO -1.445e-04 7.129e-05 -2.027 0.053918 .

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 0.6411 on 24 degrees of freedom
Multiple R-squared: 0.6818, Adjusted R-squared: 0.589
F-statistic: 7.346 on 7 and 24 DF, p-value: 9.518e-05

M1

Call:

Im.default(formula = scale(l(log(dispersity))) ~ PS + BW + CA +
CP:BW + CP:PS + CA:CP + CA:CO, data = design1)

Residuals:
Min 1Q Median 3Q Max
-1.81233 -0.32224 0.04695 0.46209 0.77054

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) -7.874e-01 1.538e+00 -0.512 0.623

PS 3.644e-02 4.715e-02 0.773 0.462
BW -7.311e-03 1.415e-02 -0.517 0.619
CA -5.488e-02 5.929e-02 -0.926 0.382

BW:CP 3.281e-05 3.753e-05 0.874 0.408
PS:CP -1.370e-04 1.268e-04 -1.080 0.312
CA:CP 1.806e-04 1.522e-04 1.187 0.269
CA:CO 2.318e-04 4.435e-04 0.523 0.615

Residual standard error: 0.8693 on 8 degrees of freedom
Multiple R-squared: 0.5969, Adjusted R-squared: 0.2442
F-statistic: 1.692 on 7 and 8 DF, p-value: 0.2382

M2
Call:
Im.default(formula = scale(l(log(dispersity))) ~ PS + BW + CA +
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CP:BW + CP:PS + CA:CP + CA:CO, data = design2)

Residuals:
Min 1Q Median 3Q Max
-0.81007 -0.37348 -0.02647 0.41920 0.52431

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) -8.993e-01 7.012e-01 -1.282 0.23561

PS 3.824e-02 1.041e-02 3.673 0.00628 **
BW -8.904e-03 5.428e-03 -1.640 0.13956
CA -2.706e-02 1.354e-02 -1.998 0.08072 .

BW:CP 3.395e-05 1.802e-05 1.884 0.09628 .
PS:CP -1.134e-04 3.511e-05 -3.230 0.01205 *
CA:.CP 1.011e-04 4.050e-05 2.497 0.03712*
CA:CO -1.162e-04 8.968e-05 -1.296 0.23113

Signif. codes: 0 "**' 0.001 "*' 0.01 ™ 0.05"'.'0.1"" 1

Residual standard error: 0.5877 on 8 degrees of freedom
Multiple R-squared: 0.8158, Adjusted R-squared: 0.6546
F-statistic: 5.061 on 7 and 8 DF, p-value: 0.01818

GLS
Generalized least squares fit by maximum likelihood
Model: scale(I(log(dispersity))) ~ 1
Data: design
AIC  BIC loglLik
93.79611 96.72758 -44.89805

Coefficients:
Value Std.Error t-value p-value
(Intercept) -1.300233e-16 0.1767767 -7.355228e-16 1

Standardized residuals:
Min Q1 Med Q3 Max
-2.19955135 -0.79905848 0.07712873 0.50448719 2.00259582

Residual standard error: 0.984251

Degrees of freedom: 32 total; 31 residual

IMM

Linear mixed-effects model fit by maximum likelihood
Data: design
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AIC  BIC logLik
200.9757 205.3729 -97.48785

Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 1.035557 5.009187

Fixed effects: entrapment ~ 1
Value Std.Error DF t-value p-value
(Intercept) 72.10625 1.167434 30 61.76471 0

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.7442226 -0.2917065 0.2562941 0.6645139 1.3243316

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df AIC  BIC logLik Test L.Ratio p-value

GLS 1 293.79611 96.72758 -44.89805

IMM 2 389.56342 93.96063 -41.78171 1 vs 2 6.232689 0.0125

FMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC logLik
67.2922 81.94956 -23.6461

Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 0.3916333 0.4685504

Fixed effects: scale(l(log(dispersity))) ~ PS + BW + CA + CP:BW +
CP:PS + CA:CP + CA:CO
Value Std.Error DF t-value p-value
(Intercept) -0.7655242 0.6071253 23 -1.260900 0.2200

PS 0.0366345 0.0064729 23 5.659697 0.0000
BW -0.0082606 0.0028328 23 -2.916098 0.0078
CA -0.0311462 0.0102933 23 -3.025870 0.0060

BW:CP 0.0000321 0.0000082 23 3.937021 0.0007



PS:CP -0.0001169 0.0000206 23 -5.668705 0.0000
CA.CP 0.0001194 0.0000314 23 3.799857 0.0009
CA:CO -0.0001093 0.0000612 23 -1.785277 0.0874
Correlation:

(IntryPS BW CA BW:CP PS:CP CA.CP
PS -0.218
BW -0.122-0.761
CA -0.288 0.109 -0.338
BW:CP -0.100 0.823 -0.929 0.367
PS:CP -0.018 -0.913 0.759 0.056 -0.817
CA:CP 0.235 0.151 0.111 -0.890 -0.123 -0.344
CA:CO 0.049-0.513 0.518 -0.331 -0.556 0.524 -0.008
Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
-2.67780161 -0.62635129 0.05546289 0.64065629 1.94665901

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df AIC  BIC logLik Test L.Ratio p-value

IMM 1 389.56342 93.96063 -41.78171

FMM 210 67.29220 81.94956 -23.64610 1 vs 2 36.27122 <.0001

GM

Call:

Im.default(formula = scale(-abs(potential)*3) ~ CA + PS + CS +
KO:CA + CS:PS + LD:PS + CC:PS, data = design)

Residuals:
Min 1Q Median 3Q Max
-0.9160 -0.3524 -0.1659 0.2150 1.2809

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) -2.146e+00 6.961e-01 -3.083 0.005095 **

CA 2.683e-02 8.798e-03 3.050 0.005508 **
PS 3.131e-02 5.891e-03 5.315 1.88e-05 ***
CS 2.853e-02 1.279e-02 2.231 0.035320 *

CA:KO -2.621e-04 5.745e-05 -4.562 0.000127 ***
PS:CS -2.574e-04 8.986e-05 -2.865 0.008540 **
PS:LD -3.559e-04 7.010e-05 -5.077 3.42e-05 ***



PS:CC 7.426e-05 2.812e-05 2.640 0.014327 *

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05"'.'0.1"" 1

Residual standard error: 0.6476 on 24 degrees of freedom
Multiple R-squared: 0.6753, Adjusted R-squared: 0.5806
F-statistic: 7.132 on 7 and 24 DF, p-value: 0.0001186

M1

Call:

Im.default(formula = scale(-abs(potential)*3) ~ CA + PS + CS +
KO:CA + CS:PS + LD:PS + CC:PS, data = design1)

Residuals:
Min 1Q Median 3Q Max
-1.27478 -0.31115 0.00257 0.29517 1.47703

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 0.1775776 2.2202012 0.080 0.9382

CA -0.0095410 0.0331653 -0.288 0.7809
PS 0.0114932 0.0205010 0.561 0.5904
CS -0.0804869 0.0610752 -1.318 0.2240

CA:KO 0.0001349 0.0002900 0.465 0.6542
PS:CS 0.0007229 0.0005541 1.304 0.2283
PS:LD -0.0003349 0.0001544 -2.169 0.0619.
PS:CC -0.0000576 0.0001110 -0.519 0.6178

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 0.8239 on 8 degrees of freedom
Multiple R-squared: 0.6379, Adjusted R-squared: 0.3211
F-statistic: 2.014 on 7 and 8 DF, p-value: 0.1737

M2

Call:

Im.default(formula = scale(-abs(potential)*3) ~ CA + PS + CS +
KO:CA + CS:PS + LD:PS + CC:PS, data = design2)

Residuals:
Min 1Q Median 3Q Max
-0.51541 -0.22858 -0.04658 0.16620 0.70484
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Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) -2.149e+00 7.263e-01 -2.959 0.018169 *

CA 2.425e-02 7.130e-03 3.401 0.009351 **
PS 2.884e-02 5.293e-03 5.449 0.000609 ***
CS 3.352e-02 1.113e-02 3.012 0.016762 *

CA:KO -2.423e-04 4.455e-05 -5.439 0.000617 ***
PS:CS -2.775e-04 7.368e-05 -3.766 0.005497 **
PS:LD -3.175e-04 6.049e-05 -5.249 0.000775 ***
PS:CC 8.249e-05 2.155e-05 3.828 0.005035 **

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 0.4474 on 8 degrees of freedom
Multiple R-squared: 0.8933, Adjusted R-squared: 0.7999
F-statistic: 9.564 on 7 and 8 DF, p-value: 0.002438

GLS
Generalized least squares fit by maximum likelihood
Model: scale(-abs(potential)*3) ~ 1
Data: design
AIC  BIC logLik
93.79611 96.72758 -44.89805

Coefficients:
Value Std.Error  t-value p-value
(Intercept) 3.925231e-17 0.1767767 2.220446e-16 1

Standardized residuals:
Min Q1 Med Q3 Max

-2.1408953 -0.6158747 -0.3455728 0.8183467 2.2622049

Residual standard error: 0.984251
Degrees of freedom: 32 total; 31 residual

IMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC logLik
200.9757 205.3729 -97.48785

Random effects:
Formula: ~1 | experiment
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(Intercept) Residual
StdDev: 1.035557 5.009187

Fixed effects: entrapment ~ 1
Value Std.Error DF t-value p-value
(Intercept) 72.10625 1.167434 30 61.76471 0

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.7442226 -0.2917065 0.2562941 0.6645139 1.3243316

Number of Observations: 32

Number of Groups: 2

ANOVA

Model df  AIC BIC logLik Test L.Ratio p-value

GLS 1 293.79611 96.72758 -44.89805

IMM 2 395.79611 100.19332 -44.89805 1 vs 2 1.021272e-08 0.9999

FMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC logLik
73.79691 88.45427 -26.89845

Random effects:
Formula: ~1 | experiment

(Intercept) Residual
StdDev: 1.149737e-05 0.5608163
Fixed effects: scale(-abs(potential)*3) ~ CA + PS + CS + KO:CA +

CS:PS + LD:PS + CC:PS
Value Std.Error DF t-value p-value

(Intercept) -2.1457707 0.6960688 23 -3.082699 0.0053

CA 0.0268340 0.0087978 23 3.050078 0.0057
PS 0.0313135 0.0058915 23 5.315041 0.0000
CS 0.0285265 0.0127891 23 2.230540 0.0358

CA:KO -0.0002621 0.0000575 23 -4.561868 0.0001
PS:CS -0.0002574 0.0000899 23 -2.864615 0.0088
PS:LD -0.0003559 0.0000701 23 -5.077218 0.0000
PS:CC 0.0000743 0.0000281 23 2.640474 0.0146
Correlation:
(Intry CA PS CS CAKO PS:CS PS.LD

CA -0.537

PS -0.849 0.494



CS -0.809 0.343 0.666

CA:KO 0.559 -0.913 -0.576 -0.430

PS:CS 0.798 -0.355 -0.696 -0.961 0.441

PS:LD 0.173 -0.282 -0.581 -0.133 0.308 0.136
PS:CC -0.292 0.130 0.164 0.431-0.241 -0.496 -0.074

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-1.6332653 -0.6284654 -0.2958900 0.3832948 2.2840192

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df  AIC BIC logLik TestL.Ratio p-value

IMM 1 395.79611 100.19332 -44.89805

FMM 210 73.79691 88.45427 -26.89845 1 vs 2 35.9992 <.0001

GM

Call:

Im.default(formula = scale(entrapment?*10) ~CC + PS + SO + CS +
CC:CS + SO:KO + CC:PS + CO:PS + PS:KO, data = design)

Residuals:
Min 1Q Median 3Q Max
-1.58705 -0.35245 0.06279 0.41332 1.23768

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 3.956e-01 8.899e-01 0.445 0.661008

CcC -4.729e-02 1.921e-02 -2.461 0.022160 *
PS 1.900e-02 9.493e-03 2.001 0.054833 .

SO -1.022e-01 3.689e-02 -2.772 0.011124 *
CS 3.752e-02 1.262e-02 2.973 0.007025 **

CC:.CS -1.347e-03 3.920e-04 -3.436 0.002360 **
SO:KO 9.359e-04 3.048e-04 3.071 0.005597 **
CC:PS 8.662e-04 2.150e-04 4.028 0.000563 ***
PS:CO -1.113e-04 3.583e-05 -3.106 0.005157 **
PS:KO -3.021e-04 1.017e-04 -2.970 0.007064 **

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1



Residual standard error: 0.7395 on 22 degrees of freedom
Multiple R-squared: 0.6119, Adjusted R-squared: 0.4532
F-statistic: 3.854 on 9 and 22 DF, p-value: 0.0047

M1

Call:

Im.default(formula = scale(entrapment*10) ~CC + PS + SO + CS +
CC:CS + SO:KO + CC:PS + CO:PS + PS:KO, data = design1)

Residuals:
Min 1Q Median 3Q Max
-1.05408 -0.34491 -0.06826 0.40301 1.26035

Coefficients: (1 not defined because of singularities)
Estimate Std. Error t value Pr(>|t|)
(Intercept) -0.1514001 3.1136549 -0.049 0.963

CC 0.0322723 0.0925544 0.349 0.738
PS 0.0180448 0.0244654 0.738 0.485
SO -0.0171733 0.0336521 -0.510 0.626
CS -0.0033979 0.0253941 -0.134 0.897

CC:CS 0.0006364 0.0007061 0.901 0.397
SO:KO -0.0001749 0.0002850 -0.614 0.559
CC:PS -0.0005624 0.0008343 -0.674 0.522
PS:CO -0.0000982 0.0001324 -0.742 0.482
PS:KO NA NA NA NA

Residual standard error: 0.8447 on 7 degrees of freedom
Multiple R-squared: 0.667, Adjusted R-squared: 0.2864
F-statistic: 1.753 on 8 and 7 DF, p-value: 0.237

M2

Call:

Im.default(formula = scale(entrapment*10) ~CC + PS + SO + CS +
CC:CS + SO:KO + CC:PS + CO:PS + PS:KO, data = design2)

Residuals:
Min 1Q Median 3Q Max
-0.55121 -0.33946 0.06841 0.20246 0.65734

Coefficients: (1 not defined because of singularities)
Estimate Std. Error t value Pr(>|t|)
(Intercept) -3.931e-01 1.156e+00 -0.340 0.7437
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CcC -3.176e-02 1.946e-02 -1.632 0.1467

PS -4.150e-03 6.298e-03 -0.659 0.5310
SO 1.883e-02 8.889e-03 2.118 0.0719.
CS 1.015e-03 7.206e-03 0.141 0.8919

CC:CS -2.014e-04 1.166e-04 -1.727 0.1278

SO:KO -1.275e-05 5.402e-05 -0.236 0.8202

CC:PS 3.863e-04 1.285e-04 3.008 0.0197 *
PS:CO -9.160e-05 2.947e-05 -3.108 0.0171 *
PS:KO NA NA NA NA

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05"'.'0.1"" 1

Residual standard error: 0.5272 on 7 degrees of freedom
Multiple R-squared: 0.8703, Adjusted R-squared: 0.7221
F-statistic: 5.872 on 8 and 7 DF, p-value: 0.01534
GLS
Generalized least squares fit by maximum likelihood

Model: scale(entrapment*10) ~ 1

Data: design

AIC  BIC logLik
93.79611 96.72758 -44.89805

Coefficients:
Value Std.Error t-value p-value
(Intercept) -3.925231e-17 0.1767767 -2.220446e-16 1

Standardized residuals:
Min Q1 Med Q3 Max
-1.713369186 -0.562866660 -0.001876848 0.464746499 2.240842593

Residual standard error: 0.984251
Degrees of freedom: 32 total; 31 residual

IMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC loglLik
95.44195 99.83916 -44.72097

Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 0.2095552 0.9616843
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Fixed effects: scale(entrapment*10) ~ 1
Value Std.Error DF t-value p-value
(Intercept) -1.301747e-16 0.2291253 30 -5.681377e-16 1

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-1.610398718 -0.617390254 0.002418779 0.532407308 2.150249733

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df AIC  BIC logLik Test L.Ratio p-value

GLS 1 293.79611 96.72758 -44.89805

IMM 2 395.44195 99.83916 -44.72097 1 vs 2 0.3541579 0.5518

FMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC logLik
83.45179 101.0406 -29.72589

Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 0.1476047 0.5997892

Fixed effects: scale(entrapment?*10) ~CC + PS + SO + CS + CC:CS +
SO:KO + CC:PS + CO:PS + PS:KO
Value Std.Error DF t-value p-value
(Intercept) 0.7402666 0.9452168 21 0.783171 0.4423

CcC -0.0518870 0.0193540 21 -2.680944 0.0140
PS 0.0186971 0.0092907 21 2.012456 0.0542
SO -0.1065085 0.0363361 21 -2.931202 0.0080
CS 0.0370397 0.0123567 21 2.997543 0.0069

CC:.CSs -0.0013752 0.0003845 21 -3.576915 0.0018
SO:KO 0.0009716 0.0003003 21 3.235319 0.0040
CC:PS 0.0009050 0.0002139 21 4.230599 0.0004
PS:CO -0.0001159 0.0000354 21 -3.278344 0.0036
PS:KO -0.0003171 0.0001006 21 -3.151654 0.0048
Correlation:
(Intr)CC PS SO CS CC:CS SO:KO CC:PS PS:CO
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CC -0.839

PS -0.372 0.235

SO -0.239 0.270 -0.731

CS -0.055-0.079 0.704 -0.849

CC:CS -0.196 0.317 -0.681 0.937 -0.916

SO:KO 0.287 -0.350 0.700-0.990 0.842 -0.951

CC:PS 0.650-0.816 0.242-0.725 0.585 -0.792 0.786

PS:CO -0.400 0.527 0.133 0.126 -0.090 0.204 -0.173 -0.486
PS:KO -0.258 0.336 -0.757 0.960 -0.818 0.930 -0.975 -0.764 0.108

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.41108215 -0.67560455 0.04708529 0.70748546 2.05053814

Number of Observations: 32

Number of Groups: 2

ANOVA

Model df  AIC BIC logLik Test L.Ratio p-value

IMM 1 395.44195 99.83916 -44.72097

FMM 212 83.45179 101.04062 -29.72589 1 vs 2 29.99016 4e-04

RELATIVE DRUG LOADING

GM

Call:

Im.default(formula = scale(loading) ~ CC + CO + KO + BW + CO:CC +
KO:LD + KO:SO + BW:SO + BW:CA, data = design)

Residuals:
Min 1Q Median 3Q Max
-1.0606 -0.4171 -0.1091 0.4611 1.1111

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 9.311e-01 6.431e-01 1.448 0.161751

CcC -1.499e-02 6.122e-03 -2.448 0.022811 *

CO -3.652e-02 6.545e-03 -5.580 1.31e-05 ***
KO -3.344e-02 6.981e-03 -4.790 8.77e-05 ***
BW 6.000e-03 1.606e-03 3.735 0.001148 **

CC:CO 5.668e-04 1.113e-04 5.090 4.24e-05 ***
KO:LD 4.720e-04 1.056e-04 4.468 0.000193 ***
KO:SO 2.496e-04 6.864e-05 3.637 0.001457 **
BW:SO -1.121e-04 2.994e-05 -3.744 0.001124 **



BW:CA 2.487e-05 1.187e-05 2.096 0.047785 *

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05"'.'0.1"" 1

Residual standard error: 0.637 on 22 degrees of freedom
Multiple R-squared: 0.712, Adjusted R-squared: 0.5942
F-statistic: 6.044 on 9 and 22 DF, p-value: 0.0002797

M1

Call:

Im.default(formula = scale(loading) ~ CC + CO + KO + BW + CO:CC +
KO:LD + KO:SO + BW:SO + BW:CA, data = design1)

Residuals:
Min 1Q Median 3Q Max
-0.91228 -0.36385 -0.04845 0.34305 0.70087

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 4.352e-01 1.431e+00 0.304 0.7714

CcC -3.227e-02 2.231e-02 -1.446 0.1982
CO -4.426e-02 2.382e-02 -1.858 0.1125
KO -5.337e-02 2.544e-02 -2.098 0.0807 .
BW 1.139e-02 4.674e-03 2.436 0.0507 .

CC:CO 6.967e-04 6.752e-04 1.032 0.3420
KO:LD 7.033e-04 2.835e-04 2.481 0.0478 *
KO:SO 9.165e-04 4.917e-04 1.864 0.1116
BW:SO -3.191e-04 1.416e-04 -2.254 0.0651 .
BW:CA 4.576e-05 2.710e-05 1.688 0.1423

Signif. codes: 0 "**' 0.001 **" 0.01 ™' 0.05"'."'0.1"'"1
Residual standard error: 0.7479 on 6 degrees of freedom
Multiple R-squared: 0.7762, Adjusted R-squared: 0.4406
F-statistic: 2.313 on 9 and 6 DF, p-value: 0.1598

M2

Call:

Im.default(formula = scale(loading) ~ CC + CO + KO + BW + CO:CC +
KO:LD + KO:SO + BW:SO + BW:CA, data = design2)

Residuals:
Min 1Q Median 3Q Max
-0.66861 -0.12715 -0.00142 0.14162 0.58996
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Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 8.692e-01 7.001e-01 1.242 0.26074

CcC -5.894e-03 6.906e-03 -0.853 0.42618
CO -2.935e-02 7.748e-03 -3.788 0.00909 **
KO -2.592e-02 1.016e-02 -2.552 0.04339 *
BW 3.776e-03 2.300e-03 1.642 0.15173

CC:CO 4.604e-04 1.217e-04 3.782 0.00916 **
KO:LD 3.543e-04 1.543e-04 2.297 0.06139 .
KO:SO 1.624e-04 8.837e-05 1.837 0.11581
BW:SO -6.403e-05 4.232e-05 -1.513 0.18101
BW:CA 1.749e-05 1.305e-05 1.341 0.22852

Signif. codes: 0 "**' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 0.5219 on 6 degrees of freedom
Multiple R-squared: 0.891, Adjusted R-squared: 0.7276
F-statistic: 5.451 on 9 and 6 DF, p-value: 0.0258

GLS
Generalized least squares fit by maximum likelihood
Model: scale(loading) ~ 1
Data: design
AIC  BIC logLik
93.79611 96.72758 -44.89805

Coefficients:
Value Std.Error t-value p-value
(Intercept) -5.010803e-16 0.1767767 -2.834538e-15 1

Standardized residuals:
Min Q1 Med Q3 Max
-2.0610034 -0.6266444 0.2585870 0.7461744 1.7828892

Residual standard error: 0.984251
Degrees of freedom: 32 total; 31 residual

IMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC loglLik
95.62446 100.0217 -44.81223
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Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 0.1707542 0.9693261

Fixed effects: scale(loading) ~ 1
Value Std.Error DF  t-value p-value
(Intercept) -5.522072e-16 0.2129747 30 -2.59283e-15 1

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-1.9912703 -0.6437657 0.2625685 0.7138775 1.7088740

Number of Observations: 32
Number of Groups: 2
ANOVA

Model df  AIC BIC logLik Test L.Ratio p-value
GLS 1 293.79611 96.72758 -44.89805
IMM 2 3 95.62446 100.02167 -44.81223 1 vs 2 0.1716489 0.6787

FMM
Linear mixed-effects model fit by maximum likelihood
Data: design
AIC  BIC loglLik
73.95932 91.54815 -24.97966

Random effects:

Formula: ~1 | experiment
(Intercept) Residual

StdDev: 1.012721e-05 0.5281768

Fixed effects: scale(loading) ~ CC + CO + KO + BW + CO:CC + KO:LD + KO:SO +
BW:SO + BW:CA

Value Std.Error DF t-value p-value
(Intercept) 0.9311318 0.6430970 21 1.447887 0.1624

CcC -0.0149855 0.0061218 21 -2.447903 0.0232
CcO -0.0365177 0.0065447 21 -5.579722 0.0000
KO -0.0334385 0.0069811 21 -4.789899 0.0001
BW 0.0060000 0.0016064 21 3.735059 0.0012

CC:CO 0.0005668 0.0001114 21 5.090215 0.0000
KO:LD 0.0004720 0.0001056 21 4.467605 0.0002
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KO:SO 0.0002496 0.0000686 21 3.636520 0.0015
BW:SO -0.0001121 0.0000299 21 -3.743811 0.0012
BW:CA 0.0000249 0.0000119 21 2.096204 0.0484
Correlation:
(Int)CC CO KO BW CC:CO KO:LD KO:SO BW:SO
CC -0.422
CO -0.427 0.677
KO -0.439 0.370 0.456
BW -0.460 -0.086 -0.125 -0.412
CC:CO 0.372-0.824 -0.842-0.478 0.174
KO:LD 0.256 -0.463 -0.559 -0.868 0.354 0.562
KO:SO 0.176 -0.308 -0.374 -0.827 0.614 0.382 0.684
BW:SO -0.147 0.272 0.335 0.760 -0.645 -0.352 -0.640 -0.934
BW:CA 0.156 -0.242 -0.281 -0.419 -0.012 0.257 0.434 0.317 -0.319

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.0080456 -0.7896294 -0.2065705 0.8728997 2.1036869

Number of Observations: 32
Number of Groups: 2

ANOVA

Model df  AIC BIC logLik Test L.Ratio p-value

IMM 1 3 95.62446 100.02167 -44.81223

FMM 212 73.95932 91.54815 -24.97966 1 vs 2 39.66514 <.0001
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SFigure 1. Influence graphs of the models, to the physicochemical outputs: z-
average (top left), polydispersity index (top middle), zeta potential (top right),
entrapment efficiency (down left) and relative drug loading (down right). Cook’s
distance measures the model-fitting after deletion of observed values (< 1 is good).
Hat-values measures the unusual position of observed values (< 1 is good). It is
possible to affirm that none of the samples is configured as outlier.
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SFigure 2. Residual analysis of each physicochemical output.

LD drug release:

Free-lidocaine model

Call:

2 1 0 1
Theoretical quantiles

Im.default(formula = FL ~ 1(19.341 * T*0.556))

Residuals:
Min

1Q Median

3Q

Max

-13.4368 -6.5391 0.5132 5.8054 11.4136

60 65 70
Fitted values
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Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) -4.94230 4.21530 -1.172 0.268
1(19.341 * T*0.556) 1.08359 0.08821 12.284 2.34e-07 ***

Signif. codes: 0 "**' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 8.471 on 10 degrees of freedom
Multiple R-squared: 0.9378, Adjusted R-squared: 0.9316
F-statistic: 150.9 on 1 and 10 DF, p-value: 2.344e-07

Sample-release model

Call:
Im.default(formula = ES ~ [(10.618 * T*0.517))

Residuals:
Min 1Q Median 3Q Max
-4.061 -1.365 -0.001 1.831 3.499

Coefficients:

Estimate Std. Error t value Pr(>|t|)
(Intercept) -1.36415 1.30972 -1.042 0.322
[(10.618 * TA0.517) 1.04624 0.05452 19.191 3.21e-09 ***

Signif. codes: 0 ***' 0.001 "*' 0.01 ™ 0.05".'0.1"" 1

Residual standard error: 2.499 on 10 degrees of freedom
Multiple R-squared: 0.9736, Adjusted R-squared: 0.9709
F-statistic: 368.3 on 1 and 10 DF, p-value: 3.212e-09
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SFigure 3. Free-LD (FL) release profile and the fitted model (top left and right,
respectively); Encapsulated-LD (ES) release profile and the fitted model (bottom left
and right, respectively).
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4. Conclusiao

O objetivo geral dessa dissertagdo foi cumprido com éxito, a saber,
desenvolver e caracterizar NLC para encapsular LD, a partir de delineamento nao
regular de Hall e avaliagdo das interagbes excipiente-excipiente via analise
multinivel.

Especificamente, os estudos de pré-formulacdo foram importantes para
concluir que todos os lipidios naturais selecionados solubilizaram a LD, o que foi
importante para o sucesso na eficiéncia de encapsulagao e capacidade de carga das
NLC. Ainda, a determinacdo do coeficiente de particdo e alguns estudos
preliminares de homogeneidade entre os lipidios corroboraram com os resultados de
solubilidade, a saber, LD é mais soluvel em BW e CA (um representante de lipidio
sélido e liquido, respectivamente), que apresentam maior homogeneidade e maior
coeficiente de particao.

As duas aplicacbes do delineamento de Hall com analise multinivel
permitiram avaliar a consisténcia dos resultados e as tendéncias em cada caso, que
possibilita predizer caracteristicas fisico-quimicas de acordo com as quantidades e
combinagdes dos excipientes. As variagdes nos valores de minimo e maximo foram
importantes para identificar modificagdes no comportamento dos excipientes, de
acordo com suas quantidades. Ademais, o delineamento de Hall permite monitorar
de perto as interagbées entre um grande numero de excipientes (até 15), a partir de
um numero pequeno de formulagdes (16). Os modelos estatisticos desenvolvidos se
mostraram bastante apropriados e elucidaram o comportamento entre os
excipientes.

As analises mostraram que CA, CP, CC e PS foram os excipientes que
mais interagiram nas diferentes respostas. De modo geral, os excipientes que se
destacaram atuaram:

+ CP (na melhora das caracterizagdes fisico-quimicas);

+  BW (melhor homogeneidade com os LL e maior solubilidade da LD em

relacéo ao CP);

« CA (tem efeito no PDI, melhor homogeneidade com BW e maior

coeficiente de particdo e capacidade de solubilizar LD em relagéo aos
outros LL);
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* PS foi o tensoativo que atuou na melhora da %EE;

« CC auxiliou tanto no aumento da %EE quanto na %RCC, o que

justifica ser o LL mais utilizado na formulagao de NLC.

O perfil de liberacéo da LD livre e encapsulada em NLC mostrou liberagao
modificada do farmaco.

Os resultados obtidos fornecem um guia para a formulagdo de NLC
baseado nas analises de interagcbes entre seus excipientes. Isso pode ser
comprovado pela NLC formulada com os excipientes que se mostraram atuantes de
forma proeminente no sentido de promover uma NLC com menor PDI e altos valores
de %EE e %CC. Essa comprovacido empirica dos resultados preditos enfatiza o
sucesso da metodologia desenvolvida e a possibilidade de sua ampliacdo no

desenvolvimento de outros tipos de nanoparticulas.
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1. Introduction

Nanocarriers are able to modify solubility,
toxicity and dissolution of carried drugs. The
lipid nanocarriers outstand from polymeric ones
due to their biocompatibility, reproducibih't?r
and loading efficiency of hydrophobic drugs *.
Nanostructured Lipid Carriers (NLCs) are a
recent generation of this class. NLC 1s made of
a solid lipid and at least one liquid lipid at room
temperature 2 Dibucaine (DBC) 15 a
hydrophobic local anesthetic applied topically
due to its high toxicity. In an attempt to avoid
the side effects and prolong the beneficial
effects, DBC has been encapsulated into NLC.
This work aimed to verify the antimicrobial
properties of both pure and encapsulated DBC,
in addition to their already tested anesthetic
effects.

2. Methods

NLC production: NLC was produced by hot
homogenization method. Oily phase was heated
and DBC was solubilized into this phase. Then,
aqueous phase was dripped to oily phase under
high speed agitation (10,000 rpm) using a
Turrax blender (IKA WerkeStaufen, Germany)
by 3 mun, followed by sonication with titanium
micro-tip (potency S0W, 20kHz), in cycles of
30s by 30 min. The nanoemulsion was cooled
on ice bath until 25°C and stored at 4°C.

NLC characterization: Average particle size (z-
average), polydispersity index (PDI) and zeta
potential (ZP) of the NLC samples were
measured in Zetasizer Nano ZS90 (Malvern
Instruments, UK).

Antimicrobial tests: MIC determination was
performed by the microdilution method (as
described by CLSI) with Pseudomonas
aerugionosa ATCC 27853, Escherichia coli
ATCC 25922 and Staphylococcus aureus ATCC
25923. The agar diffusion test was checked with
E. coli ATCC 25922 and S. aureus ATCC
25923 on Miiller-Hinton Agar plates.

3. Results

The NLC and NLC-DBC presented,
respectively, z-average size of 239.6 nm and
193.3 nm; PDI of 0.221 and 0.239; ZP of -23.8
mV and -1.37 mV. The colloidal stability was
maintained for at least two weeks. Pure DBC
presented MIC of 125 pg/mL for E. coli
500 pg/mL for S. aureus and 500 pg/mL for P.
aerugionosa. NLC-DBC presented undetectable
MIC for all bacteria because of excessive
turbidity. The agar diffusion test shown that
DBC and NLC-DBC presented similar
inhibition zones for E. coli and S. aureus.

4. Conclusion

NLC and NLC-DBC have shown good stability
and an adequate z-average and PDI results. ZP
of NLC-DBC 1s lower in module than ZP of
NLC, possibly due to nanoparticle structural
changes upon addition of DBC. MIC results
have shown antimicrobial activity of pure DBC,
especially for E. coli, and the agar diffusion test
confirms that the encapsulated drug maintains
its antimicrobial activity. The presented data
indicates that DBC and NLC-DBC can be
considered as an adjunct to traditional
antimicrobial clinical therapy.
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INTRODUCTION: Nanostructured Lipid Carriers (NLC) are a recent generation
of lipid nanocarriers, made of a solid lipid and at least one oil. They are
biocompatible, reproducible and have an efficient capacity to load hydrophobic
drugs. Lidocaine (LDC) is a hydrophobic local anesthetic broadly used for over
50 years. LDC intravenous administration is made by infusion or multiple bolus
because of its short plasmatic half-life, which can be avoided by applying a drug
delivery system to maintain LDC in an effective plasmatic concentration for a long
period, also reducing its toxicity. In an attempt to prolong the beneficial effects

and avoid the side effects, LDC has been encapsulated into NLC.

OBJECTIVES: To develop and characterize lidocaine-loaded NLC to intravenous

sustained release.

METHODS: Screening of lipids: the lipids were selected according to their
origin, melting temperatures, drug solubility and parenteral applicability. NLC
production: NLC was produced using selected vegetable lipids and super
refined oils by hot homogenization method. NLC characterization: Average
particle size (z-average), polydispersity index (PDI) and zeta potential (ZP) of the
NLC samples were measured. Thermal profile: Crystallization and melting

profile of the excipients were obtained by Differential scanning calorimetry (DSC).

RESULTS: Cetyl palmitate and beeswax were selected as solid lipids; mygliol,
castor, sesame, cotton seeds and corn oils were selected as liquid lipids. Z-
average were between 200-300nm, PDI between 0,16 and 0,28 and ZP between
-55- -12mV. Crystallization and melting profile were according to the range
determined by USP.
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CONCLUSION: All the formulations presented a good z-average and PDI to a
parenteral application, and the negative values of ZP indicate certain formulation
stability. DSC analysis show the purity of excipients and the presence of them in
the NLC thermal profiles.

KEYWORDS: NLC - LIDOCAINE - LIPIDS
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