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ABSTRACT

Chronic respiratory diseases (CRDs) affect the airways and other structures of the lungs. CRDs
are not curable, and it is estimated by the World Health Organization, 70 % of deaths under 70
years of age occur in low- and middle-income countries. Anti-inflammatory-based therapies
may result in several adverse side effects. To address this problem, a synergy between phar-
maceutical and supercritical carbon dioxide techniques is established for the manufacturing of
inhaled enzyme and natural products-based anti-inflammatory therapies. In this work, enzyme
(SOD)/quercetin (Quer) - loaded liposomal formulations were converted into liposomal dry
powder formulations (Lip-DPFs) for the treatment of inflammatory lung diseases, using super-
critical CO;-assisted spray-drying (SASD). First, liposomal formulations were produced using
distinct methods - microfluidics and thin-film method hydration. Microfluidics showed to be
able to encapsulate both low and high molecular weight proteins, while preserving the con-
formational structure and enzyme activity. Secondly, a quality-by-design approach was applied
towards the Lip-DPFs optimization using a low molecular weight hydrophilic dye as a model
molecule. Stability studies proved that powders remain stable for 30 days at a relative humidity
of 4 %. Translating the knowledge, the optimized parameters and formulations were applied
to the production of SOD-loaded liposomal dry powder formulations (SOD_Lip-DPFs) for in-
halation. Resuspended SOD-loaded liposomes showed structural maintenance and enzyme
protection, regarding the SOD encapsulation efficiency and enzyme activity reten-
tion. SOD_Lip-DPFs showed to be able to inhalation, reaching the respiratory region, namely
terminal bronchi. Finally, hydrophobic molecule-loaded liposomal dry powder formulations
(Quer_Lip-DPFs) were produced with suitable aerodynamic properties. Overall, the work herein
detailed represents an innovative, robust, upscaling, and time-efficient technique for drying
liposomes, keeping them stable during storage and overcoming the common drawbacks of

current drying and storage methods.

Keywords: biopharmaceuticals, flavonoids, liposomes, solid dosage forms, pulmonary

delivery, supercritical CO;-assisted spray-drying.
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RESUMO

As doencas respiratdrias crénicas (DRCs) afetam as vias aéreas e outras estruturas dos pulmaoes.
Terapias baseadas em anti-inflamatdrios podem resultar em varios efeitos colaterais adversos.
Para resolver este problema, uma sinergia entre a tecnologia farmacéutica e processos de di-
oxido de carbono supercritico é estabelecida para a producdo de terapias anti-inflamatérias
inalaveis baseadas em enzimas e produtos naturais. Neste trabalho, converteram-se as formu-
lagdes lipossomais carregadas com enzima (SOD) ou quercetina (Quer) em formulac¢des lipos-
somais em po seco (Lip-DPFs) para o tratamento de doencas pulmonares inflamatorias, usando
o processo de secagem por pulverizacdo assistida pelo CO; supercritico. Primeiro, as formula-
¢Oes lipossomais foram produzidas usando métodos distintos - microfluidica e o método de
hidratacdo do filme fino. A microfluidica mostrou ser capaz de encapsular proteinas de baixo
e alto peso molecular, preservando a estrutura conformacional e a atividade enzimatica. Em
segundo lugar, usando o desenho de experiéncias e os principios de qualidade-por-design
optimizou-se o processo de producdo de Lip-DPFs usando um corante hidrofilico de baixo
peso molecular como molécula modelo. Os estudos de estabilidade dos pds mostraram que o
SOD_Lip-DPF manteve a estabilidade lipossomal e enzimatica, por 50 dias, a uma humidade
relativa de 40%. De seguida, considerando os parametros operacionais e as formulac¢des oti-
mizadas, produziram-se Lip-DPFs encapsulando SOD (SOD_Lip-DPFs). Depois de serem res-
suspensos, os lipossomas contendo SOD mantiveram as cartacteristicas estruturais e capaci-
dade de protecao da atividade enzimatica. SOD_Lip-DPFs apresentaram propriedades aerodi-
namicas adequadas para inalagdo, atingindo a regido respiratéria, ou seja, os bronquios termi-
nais. Finalmente, produziram-se formulacdes lipossomais em po seco carregadas com molé-
culas hidrofébicas (Quer_Lip-DPFs) as quais também apresentaram propriedades aerodinami-
cas adequadas. No geral, o trabalho aqui apresentado demonstra que a secagem usando a
tecnologia supercritica é inovadora, robusta, facilita o aumento de escala, é eficiente em ter-
mos de tempo para secagem dos lipossomas, mantendo-os estaveis durante o armazena-
mento e superando as desvantagens comuns dos métodos atuais de secagem e armazena-
mento.

Palavras-chave: Biofarmacéuticos, flavonoides, lipossomas, formas farmacéuticas solidas, ad-

ministracdo pulmonar, secagem por pulverizacdo assistida por CO, supercritico.
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were carried out for 3 h at 37 °C, using and orbital shaker at 100 rpm. B) Circular Dichroism of
permeated free insulin at 2.3x10 ug/mL (solid black line) and insulin from Ins@MPs at 1.1

pug/mL (dash black line), in HBSS—HEPES (pH 7.4). The results are expressed as mean + S.D. (n

Figure 3.8- A) and C) 2D confocal fluorescence microscope images of the interactions of
insulin-loaded liposomes (DiALip) and insulin-loaded liposomes coated by chitosan (DiALip-
CHT) at a concentration of 500 pg/mL, with Caco-2 cells and HT29-MTX cells, respectively. Blue:
Cell nucleus stained by DAPI (4',6'-diamino-2-fenil-indol); red: cell membranes stained with
Cell Mask Red; green: DiA (4-(4-Dihexadecylaminostyryl)-N-methylpyridinium iodide)-
encapsulated liposomes (scale bar: 50 um). B) and D) Flow cytometry quantitative analysis of
the interactions between the nanoparticles and the Caco-2 cells and HT29-MTX, respectively.
The experiments were carried out at 37 °C after 6 h incubation time. The level of significance
was set at a probability of ***P< 0.007. ..ottt sse s 92
Figure 3.9- Schematic representation of the microfluidic process on the encapsulation of SOD
in PEGylated liposomes (not to scale). Lipids and cholesterol were dissolved in ethanol (inner
phase), whereas SOD was dissolved in a saline citric buffer at pH 6 (outer phase). Through the
nanoprecipitation technique, the lipids self-assembled, enclosing the enzyme in the aqueous
inner phase (SOD-Lip). SOD-Lip were then collected by the collecting capillary........ccccconeuuuece. 96
Figure 3.10- Cryo-TEM analysis of SOD-Lip (48.0 umol/mL) vitrified in a 1:1 mixture of liquid
ethane and Propane at 180 °C. ...ttt sssss st ssss st ss st sssssssssssssnses 101
Figure 3.11- HT29-MTX and Caco-2 cells lines viability when exposed to different
concentrations of SOD-Lip and empty liposomes, after 6 h and 24 h of incubation at 37 °C. All
the data were compared to the negative control (HBSS-HEPES at pH 7.4). The level of
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significance was set at the probabilities of *p< 0.05, **p< 0.01 and ***p< 0.001. The results are
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Figure 3.12- Effect of the treatment with i.v. administration of SOD-Lip (SOD-Liposomes (i.v.)),
i.v. administration of SOD solution (Free SOD (i.v.)), i.p. administration of SOD-Lip (SOD-
Liposomes (i.p.)), i.p. administration of SOD solution (Free SOD (i.p.)), topical application of
betamethasone (positive control), 24 h after mice ear challenge with 10 mM of anthralin,
expressed as percentage of ear edema inhibition. Each result represents the mean and SEM (n
= 5), *P<0.05 @Nd ***P <0.007T. ..o ettt ettt as et ss bbb 105
Figure 3.13- Representative microphotographs of longitudinal sections (100x) of the mouse
ear pinna from (A) negative control; (B) free SOD (i.v.); (C) SOD_Lip (i.v.); (D) SOD_Lip (i.p.); (E)
free SOD (i.p.); and (F) positive control (betamethasone), af after 24 h of challenge application.
The edema is highlighted by the orange arrows, whereas the inflammatory cell infiltration is
highlighted by the Gre@n @rrOWS. ...t 106
Figure 4.1 — Full factorial design of CF_Lip-DPFs, two factors at three levels (n = 1).The Leu
and the EtOH percentages were the factors, and the three levels were 0, 10, 20 % (Wieu/Wtrehalose)
and 0, 15, 30 % (v/v), respectively. The Leu concentrations are based on trehalose and were
represented by L1 for 0% (Wiew/Wirehalose), L2 for 10% (Wieu/Wirehalose) and L3 for 20 %
(WLEU/WHENaIOSE)- wervveveremnrrnrsersessmssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssasssssssssssasssssssssssasssssasssssnsssssnnes 118
Figure 4.2- 3D response surface (OOS) and 2D DoE contour plots, showing the effects of Leu
(%) and EtOH (%) on A) liposome size and B) Pdl; C) EE of 5(6)- carboxyfluorescein; D) Lipid
yield; E) CF_Lip-DPF process yield; F) volumetric diameter and G) CF_Lip-DPF span................ 125
Figure 4.3- A) DSC analysis of CF_Lip-DPFs after SASD, after 7 and 30 days, at different relative
humidites. XRD analysis of raw trehalose, leucine and CF_Lip-DPFs after SASD, after B) 7 and C)
30 days, at different relative hUmMIdities. ...t 130
Figure 4.4- SEM images of CF_Lip-DPFs after 7 and 30 days stored at 4 + 2 % (A and D); 50 +
4 % (B and E) and 78 + 2 % (C and F) of relative humidity, respectively (scale bar: 10 um;

magnitude: 3000 X; high-VOItage: 20 KV).....co.reereeissseiseie st ssssssssssssssssssssssssanes 132
Figure 6.1- SEM images of (A) Lip-DPFs and (B) Quer_Lip-DPFs (scale bar: 10 um; magnitude:
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THESIS OUTLINE

This Ph.D. project is focused on the development of a green integrated manufacturing process
to produce liposomal dry powder formulations (Lip-DPFs) for encapsulation of high-and-low
molecular weight anti-inflammatory drugs for the treatment of lung inflammatory diseases.
Two model bioactive agents, an antioxidant therapeutic enzyme- Cu, Zn-superoxide dismutase
(SOD)- as a water-soluble macromolecule, and quercetin, a low molecular weight hydrophobic
flavonoid with anti-inflammatory properties, were studied. Nanoformulations of the enzyme
were prepared by microfluidics and thin-film hydration followed by extrusion, whereas
nanoformulations of quercetin were prepared only by the latter. Then, both nanoformulations
were processed in the supercritical CO;-assisted spray-drying (SASD) for continuous produc-
tion of dry powder formulations for pulmonary delivery. To produce Lip-DPFs two industrial
challenges must be gripped. First, there is a need to further develop new sustainable technol-
ogies that can overcome the problems of conventional bulk methods and circumvent the time,
complexity, and cost of present liposome preparation. Second, the need to ensure the ability
to produce Lip@DPFs preserving liposomal integrity with optimal aerodynamics for pulmonary
delivery. To improve the powder /n-vitro performance without compromising the product
manufacturability, a systematic quality-by-design approach, and design-of-experiments tool,
followed by statistical analysis, was implemented to carefully perform a balance between the
process optimization and powder requirements in terms of enzyme and drug functionality and
formulation stability. /n vivo, histopathological, and cellular assays were performed to study
the effectiveness of the drug delivery systems.

The main body of this Ph.D. dissertation is based on six manuscripts (listed below) that are
presented in chapters (2 to 6). Five of them have already been published in peer-reviewed
international journals, whereas the remaining one is submitted for publication at the time this
thesis was concluded. The chapters were organized so that they followed a rational order con-
sidering the objectives delineated for this Ph.D. work. Each chapter is preceded by a title page

containing the reference of the publication, the specific contribution of the author, and, if
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applicable, the alteration regarding style adjustments, referred to as "minor changes” or the
structure of the paper, referred to as "major changes". Besides the manuscript-based chapters,
the present Ph.D. dissertation included a preamble (chapter 1) and a conclusion overview, in-

cluding future perspectives (chapter 7). Briefly, each chapter includes the following contents:

Chapter 1 — This chapter consists of a preamble to provide the reader with the context and the
motivation of this doctoral dissertation, addressing the state of the art, including the specific
research questions. It ends with the hypothesis that drove the investigations carried out on

behalf of each chapter presented.

Chapter 2 — This chapter is an introduction section that describes the basic concepts of pulmo-
nary drug delivery and particle engineering, particularly supercritical CO,-based techniques.
State-of-the-art related liposomal dry powder formulations are also provided. Lastly, a re-
sumed introduction to Quality-by-Design principles (QbD) and the Design of Experiments
(DoE) tool is presented.

C. Costa, T. Casimiro, and A. Aguiar-Ricardo. Optimization of Supercritical CO, -Assisted Atom-
ization: Phase Behavior and Design of Experiments, J. Chem. Eng. Data, 2018, 63, 4, 885-896.
C. Costa, T. Casimiro, M. L. Corvo, and A. Aguiar-Ricardo. Solid Dosage Forms of Biopharma-

ceuticals in Drug Delivery Systems Using Sustainable Strategies, Molecules, 2021, 26, 24, 7653.

Chapter 3- In this chapter, the study of liposome production using microfluidics is presented
in two distinct works. First, we introduce the assembly of insulin-loaded pH-responsive nano-
in-microparticles (Ins@MPs) for oral insulin delivery. Secondly, we proposed a one-step micro-
fluidics production of enzyme-loaded liposomes (SOD_Lip). In this chapter, several microfluidic
process variables were studied to optimize the encapsulation efficiency of the protein and en-
zyme, considering the challenges faced by the encapsulation of biopharmaceuticals with a sig-
nificant difference in their molecular weights. /n vitro, in vivo, and histopathological studies
were performed to testify to the cytotoxicity and the anti-inflammatory properties of the pro-
cessed micro and nanoparticles.

C. Costa,* Z. Liu,* J.P. Martins, A. Correia, P. Figueiredo, A. Rahikkala, W. Li, J. Seitsonen, J. Ruo-
kolainen S.-P. Hirvonen, A. Aguiar-Ricardo, M. Luisa Corvo, H. A. Santos. All-in-one microfluidic
assembly of insulin-loaded pH-responsive nano-in-microparticles for oral insulin delivery, Bio-
mater. Sci., 2020, 8, 12,3270-3277.
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C. Costa, Z. Liu, S. Simdes, A. Correia, A. Rahikkala, J. Seitsonen, K. Ruokolainen, A. Aguiar-
Ricardo, H. A. Santos, M. Luisa Corvo. One-step microfluidics production of enzyme-loaded
liposomes for the treatment of inflammatory diseases, Colloids and Surfaces B: Biointer-
faces, 2021, 199, 111556.

Chapter 4- Here, we first apply SASD to the liposomes, producing Lip-DPFs. To monitor the
process, a hydrophilic dye, 5(6)-carboxyfluorescein (CF), is encapsulated in PEGylated lipo-
somes (CF_Lip), that were then dried in the SASD (CF_Lip-DPFs). CF is used as a model molecule
for hydrophilic compounds and enables process optimization. A QbD approach used the DoE
tool and then statistical analyses were carried out. Finally, powder storage stability is assessed
at different relative humidity to evaluate moisture impact on the CF_Lip and CF_Lip-DPFs, first
at one week and then at a month.

C. Costa, B. Nobre, A.S. Matos, A.S. Silva, T. Casimiro, M. Luisa Corvo, A. Aguiar-Ricardo. Inhal-
able hydrophilic molecule-loaded liposomal dry powder formulations using supercritical CO;

— assisted spray-drying. Journal of CO, Utilization, 2021, 53, 101709.

Chapter 5- In this chapter, considering the optimization from the previous work, the produc-
tion of SOD-loaded liposomal dry powder formulations (SOD_Lip-DPFs) is proposed. Here, the
encapsulation efficiency and the enzymatic activity retention after SASD processing are evalu-
ated. Moreover, stability assays are assessed at a relative humidity of 40 + 5% to evaluate
moisture impact on the SOD_Lip and SOD_Lip-DPFs, for 50 days.

C. Costa, T. Casimiro, M. Luisa Corvo, A. Aguiar-Ricardo. Cu,Zn - Superoxide dismutase liposo-
mal dry powder formulations production using supercritical CO;-assisted spray-drying: a

proof-of-concept. Submitted in The Journal of Supercritical Fluids

Chapter 6- This chapter consists of producing liposomal dry powder formulations for the de-
livery of a hydrophobic molecule - quercetin. Like the last chapter, quercetin is incorporated
into liposomes and then dried using SASD. In the end, incorporation efficiency is assessed,

and /n vitro cytotoxicity assays are performed. This chapter is still on-going work.

Chapter 7- Conclusion overview and future work perspectives. This chapter provides an overall

summary of the subjects addressed through the chapters, highlighting the main results and
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conclusions achieved in the Ph.D. dissertation. Prospects and research questions raised with

this work that can be addressed in the future are also presented.
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‘ 1
PREAMBLE

1.1 General introduction

Chronic obstructive pulmonary disease (COPD), asthma and cystic fibrosis (CysFib) are the most
common chronic neutrophilic inflammatory lung diseases [1,2]. In 2019, COPD led the third
leading cause of mortality worldwide, claiming 3.2 million lives [3]. Despite the high costs re-
lated to treatment and patient hospitalization, these diseases represent a worldwide public
health challenge. Therefore, anti-inflammatory therapies, like the use of corticosteroids and
bronchodilators, represent a particular interest in the treatment of chronic lung diseases [4].
However, severe inflammatory diseases require high doses of anti-inflammatory drugs, which
is a long-term systemic therapy that may result in adverse effects such as osteoporosis, cata-
racts, diabetes, and cardiovascular diseases [5,6]. There is a crescent need for alternative ther-
apeutics, such as enzyme-based therapies and natural products. Flavonoids, natural com-
pounds present in dietary plants and vegetables, have been recognized for their anti-inflam-
matory and antioxidant properties, protecting the cells against oxidative stress [7]. Similarly,
enzymes, such as the Cu, Zn- superoxide dismutase (SOD) have antioxidant properties and
represent an alternative therapy for the treatment of inflammatory diseases [8,9]. However,
these drugs have not shown therapeutic outputs as expected due to poor bioavailability
[10,11], premature metabolization, or poor pharmacokinetic profile. This can be overcome with
its association with well-designed and tailor-made drug delivery systems (DDS) [12-14]. Lipo-
somes, introduced in the 1960s by Bangham [15], are concentric lamellar vesicles made with
phospholipids organized in bilayers forming an inner aqueous core [16]. They have been ex-

tensively studied due to their nontoxicity, non-immunogenicity, high biocompatibility,
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biodegradability, and their many exceptional features in drug delivery [14,17]. Due to their
propellant-free nature and high dose-carrying capacity, liposomes have a great interest in the
targeted delivery of hydrophilic and hydrophobic drugs, namely therapeutic enzymes, and fla-
vonoid-like compounds, respectively. Companies in the liposome drug delivery market are in-
creasing their R&D activities to unlock new lipid compositions and strategies that optimize the
stability and drug vehiculation capabilities of liposomes. The liposome drug delivery market is
expected to experience favorable growth, with an estimated revenue of ~US$ 8 Bn by 2027
[18]. Currently, functional liposomes are prepared by conventional methods based on bulk
synthesis (e.g. freeze-drying, thin-film hydration) which require post-processing steps to ho-
mogenize their sizes (e.g. extrusion, sonication), limiting their batch-to-batch-reproducibility,
which is a critical requirement [19]. To overcome these limitations, reported studies on the
microfluidic field have gained substantial attention for their use in liposomal preparation. The
microfluidic assembling method presents some advantages when compared to the bulk
method, such as a continuous control of particle size, surface properties, and size distribution
[20]. In addition, microfluidic devices allow the use of small amounts of reagents and samples
in fast high throughput portable platforms that have the potential for automation and high-
level integration, associated with decreased cost and easy scale-up [21]. The fast-mixing capa-
bility provided by the microfluidic method enables fine control of nucleation and growth pro-
cesses, which yields a narrow particle size distribution, turns this method into a promising tech-
nology for the manufacture of liposomes for a broad range of applications. The Microfluidics
market is expected to increase to ~US$ 58.8 Bn by 2026 [22].

Despite being thermodynamically stable, after long-term storage, biopharmaceutical-loaded
lipid-based nanoparticles in solution can suffer instability due to physical and chemical events,
such as fusion or aggregation of the nanoparticles, or hydrolysis and oxidation of the phos-
pholipids and/or the biopharmaceuticals [23,24]. This leads to the demand for cold supply and
distribution chains. For these reasons, it is fundamental to ensure the stability of the drug-
loaded liposomes via storage methods accessible to people of all social and geographical con-
ditions. The most common liposome stabilization techniques are based on drying processes,
in which liposomes are converted into dry liposome powder formulations (Lip-DPFs). Addition-
ally, as a medicine, the powder can be administered after being reconstituted into a solution
or a suspension just before i.v. administration and/or in powder form by non-invasive route
[23,24]. In the case of pulmonary delivery, Lip@DPFs must fulfill specific demanding requisites

(mass median aerodynamic diameter ~ 2 um, fine particle fraction >70 %), to have the

40



necessary aerodynamic performance [25-27]. Traditional techniques, such as freeze-drying,
need low operating temperatures and show difficulties in producing powders with narrow and
controlled particle size distributions, restricting their application. Spray freeze-drying and
spray-drying are associated with high costs and energy consumption [28-30]. In addition, they
might also induce heat, cold or shear stress on the liposomes, possibly affecting their integrity.
These drawbacks can be overcome using the supercritical CO,-assisted spray-drying [31]. The
2018 FDA draft guidance on Products Quality Considerations refers to supercritical fluid tech-
nology as an alternative pharmaceutical engineering approach in micronizing pharmaceuticals
and in ensuring uniform final formulations [32]. Using mild temperatures, liposomal formula-
tions may be produced by SASD assuring the complete removal of solvents, the improved
control of microparticle morphology and size distribution, while preserving the structures of
nanoliposomal systems [23]. The scCO; technology enables the use of mild conditions for pro-
cessing thermolabile drugs and biologics [27,33], the production of particles with controllable
morphology and narrow size distribution, the complete removal of organic solvents and an
easy scale-up. Considering the similarity of process yields and throughputs, SASD is a good
alternative technology to conventional SD for the processing of sensitive drugs into stable
particles suitable for different administration via. There is a need to improve the understanding
of the stabilization of the liposomes during the SASD process to ensure a high quality of the
final inhalable liposomal product. The mechanistic insight on the scCO. technique in terms of
droplet and particle formation mechanism in correlation with studies in terms of liposome
structure, lipids composition, the stabilizing effects of excipients (carbohydrates) [34] and the
final outcome in terms of powder aerodynamic performance will be the key to guarantee the
applicability of this technology for the production of Lip-DPFs. A quality-by-design approach
[31] to construct a design space available for manufacturing Lip-DPFs (encapsulating the fla-
vonoid or SOD) will enable a deeper understanding of the interrelations of operational critical
parameters and the critical quality attributes of the Lip-DPFs and at the same time the optimi-
zation of the integrated supercritical-microfluidic combined process. Thus, this strategy pro-
vides a more rational design for the development of the Lip-DPFs and ensures high-quality
liposomal dry formulations. Finally, as this development is based on the innovative technology
of scCO, the studies carried out throughout this Ph.D. work could contribute to a scale-up of
technology with a consequent increase in sustainability due to the low carbon footprint and

low energy consumption of the process.
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1.2 Aims and general research plan

According to the described background, the major aims of this thesis can be pointed out as
follows:
1. To produce enzyme/flavonoid-loaded liposomes using microfluidics.

2. To convert enzyme/flavonoid-loaded liposomal suspensions into liposomal dry powder
formulations, keeping their structural, physical, and chemical properties.

3. To obtain liposomal dry powder formulations able to be inhaled, reaching the respira-
tory region.

4. To obtain liposomal dry powder formulations stable upon storage.
To integrate microfluidics into SASD

6. To link the critical formulation and critical process parameters (CPPs) to critical quality
attributes (CQAs) using the design of experiments, an optimal operating space (OOS)
be identified.

To pursue these general objectives, we carried out several studies attempting to answer the

following main research questions:

1. lIs it possible to process a biopharmaceutical using microfluidics, while the conforma-
tional structure and enzymatic activity are preserved? (Chapter 3)

2. s it possible to obtain empty Lip-DPFs using SASD? Does their structure remain? What
are the variables that must be considered? (Chapter 4)

3. Can hydrophilic molecules with high and low molecular weight present similar encap-
sulation efficiency? (Chapters 4 and 5)

4. Can Lip-DPFs keep liposomes and hydrophilic molecules stable upon storage? (Chap-
ters 4 and 5)

5. lIs it possible to process liposomal dry powder formulations with hydrophilic and hy-
drophobic loaded molecules, while keeping their size, encapsulation/incorporation ef-
ficiency, and activity retention? (Chapter 6)

In this context, this doctoral dissertation includes cumulative reports from several investiga-
tions (which can be read separately) continuously marked by insights into the manufacture of
liposomal dry powder formulations for encapsulation of hydrophilic and hydrophobic mole-

cules.
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‘ 2
INTRODUCTION

The contents of this chapter (with major modifications) were published in a peer reviewed in-

ternational journal:

(1) C. Costa, T. Casimiro, and A. Aguiar-Ricardo. Optimization of Supercritical CO, -Assisted
Atomization: Phase Behavior and Design of Experiments, J. Chem. Eng. Data, 2018, 63, 4, 885-
896.

(https://pubs.acs.org/doi/full/10.1021/acs.jced.7b00820)

(2) C. Costa, T. Casimiro, M. L. Corvo, and A. Aguiar-Ricardo. Solid Dosage Forms of Biophar-
maceuticals in Drug Delivery Systems Using Sustainable Strategies, Molecules, 2021, 26, 24,
7653

(https://www.mdpi.com/1420-3049/26/24/7653)

Reproduced with the authorization of the editor and subjected to the copyrights imposed.

Personal contribution

CC contributed to the design of the study and wrote most of the manuscript.
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2.1 Pulmonary drug delivery

Despite inhaled therapy being traced to India 4000 years ago, pulmonary drug delivery has
upsurged scientific interest in the nineteenth-century industrial age [35]. When searching for
"pulmonary drug delivery" in the database Web of Science, it is possible to observe a growing

tendency of published articles over the last 40 years (Figure 2.1).
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Figure 2.1- Evolution of the number of articles published from 1976 to 2021, according to
the databank Web of Science.

Lungs physiology shows attractive and unique features like i) thin blood-barrier membrane (0.1
- 0.2 um); ii) large absorption area (> 100 m?) from a highly vascularized alveolar epithelium
constituted by a single layer of cells; and iii) elevated blood flow (5 L/min) [36,37]. The physio-
logical pH and reduced mucociliary clearance in the deep lungs avoid rapid clearance, poor
absorption, and exposure to digestive enzymes [38]. Moreover, pulmonary administration by-
passes the hepatic first-pass of metabolism, decreasing the total dose required in the formu-
lation for an effective local and systemic treatment and, consequently, decreasing the medical
costs and adverse side effects, improving patient compliance and the therapy efficacy [39].
Therefore, pulmonary administration is an interesting and attractive alternative to oral, intra-
venous, and intraperitoneal routes, especially for people suffering from pulmonary diseases
such as lung cancer or chronic inflammatory diseases [40]. Formulations for pulmonary drug
delivery can be administered by i) a nebulizer [41]; ii) a pressurized metered dose inhaler (pMDI)
[42]; iii) a dry powder inhaler (DPI) [43]; iv) a soft mist inhaler (SMI) [44]. Nebulizers are the
oldest device for inhalation therapy. They consist in dispersing a drug-containing aqueous for-

mulation (solution or suspension) into aerosol droplets, using compressed air or piezoelectric
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vibrations [43]. The main advantage is the capacity to generate aerosols using diverse water-
soluble drugs; no need for a proper ‘press and breathe’ technique, and the absence of propel-
lants [45]. However, these devices are known to present low efficiency, poor reproducibility,
great variability, and time consumption (approximately 30 min) [37], and they require deep
cleaning to avoid contamination with microorganisms. pMDI was introduced in the 1950s. The
first devices contained a solution or suspension of drug particles in pressurized liquefied chlor-
ofluorocarbon (CFC) propellant sealed in a canister. These devices were banned by the Mon-
treal Protocol (1989) due to their ozone depletion effect. As an alternative, hydrofluoroalkanes
(HFA) were selected as alternative propellants, although they contribute to the greenhouse
effect [43,46]. The main advantage of pDMI is being easily portable and low cost. However, it
is necessary coordination between the patient inhalation and action, resulting in a higher drug
deposition at the mouth and oropharynx area and inconsistent dose delivery [47]. DPIs were
developed to overcome these drawbacks. DPIs are propellant-free and, consequently, more
environmentally friendly, present higher stability due to the solid state of the medicine, and
can be used as a single or multiple doses or even in multiple blister packs [27,37]. Stegemann
et al. [46] defended that DPI products maintain their cost advantage in delivering efficient
medicines to emerging markets compared to pMDIs. Finally, SMI is a portable device that ac-
tively generates an aerosol independently of the patient’s inhalation effort, with a slow velocity
(1-3 seconds) and prolonged duration (approximately, 1.5 seconds), which facilitates the coor-
dination of actuation and inhalation [44].

Successful pulmonary drug delivery in the deep lungs can face some challenges depending on
the respiratory airway tract, particle diameter, and breathing pattern [27]. Lungs are, in general,
divided into two main regions: conducting airways (composed of nose, mouth, trachea, bron-
chi, bronchioles, and terminal bronchioles) and respiratory regions that comprise the respira-
tory bronchioles, alveolar ducts, and alveolar sacs [48]. The main objective of the conducting
airways is the humidification and filtration of inhaled air through the mucociliary escalator
(formed by layered two different epithelial and goblet cells). In this way, insoluble inhaled par-
ticles are entrapped and swept out of the lungs. On the other hand, the respiratory region is
composed of epithelial cells to synthesize and secrete surfactants, which form the surface-
active film at the respiratory air-liquid interface [49]. These secretions are mainly composed of
approximately 90 % of lipids and cholesterol and 10 % of proteins [50]. Therefore, a drug de-
livery system (DDS) must overcome the challenges of being exhaled or mucociliary cleared out

before reaching the underlying epithelia. Besides, DDS also faces the possibility of
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phagocytosis by alveolar macrophages. For this reason, DDS's particle diameter is an important
factor in pulmonary drug delivery. Three main mechanisms can describe the particle deposition
mechanism in the lung: inertial impaction, gravitational sedimentation, and Brownian diffusion
[51]. These mechanisms are closely related to particle size. Particles with a mass median aero-
dynamic diameter (MMAD) of more than 5 um are subject to inertial impaction during the
passage through the oropharynx and large conducting airways. Usually, these particles deposit
in the upper and conducting airways and especially in bifurcation points, where there is a sud-
den change in the direction of the flow [52]. In contrast, particles ranging between 1 and 5 um,
reach out to respiratory bronchioles due to the sedimentation mechanism influenced by the
gravitational force. This phenomenon is closely related to breath-holding [51]. Finally, for par-
ticles smaller than 0.5 um deposited the dominant mechanism is Brownian diffusion. Brownian
diffusion is inversely proportional to particle size. This mechanism is based on random motions
of the particles caused by their collisions with gas molecules and is most effective in the acinar
region of the lung where air velocities are low [52]. To improve mucus diffusion and cellular
uptake by the epithelial cells, nanocarriers represent an advantageous strategy for the delivery
of small molecules and biopharmaceuticals [27]. The size of nanocarriers of approximately 100
nm up to 150 nm promotes drug delivery and capitalizes on the enhanced permeability and
retention (EPR) effect as the nanocarrier extravasates through the inflamed cell vasculature
[53]. Therefore, considering all the factors for a successful pulmonary drug delivery, a micro-
particle that comprises a size between 0.5 and 5 uym, avoids the mucociliary clearance and,
upon deposition on the deep lung and swelling, enables the release of the nanoparticle that
interacts with the lung epithelial cells, releasing the small molecule or biopharmaceutical rep-

resents a complex particle engineering.

2.2 Nano-in-micro particle engineering for pulmonary delivery

Particle engineering is defined by Albert Chow and co-workers as an alternative strategy, which
is synonymous with the controlled production of drug particles in pure physical forms or with
carriers as composite materials of optimized size, morphology, and structure [54]. Considering
pulmonary drug delivery, the principal objective of this strategy is to obtain particles with de-
sirable attributes such as narrow particle size distribution, improved dispersibility, enhanced
API stability, optimized bioavailability, sustained release, and/or specific targeting. For this rea-

son, several techniques (top-down and bottom-up) have been applied to produce nano-in-
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microparticles with specific attributes for inhalation. In this section, the most common tech-
niques such as milling, spray-drying, spray freeze-drying, and supercritical fluids will be ad-

dressed considering pulmonary drug delivery.

2.2.1 Milling

Milling is the common 7op-down technique to micronize APIs and excipients. Co-milling is also
widely used to achieve a homogenous powder blend [55] of two or more components. There
are several milling techniques, such as vibration milling, ball milling, and jet-milling (fluid-en-
ergy) [54]. However, the most used for pulmonary delivery is ball milling and jet-milling [37].
Ball milling consists of moving the mill body, to transfer grinding energy to materials through
balls or pebbles [56]. The main disadvantage of ball milling is the powder compaction on the
milling walls, the need for multiple processing steps, and the use of solvents in wet ball milling
[55]. In jet-milling, the injection pressure, generated by the flow of compressed gas through
the venturi system, forces the particles to accelerate at high velocities into the grinding cham-
ber of the jet mill, where the material is submitted to high pressure and velocities generated
from airflow introduced via the two “grinding” nozzles. Subsequently, particles undergo mul-
tiple particle-particle and particle-wall impactions, which induce particle fracture and subse-
quent size reduction [55,56]. Relenza®, the commercial name for Zanamivir, is an example of
commercialized inhalation powder produced via air-jet milling [57]. Brunaugh et a/. [58] ob-
tained clofazimine microparticles with a Dso of 1.81 ym and an FPF of 80 % with significant
improvement of the drug dissolution and anti-bacterial effect. Desai et a/. [59] produced lipo-
somes in dry powder form using jet-milling, obtaining MMAD values from 2.55 pm to 4.80 um
and FPF from approximately 10 % to 50 %. Milling is also widely used as a post-freeze-drying
(FD) step [28,60]. Hickey and co-workers [28] reported the production of aerosolizable S -glu-
curonidase- loaded liposomal dry powder. Dry powders were produced by freeze-drying and
then were milled to achieve the particle size suitable for inhalation. However, a decrease in
enzyme retained activity from 100 % to 20 % was observed, being one of the process disad-
vantages. Moreover, some authors have defended that micronization of liposomal dry powder
by milling is ineffective, due to particle aggregation from recrystallization and poor control of

the size distribution, favoring spray-drying [55,61,62].
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2.2.2 Spray-drying

Spray-drying (SD) was developed in the 1980s as an alternative to milling techniques. SD is a
one-step continuous technique that consists of converting a solution/suspension or emulsion
into dry powders, by atomizing the liquid feed into an air/nitrogen heated flow [63]. This pro-
cess consists mainly of four stages: i) atomization of the liquid solution; ii) contact between the
hot stream and nebulized liquid; iii) solvent's evaporation and iv) powder recovery/collection.
The first stage occurs in the nozzle where the surface area is increased by the breaking up of
the initial solution into many droplets. This surface area increases lead to heat and mass trans-
fer between the heated stream (usually N») and the droplet, resulting in fast moisture evapo-
ration (in seconds). In the drying chamber occurs the third stage. After atomization, droplets
are in contact with the inlet drying gas (heated compressed air) and the solvent evaporates.
Finally, dried particles are collected throughout a bag or a cyclone [64,65]. SD is a scalable
technique, being possible to manipulate the characteristic of the final product (particle size,
density, morphology, and residual moisture) by adjusting the process parameters [66]. Several
works in pulmonary drug delivery have been published, concerning the use of SD. Cai et al.
[62] processed inhalable zanamivir microparticles, whereas Fernandes et al. [26] investigated
the effect of SD process parameters on the drying of a biopharmaceutical (Cu, Zn- superoxide
dismutase). Pardeshi and co-workers [67] obtained pirfenidone-loaded microparticles for the
treatment of idiopathic pulmonary fibrosis. They obtained microparticles with an MMAD of
4.25 ym and an FPF of 47.47 %. SD has been also widely applied to the production of liposomal
dry powder formulations [30,68,69,69-71]. Charnvanich et a/. [68] investigated the effect of
ethanol in the liposomal bilayer on the properties of inhalable protein-loaded liposomal pow-
ders prepared by SD, whereas van den Hoven and co-workers [30] performed a benchmarking
between FD and SD. They observed a dramatic increase in liposomes' size, Pdl, and drug leak-
age of 70 % when the internal sugar was trehalose or sucrose, for both SD and FD. However,
no changes were observed for hydroxypropyl- B -cyclodextrin, retaining completely the drug.
More recently, Huck et al.[71] produced dry-powder microparticles of spray-dried bedaquiline-
loaded liposomes with an FPF over 70%, as well as preserved liposomal integrity and targeting
function. Notwithstanding, the use of solvents, thermal and shear stress may be not suitable

for sensitive biomolecules [27].
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2.2.3 Spray freeze-drying

Spray freeze-drying (SFD) is a technology that overcomes the drawbacks of spray-drying, in
the processing of thermolabile compounds, like biopharmaceuticals. In SFD the liquid solution
is sprayed through a nozzle, which is in contact with a low-temperature fluid. Therefore, the
droplet is frozen and it is transferred into a freeze-dryer to remove water and obtain a solid
formulation [29]. Powders from SFD commonly present good fluidity, high specific surface area,
and fast dissolution. Sweeney and co-workers [72] manufactured a liposomal powder formu-
lation containing ciprofloxacin. They observed an MMAD of 2.8 ym and an FPF over 60 %. A
drug encapsulation efficiency of 50 % of the drug was obtained for those powders reconsti-
tuted in water. Ali et al. [73] compared the SFD and SD techniques on the production of poly-
mers and lipid-based nanoparticles. They observed smaller diameters of those particles pro-
duced via SD. However, particles from SFD presented higher specific surface area and a slight
increase in the FPF values. Liang et al. [74] produced siRNA and DNA dry powder formulations,
using mannitol as an excipient. They observed an FPF of 28 % for DNA-loaded microparticles
and 20 % for siRNA-loaded microparticles. Bi and co-workers [75] proposed dry powders of
insulin-loaded liposomes using SFD, with an MMAD of 5.07 um and an FPF of 31.40 % SFD is
a time-consuming and hard scalable technique. Therefore, over the last few years, many efforts
have been applied to improve and optimize the SFD technique from computational approaches

and mathematical modeling [76] to modifications to the SFD apparatus [77].

2.2.4 Supercritical fluids

Recent decades have seen an upsurge of interest in dry powder formulations using supercritical
fluids (SCF) since first reported in 1879 by Hannay and Hogarth [78]. The advantages include
the ability to operate at mild conditions, their cost-effectiveness, the ability to produce micro-
particulate protein powders, and their scaling up feasibility [79]. Supercritical CO; (scCO,) is the
most common SCF, with a low critical temperature and moderate critical pressure at 31.1 °C
and 7.38 MPa, respectively, making them suitable for processing heat-sensitive compounds
[27,80]. Moreover, CO; is non-flammable, non-toxic, recyclable, inert, chemically stable, and, as
it is a gas at normal conditions, it can be removed by simply lowering the pressure [81]. At
supercritical conditions, CO: has liquid-like density and gas-like transport properties. Thus, its
polarity and solvation power are superior, and it offers the mass transfer properties of a low

viscosity gas in association with high associated diffusivity [82]. For this reason, scCO, use also
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respects some of the Twelve principles of green chemistry, outlined by Anastas in 1991 [83],
rating in fifth place Safer solvents and auxiliaries. scCO; properties are easily tunable near the
critical point via minor temperature or pressure changes [84]. For this reason, scCO; can be
used with different technologies, depending on its solvating behavior. In fact, these processes
can be classified into different groups depending on the scCO; processing role: acting as a

solvent, co-solvent, anti-solvent, or as a co-solute [85].

2.24.1 Rapid Expansion of Supercritical Solution (RESS)

The rapid expansion of supercritical solution (RESS) is a 1987 technique by Peterson, Matson,
and Smith [86-88] which consists of saturating supercritical fluids with a solid substrate (and
the coating agent), without any organic solvents. Upon depressurization to subcritical pressure
using a heated nozzle, the substrate precipitates into a lower pressure precipitation chamber
as the solution density drops (Table 2.1; page 57) (usually near atmospheric pressure)
[86,87,89]. The morphology and physicochemical properties of the resulting powders are re-
lated to the processing parameters (temperature, pressure, nozzle geometry) and the chemical
structure of the material [90,91]. RESS has been applied mainly to the production of micronized
poor water-soluble compounds. In 1993, Reverchon et a/. [92] reported the micronization of
salicylic acid. The first particles were in needle form, but the work was optimized, and spherical
particles resulted. Years later, Yildiz and co-authors [93] reported the micronization of salicylic
acid and paclitaxel, using ethanol as a co-solvent to improve salicylic acid’s solubility in CO..
This highlights, in fact, one of the technique’s limitations. On the one hand, scCO2 presents
low solubility for most polymers and pharmaceuticals. On the other, the addition of a second
component influences phase behavior. Unfortunately, there is little data available for the mul-
ticomponent systems involved in real processes [94].

Years later, a variation in a non-solvent RESS method (RESS-N), introduced by Mishima and co-
authors, aroused considerable interest [95]. An organic solvent which does not, in its pure form,
solubilize the polymer was added as a co-solvent. Nevertheless, in the presence of those or-
ganic solvents, the polymer solubility in COz in-creased significantly. In sum, a suspension of a
drug in the ternary system composed by CO,, the non-toxic organic solvent (such as ethanol,
isopropanol), and the dissolved polymer was sprayed through the nozzle. The polymer excipi-
ent then precipitated around the drug, producing core-shell structured microparticles [96].
Another process modification involved the rapid expansion of a supercritical solution into a

liquid solvent (RESOLV) in order to obtain nanoscale particles [97,98]. In this case, however, the
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supercritical solution was expanded into a liquid solvent instead of a lower pressure precipita-
tion chamber, and particles with a diameter less than 50 nm were obtained [97].

RESS is more often used with poor water-soluble compound processing, yet it (and its deriva-
tives) has been also applied to encapsulating biopharmaceuticals in drug de-livery microsys-
tems. In fact, the processing of water-soluble compounds using RESS can be quite challenging

due to CO>'s poor solubility in water.

2.24.2 Particles from Gas-Saturated Solutions (PGSS)
The PGSS technique [99] was introduced in 1994 by Weidner, Knez, and Novak and uses CO;

as a solute. ScCO; is dissolved into a melted material, consisting of drugs, polymers, biopoly-
mers, oils, or fatty acids in a stirred high-pressure vessel until saturation is achieved [85]. The
gas saturated liquid is then expanded through the nozzle to an expansion chamber at ambient
pressure and lower temperature where the particles precipitate (Table 2.1; page 57). PGSS can
be more effective than RESS insofar as the compound (drug or polymer) does not need to be
dissolved in scCO; [100] and no organic solvents are necessary. Moreover, PGSS enables polar
and water-soluble compounds to be processed. For this reason, this technique has been widely
used in the pharmaceutical field with different compounds. Initially, compounds were pro-
cessed without carriers. In 1999, Ker¢ and co-workers [100] used the technique to micronize
nifedipine and felodipine (commonly used in hypertension treatment) in order to increase the
dissolution rate and their bioavailability. Using temperatures between 150 °C and 185 °C, nife-
dipine and felodipine microparticles with an irregular shape showed a mean size between 15
and 30 pym and 42 pm, respectively. Smaller microparticles showed an increased dissolution
rate. However, the effective surface area was reduced by the drug’s hydrophobicity and ag-
glomeration. Thus, to reduce agglomeration, PEG400 was added. Microparticles were produced
between 50 and 70 °C since the polymer decreased the drug’s melting point. It was found that
the size reduction and the drug/ PEGaono interaction contributed for an enhanced dissolution
rate against the pure micronized drugs. Interestingly, this study allowed the further microniza-
tion of drug delivery systems with different carriers. Hao et a/ [101] produced poly(pL-lactic
acid) (P(oLLA)) microparticles, affirming that solid drug particles can be mixed into the plasti-
cized polymer. Figure 2.2 shows that scCO; dissolves into and plasticizes the polymer at tem-

peratures significantly below its glass transition temperature [102,103].
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Figure 2.2- Plasticization of the P(LLA)-PEG1500-P(LLA) copolymers by scCO,, with rise in
working tempera-ture and pressure, from Perinelli et al. [103]. Left- Stage conditions at 29 °C

and 71 bar; Center- conditions at 35 °C and 85 bar; and Right- plasticization point at 47 °C
and 140 bar. Reproduced with permission. Copyright 2014, Elsevier.

A year later, Hao et al [104] applied PGSS to produce PEG microparticles and observed that
the temperature increase and the pressure decrease favored the production of spherical parti-
cles. These works contributed to the development of the CriticalMix™—a solvent-free encap-
sulation process based on PGSS [105]. Rodrigues et al. [106] reported the encapsulation of
theophylline—a bronchodilator—in hydrogenated palm oil, yielding microparticles sized be-
tween 2 and 3 um. Higher working pressures (A were found to lead to a more spherical size
and a more limited distribution. Lower P of 120 or 140 bar led to agglomerated structures.
Theophylline encapsulation was lower since the drug was mostly located on the carrier’s sur-
face. More recently, Tokunaga et al. [107] reported the encapsulation of an amino acid, phe-
nylalanine, in Eudragit L100. The work was carried out at 50 °C, between 80 and 120 bar. Mi-
croparticles sized from 200 um to 140 um were obtained for the respective pressures. At 100
bar, an encapsulation efficiency (££) of 68.7% was achieved. In fact, the PGSS technique pro-

duced microparticles with a wide range of diameters, depending on the working parameters.

2.24.3 Carbon Dioxide-Assisted Nebulization with a Bubble Dryer (CAN-BD)

In 1997, Sievers et al. [108] proposed a PGSS improvement: the carbon dioxide-assisted nebu-
lization with a bubble dryer (CAN-BD). This technique enables the use of any water-soluble
compound, as well as the nebulization of inorganic salts or proteins [109]. Here, CO; serves as
a co-solute. An aqueous stream containing the drug and any excipients or stabilizers (typically
1 to 10% of the total solids dissolved [85]) is mixed with supercritical CO; in a low-dead-volume

mixing tee, forming a gas-liquid emulsion. This is then rapidly decompressed through a flow
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restrictor, forming an aerosol of droplets containing dissolved CO,. Upon expanding the dis-
solved CO,, the droplets rupture, and a fine aerosol, usually of diameters below 5 um, is pro-
duced (Table 2.1; page 57). It is important to point out that the expansion is enhanced since
CO; is one of the most soluble gases in water (1.6 mole% at 63 °C and 1500 psi). Dry particles
are obtained in a furnace [110], and micronized particles are then collected on a filter. Due to
the use of the aqueous stream, CAN-BD has been widely applied to processing water-soluble
compounds. In 2001, Sellers et al. [111] reported the encapsulation of proteins (lysozyme and
lactate dehydrogenase) using sucrose and mannitol as excipients for pulmonary delivery. A
buffer was used to neutralize any potential acidification of the solution upon the addition CO;
to avoid damaging the protein. The proteins were also found to maintain their activity after
rehydration due to the excipients and surfactant. Years later, Sievers et al. [112] reported the
encapsulation of hepatitis B sur-face antigen (HBsAg) and a live-attenuated measles virus by
trehalose and sucrose. In addition to achieving powder stability after 43 days of storage, they
were also able to provide pulmonary administration. CAN-BD has been also used to produce
vaccines, such as the Edmonston-Zagreb live-attenuated measles virus vaccine [113-115], and
inhalable antibiotics [116]. To our knowledge, no data on biopharmaceuticals in solid dosage

forms have been reported.

2.24.4 Supercritical Assisted Atomization (SAA)/Supercritical CO»-Assisted Spray-Drying
(SASD)

Supercritical assisted atomization (SAA) is based on the PGSS and CAN-BD techniques. First
patented by Reverchon in 2001, it consists of the production of nano and microparticles from
liquid formulations [117]. This one-step process is very similar to spray-drying but is aided by
scCO; and it can also be called supercritical CO,-assisted spray drying (SASD) [84,95,118]. scCO;
acts as a co-solute and is solubilized into a liquid solution containing the drug and/or a carrier
system. The resulting near-equilibrium mixture flowing out of the saturator is atomized using
a nozzle in a precipitation chamber at near atmospheric pressure, where it is dried with a hot
air/nitrogen flow [94,119] which serves to avoid the Joule-Thomson effect upon decompres-
sion. Two atomization processes take place: (i) droplets at the nozzle are produced by pneu-
matic atomization; and (ii) CO, is quickly released from inside the droplets [118]. A series of
SAA/SASD (Table 2.1; page 57) studies have been published over the years reporting micro-
particle production, even for poorly water-soluble compounds. In 2002, Reverchon and co-

authors reported the micronization of various compounds using SAA, from salts to
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corticosteroids [120]. Next, several demonstrated the micronization of antibiotics for inhalation
[121-123]. The research continued, and later polymeric microparticles (chitosan [124], poly(me-
thyl methacrylate), and poly-L-lactide [125]) were produced using the technique. Reverchon, in
2007, proposed to produce a composite, in which ampicillin tri-hydrate and chitosan were se-
lected as a model drug and carrier, respectively, upscaling the technique to produce a drug
delivery system [126]. Several projects have developed drug delivery systems for inhalation.
Cabral et al. [127] reported the production of inhalable ibuprofen-loaded chitosan microparti-
cles. Nano-in-microparticles were also developed for effective pulmonary drug delivery using
dendrimers [128] and gold nanoparticles [129] as well as gold-coated magnetite nanocompo-
sites [130]. As in the case of RESS, SAA/SASD has also undergone modifications, such as the
introduction of a hydrodynamic cavitation mixer (HCM) [131], to improve mass transfer. Smaller
diameter microparticles were reported with a narrower particle size distribution than those
produced without HCM.

An adaptation of SAA to produce liposomes was recently reported [132]. Supercritical assisted
Liposome formation (SuperLip) is a continuous operative process, in which biopharmaceuticals
can be encapsulated in liposomes, with high reproducibility [133,134]. It is important to point

out that these vesicles are obtained in aqueous bulk instead of solid dosage forms.

2.24.5 Depressurization of an Expanded Liquid Organic Solution (DELOS)

Ventosa and co-workers [135] reported the depressurization of an expanded liquid organic
solution (DELOS) crystallization technique twenty years ago, and it has been commonly used
for producing nano- and micro-sized crystalline particles. In this process, at certain tempera-
ture and pressure conditions, a compressed gas, e.g., CO», is completely miscible with the or-
ganic solvent, acting as a co-solvent, unlike in other techniques [136]. This is a three-step pro-
cess. First, the solute is dissolved in the organic solvent, below the saturation limit, at working
temperature and atmospheric pressure. Then, an expanded liquid mixture is obtained by add-
ing the compressed fluid, at high working pressure, which should not exceed the critical point
of the CO»/solvent mixture. Finally, depressurization takes place by way of using a non-return-
ing valve upon the rapid reduction of the pressure of the expanded liquid mixture, leading to
the precipitation of nano- or microparticles [85,136] (Table 2.1; page 57).

Since 2001, DELOS has been applied to the micronization of polymers, surfactants, [108] and
poorly water-soluble compounds such as naproxen and ibuprofen [137-139]. This process uses

less CO,; the filtration takes place at atmospheric pressure, and the lack of nozzles improves
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scalability [140]. A technique for developing unilamellar nanovesicles based on DELOS was de-
veloped that was like the above-mentioned SuperLip [141]. Depressurization of an expanded
liquid organic solution into aqueous solution (DELOS-susp) is mainly applied to produce nan-
ovesicles to carry nucleic acids and enzymes [142,143]. However, loaded liposomes are ob-

tained in aqueous bulk rather than in the dried form.

2.24.6 Supercritical CO as Anti-Solvent

Since scCO; is a poor solvent for most pharmaceutical compounds and polymers, some ap-
proaches use it as an anti-solvent. In a supercritical anti-solvent (SAS), a solute is dissolved into
an organic solvent and precipitates when scCO; is added. In fact, the precipitation occurs by
the diffusion of CO; in the organic solvent, expanding the liquid mixture, decreasing its density,
and consequently, its solvation power, until nucleation and precipitation occur [144]. The mass
transfer between the CO; and the organic solution decreases the surface tension, which is
strong enough to control droplet shape [145]. In the Table 2.1 (page 57) a schematic illustration
of this process is represented. The CO; is pumped until a desired pressure in the heated pre-
cipitator is achieved. The organic solvent with the solute(s) is then injected by nozzle. In the
case of a drug/polymer system, both precipitate under supersaturation and the drug are
trapped into the polymer matrix [146]. The loaded polymer precipitates on a filter and the
organic solvent/CO; are recovered for further separation [147]. Impressive reviews related to
pharmaceutical encapsulation using the SAS and SAS-based methods have been published
[145,147]. However, the use of organic solvents to dissolve the solute may represent an obsta-
cle to biopharmaceutical applications [146]. Even so, some research has reported successful
biopharmaceutical drying with the SAS technique. In 1993, Yeo et al. [148] reported the first
production of microparticulate insulin powders using SAS, obtaining powders with diameters
mostly less than 4 um. The blood glucose level decreased with the administration of the insulin
microparticles. Further results showed that SAS can compromise proteins’ secondary structure,
although precipitated insulin recovered its native structure upon redissolution in aqueous me-
dia [149]. Some modifications of the SAS process have been proposed to overcome this draw-
back, where CO; also acts as an anti-solvent. However, this review reported little focused at-
tention on this aerosol solvent extraction system (ASES) [150] using solution-enhanced disper-
sion by supercritical fluids (SEDS) [151], precipitation with a compressed fluid anti-solvent
(PCA)[152] and SCF-assisted extraction of emulsions (SFEE) [147,153].
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Table 2.1- Schematic representations of scCO,-based techniques.
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2.2.5 Thin-film freeze-drying

Thin-film freeze-drying (TFFD) was introduced by Evans et a/. [154] in 2006, with the objective
of enhancing the dissolution rates and bioavailability of poorly water-soluble drugs. In this
process, droplets of drug formulation are frozen upon impact with a cryogenically cooled sub-
strate (e.g, a metal surface) to form a thin film in less than a second. Then, the thin film is
freeze-dried to sublimate the solvents from the formulation [155]. Since the supercooling is
fast, the nucleation of drug crystals is prevented, forming an amorphous morphology and in-
creasing the surface area [156]. Engstrom et a/ [157] studied the processing of lysozyme and
lactate dehydrogenase (LDH) by TFFD. Protein particles with an average diameter of 300 nm
were obtained. Upon reconstitution, LDH microparticles presented 100 % of enzyme activity.
Li et al. [158] proposed to convert vaccine containing aluminum salts into dry powder. The
authors did not observe particle aggregation, nor decreased the immunogenicity of the vac-
cines. More recently, AboulFotouh and co-workers [159] converted vaccines adjuvants into dry
powder formulations for inhalation purposes. The obtained microparticles showed an FPF of

66.3 % and an MMAD of 2.4 ym. Vaccine immunogenicity was maintained in the dry powders.
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2.3 Dry powder formulations for pulmonary drug delivery

The advantages of a treatment based on dry powder formulations (DPFs) over nebulized solu-
tions and aerosols due to regulatory limitations and environmental issues have aroused scien-
tific research over the last decades. DPFs do not require the use of propellant, it is easy to
handle, and due to their relative chemical stability, cold chain storage can be avoided [160,161],
being also promising as an inhaled vaccine [162]. Besides the particle size, an efficient pulmo-
nary drug delivery must have also into account the excipients’ properties; particle release be-

havior, and targeting delivery [163].

2.3.1 Excipients

Inactive inert ingredients (mostly referred to as excipients) are normally added to the formula-
tion to i) improve the physical and chemical stability of the active pharmaceutical ingredient
(API); ii) provide mechanical and aerodynamic properties to the APl iii) enable an accurate dos-
age of the drug [37] and iii) improve its pharmacokinetics behavior [164], as most of drugs and
biopharmaceuticals present lack of solubility and/or permeability, being classified in the classes
I, Il or IV of the Biopharmaceutical Classification System (BCS). Lungs are very sensitive to
external irritants, so Food and Drug Administration (FDA) has limited the approval of excipients
to pulmonary delivery. The most common excipients are sugars (such as mannitol, lactose, or
glucose). Beclophar®, Flixotide®, Relenza®, Seretide®, Spiriva®, and Symbicort® are some
of the commercial DPI products that have lactose as the carrier [62]. Ultibro® Breezhaler®
used lactose and magnesium stearate as excipients. Exubera®, withdrawn from the market in
2007, was a commercial example of an insulin-based solid dosage form mostly made up of
mannitol, glycine, and sodium citrate [165,166]. Usually, the resultant DPFs are amorphous,
which is an advantage as it improves the drug solubility in water and has a higher dissolution
rate than in crystalline form [161]. However, the physical stability of the amorphous powders
is limited as they are more hygroscopic and might return to crystalline form. For this reason,
amino acids, such as leucine and trileucine, are often added to the formulation to improve the
physical stability of the powder [164,167]. Hydrophobic additives, like magnesium stearate, are
also added to protect the powder from moisture [37]. Magnesium stearate is the magnesium
salt of the fatty acid, stearic acid [168], found in various animal and vegetable fats. The choice
of lipids as excipients is related to the search for use of so-called natural and bioinspired ex-

cipients (NBEs) [164]. Phospholipids are cell membranes' constituents and the main component
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of pulmonary surfactant (approximately 90 %). Therefore, they are biodegradable and present
high biocompatibility. PulmoSphere™ is a commercial example of a spray-dried formulation
which comprise small porous particles with characteristic spongelike particle morphology. It is
constituted by a phospholipid - distearoylphosphatidylcholine (DSPC) - and CaCly, in a 2:1 mo-
lar ratio [169]. More recently, lipid-based nanoparticles have been used as mRNA carriers in
currently available vaccines against the severe acute respiratory syndrome Coronavirus 2
(SARS-CoV-2) [170]. The amphiphilic nature of phospholipids (composed of lipophilic chains
and a polar head group) makes them form lipid bilayers, in which the polar heads are prone to
interact with the aqueous medium, whereas the long aliphatic tails interact with one another,
forming liposomes. In fact, hydrophobic interactions are responsible for the formation of the
lipid bilayers and Van der Waals forces maintain the long hydrocarbon chains together. The
lipophilic compartment is constituted by the hydrophobic chains of each layer facing each
other. Additionally, between the polar groups (of the phospholipids) and the water molecules

(of the aqueous medium) hydrogen bonds, that stabilize the structure, are established.

2.3.2 Liposomal dry powder formulations

Liposomes, vesicles formed by phospholipid bilayers that enclose an aqueous medium, are a
well-known, non-toxic, biodegradable, and biocompatible drug delivery systems (DDS)
[17,171]. Due to their physical and chemical features, liposomes can carry hydrophilic biophar-
maceuticals in an inner aqueous medium, whereas hydrophobic small molecules are inserted
into the lipidic bilayer [12]. Liposome size can vary from the nano to the micro-scale [8], which
is an important factor in tailoring the formulations to treat specific diseases or pathologies. In
fact, liposomes up to 150 nm can escape from circulation and can accumulate at sites of in-
flammation, infection, or even tumors, thus taking advantage of their EPR effect [172] and re-
sulting in passive targeting. These lipid-based nanosystems can be produced through different
techniques, such as film hydration [11,172], reverse phase evaporation [173,174], ethanol in-
jection [175], and, more recently, microfluidics [176,177], and supercritical fluids [178,179]. De-
spite being thermodynamically stable, after long-term storage, biopharmaceutical-loaded li-
pid-based nanoparticles in solution can suffer instability due to physical and chemical events,
such as fusion or aggregation of the nanoparticles, or hydrolysis and oxidation of the phos-
pholipids and/or the biopharmaceuticals [180,181]. This leads to the demand for cold supply
and distribution chains. In fact, one of the disadvantages of the current mRNA-based SARS-

CoV-2 vaccines is the need for cold supply chains (temperatures approximately - 80 °C or even
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2 - 8 °C) [182]. For these reasons, it is fundamental to ensure the stability of the drug-loaded
liposomes via storage methods accessible to people of all social and geographical conditions.
Thereby, liposome stabilization upon storage has been studied over the last 40 years to in-
crease the shelf-life of liposomal formulations [183,184]. Moreover, the administration of the
liposomes' solid form through a DPI can significantly improve drug delivery to the lungs [185].
The most common techniques to convert liposomes into dry powder formulations (Lip-DPFs)
are i) freeze-drying (FD) [183], SFD [29], and SD [186]. However, if on the one hand, these
techniques improve storage stability, on the other, they are associated with high costs and
energy consumption. In addition, they might also induce heat, cold or shear stress on the lip-
osomes, possibly affecting their integrity [23,187]. In contrast to the FD technique, which re-
quires post-additional processes to reduce the particle size, the SD and SFD enable particle
engineering, where it is possible to precisely design the size and morphology of the resulting
powder [54]. Even so, these techniques are controversial. While Gomez-Estaca et a/ [188] prefer
SD rather than FD, Chun et a/ [189] and Zhu et a/. [190] reported SD disadvantages including
high-temperature requirements. Within the last decades, supercritical carbon dioxide (scCO,)
has been studied as an alternative means of producing Lip-DPFs. There are few reports in the
literature about the scCO,-based liposome drying process. Kunastitchai et a/. [191] reported
the production of dried liposomes using an aerosol solvent extraction system. Dried liposomes
with sizes ranging from 2.7 um to 40 um were obtained, losing their effectiveness as a DDS.
Moreover, the technique uses methanol and dichloromethane to solubilize the lipids. The final
microparticles present residual content of up to 86 ppm of methanol and 30 ppm of dichloro-
methane. The solvent extraction takes 3 - 4 hours, making the process more expensive and not
scalable. Lévai et a/. [192] produced quercetin suspensions using soybean lecithin and Pluronic
L64® using Supercritical Fluid Extraction of Emulsion (SFEE). Then, microparticles of quercetin
suspensions were produced through Particles from Gas Saturated Solutions (PGSS)-drying
technology.

As a matter of fact, during the drying process, the absence of stabilizing agents can lead to
liposome fusion, aggregation, or even drug leakage [23]. For this reason, one of the most im-
portant factors is the presence of a liposome membrane protectant, carbohydrates being the
most used. So far, a few theories have been proposed to explain the stabilizing effect of the
carbohydrates, such as the water replacement theory, vitrification, and kosmotropic effects
[24], [193]. The water replacement theory is the oldest theory for the liposome’s stabilization

upon drying. The theory suggests that during dehydration and in the solid-state, the
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surrounding water molecules are replaced by hydrogen bonds with carbohydrates [24]. The
vitrification theory states that in the highly viscous vitrified state of the surrounding sugar, the
molecular mobility during the process decreases and constitutes a barrier between adjacent
liposomal bilayers [194,195]. The kosmotropic effect theory states that carbohydrates act like
kosmotropes, displacing the water molecules in the bulk phase, and persevering the three-
dimensional structure of the liposomes [196].

Several works have studied the efficacy of liposomal dry powder formulations for the treatment
of diverse lung diseases, such as lung cancer, tuberculosis, chronic obstructive pulmonary dis-

eases, and cystic fibrosis, among others, as observed in Table 2.2.
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Table 2.2- Liposomal dry powder formulations reported in the literature from 2001 to 2022.

Liposomes Excipients API Technique Observations Year Ref.
composition

Entrapped drug values of 91.79% to 78.99%

E-PC i Budesonide Freeze-drying After 24h, 63.54% of budesonide remained retained within lip- 2001 [60]
Cholesterol osomes
Higher targeting factor in liposomes
The Andersen cascade impactor was coupled to jet-milling
DPPC Pharmatose Ciprofloxacin Ciprofloxacin; 2.55 ym < MMAD <4.67 um
DMPC 375 M Cationic 10 % < FPF < 50% ; 5 % < Encapsulation < 30%

DMPG (Lactose peptide (CM3) Jet-milling CM3:3.17 uym < MMAD <4.80 pm 2003 [59]
E-PC + DMPG monohydrate) Salbutamol 30 % < FPF < 60%; 20 % < Encapsulation < 40%
DMPC + DMPG sulfate (SS) SS: 291 ym < MMAD <4.72 um
20 % < FPF < 60% ; 15 % < Encapsulation < 35%
E-PC + Chol Ketotifen Freeze-drying fol- 65 % < Entrapped drug < 89%

a-tocopherol Lactose fumarate lowed b.y . . . 1.62 um < D[4,3]<. 2.00 um 2003 [197]
planetary ball mill /n vivo studies performed with reconstituted liposomes
SOD activity of 98 %
. Wrinkled and raisin-like appearance particles.

DPPC Sucrose Superomde Spray-drying ED of 71 %; da = 2 pm and RF of 72% 2004 [198]

dismutase . . .

ESCA analysis of this formulation suggested the absence of
SOD on the surface region of the powders
FPF > 60 %; MMAD: 2.78 um

DMPG Lactose Ciprofloxacin Spray freeze- Ciprofloxacin's encapsulation efficiency in: 2005 72]

drying

Water: 50 %; isotonic saline: 93.5 %
bovine mucin: 80 %; porcine mucus: 73 %
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DPPC

DMPC . Freeze-drying  Encapsulation efficiency of 40 % and retained activity above 20
DOPC Mannitol . . .
B-Glucuronidase followed by % after jet-milling 2005 [28]
DOTAP Sucrose . s o
DOPG jet-milling FPF < 15%
Chol
Lactose 6.7 ym < Ps < 9.3 um
Sucrose Amiloride Hy- . Drug retention > 97 %
HSPC + Chol Mannitol Gly- drochlorige Spray-drying go % < FPF < 70 % 2006 [69]
cine Prolonged release in in vitro studies
Trehalose Ps: 9.46 pm; MMAD: 2.2 um; FPF: 71.1%
HSPC+ Chol L-Leucine Tacrolimus Spray-drying  /n vivo studies show drug residence up to 24 h within the lungs 2007 [199]
and slow systemic dilution of tacrolimus
Lactose
Sucrose Hydrolyzed gelatin based DPFs: PS: 7.9 um; MMAD: 2.2um; FPF:
DPPC+Chol  Hydrolyzed gel- Dapsone Spray-drying 75.6 %; 97.8 % < Drug retention < 98.5 % 2008 [70]
atin Prolonged in vitro drug release up to 16 h
L-leucine
Soya lecithin + SLSE:ZEE FPF: 31.4 %; MMAD: 5.07 um
. Insulin  Spray-freeze-drying 14.87 ym < Mean diameter <19.48 ym 2008 [75]
Chol Mannitol . -
Encapsulation efficiency of 35.9 %
Glucose
D3 of reconstituted liposomes:
HPC/M/LSZ: 14.34 pm
HSPC + Chol Mannitol (M) Lysozyme (LSZ) Spray-drying HPC/Chol3:1/M/LSZ: 9.43 pm 2010 [68]

HPC/Chol8:2/M/LSZ: 7.39 pm
HPC/Chol7:3/M/LSZ: 5.15 pm
Lysozyme kept their biological enzymatic activity
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Sucrose-based DPFs: Size increased from 104 nm to 503 nm

Trsel;\;:gz: Prednisolone (5D) and 95 nm (FD)

DPPC+DSPE- hydroxypropyl- sodium phos- Spray-drying  Trehalose-based DPFs: Size increased from 98 nm to 1159 nm 2012 200]
PEG2000+Chol B -cyclodextrin ohate Freeze-drying (SD) and 101 nm (FD)
(HP-B-CD) HP-B-CD-based DPFs: Size increased from 104 nm to 132 nm
(SD) and 108 nm (FD)
Trehalose and lactose preserve the liposome size
Lactose better than mannitol.

CAFO1 Trehalose - Spray-drying 2.48 ym < MMAD <3.33 ym 2013 [201]
Mannitol Spray drying of CAF01 with trehalose resulted in the preserva-
tion of the adjuvant activity /n vivo
. . 43 2.72 um; MMAD: 7.3 pm; RF: 35.34%;

SPC + Chol Lactose  N-acetylcysteine Spray-drying After SD,Dr[eI;tive anLtjioxidant activity retjmained constant 2014 [185]
Lactose-based DPFs:
FPF: 40.20 %; MMAD: 5.52 pm
HSPC Trehalose Freeze-drying fol- Sucrose-based DPFs:
DSPG Sucrose Gemcitabine- . FPF: 34.45 %; MMAD: 6.04 pm

lowed by sized 2016 [202]
Chol Lactose HCU through #240 sieves Trehalose-based DPFs:
DSPE-PEGz000 L-Leucine FPF: 56.12 %; MMAD: 3.91 ym
Better uptake of liposomal DPI formulation than plain DPI for-
mulation
Reconstituted liposome suspension entrapment efficiency up
Mannitol + . . Ultrasonic spray . . to 80%

SPC + Chol Sucrose Clarithromycin freeze drying Liposomes size increased from 196.5 nm to 398.5 nm. 2017 [203]
FPF: 53.78 %
Stable after storage at RH of 60 %, 25 °C, for 3 months
FPF: 46.71 %; MMAD: 5.81 uym; Dsg: 15.02 um

SPC + Chol Mannitol Curcumin Freeze-drying Increase of anti-proliferation effect 2018 [204]

Higher anti-oxidation effect observed for curcumin liposomes
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Freeze-drying fol-

97.9 % <Entrapment efficiency < 98.6 %

DPPG Mannitol + Colchicine lowed by sized 4445 % < FPF < 48.62 %
HSPC . . 4.09 um < MMAD < 4.68 um 2018 [205]
Glycine Budesonide through #120 and . X
Chol . Prolonged drug retention at targeted site and reduced the sys-
#240 sieves .
temic exposure
PC + Chol PS: 3.94 um; MMAD: 3.10 um; FPF: 10 %
DSPE-PEG2000- . Redispersed liposomes increase their size from 100 nm to 346
Mannitol .
FA Leucine Docetaxel Spray-Drying nm 2019 [190]
DESP-PEG2000- They display an anti-tumor activity comparable to that of initial
COOH liposome
2.5pum < Ps <54 um; 6.31 % < FPD < 14.99 %
. . . Dso: 2.92 um; 1Csp values of spray-dried powder were much
SPC + Chol Mannitol Vincristine Spray-drying lower than the values of free?VCyR in botF;\ MCF-7 and A549 2019 [206]
cells; The tumor clearance was decreased by 83.2%
Maltodextrin-based DPFs:
Dvso: 6.82 um; MMAD: 3.72 um.
Maltodextrin Salbutamol . Drug retention: 97.87 %
SPC + Chol Lactose sulphate Spray-drying I?actose-based DPFs: 2019 [207]
Dvso: 6.35 um; MMAD: 3.42 pm
Drug retention: 98.36 %; FPF: 64 %
Sucrose-based DPFs:
Sucrose FPF: 61.7 %; ED: 85.0 %; MMAD: 2.48 um
Lactose FPF d d to 47.3 % Qflt:;AGAQ(?nths ) RH: : 12 .
. ) . . . ecreased to 47.3 % an increase to 4.11 um.
Not available Mags?::r:tn; Ciprofloxacin Spray-drying Lactose-bases DPFs: 2021 [208]
lsoleucine FPF: 76.2 %; ED: 84.3 %; MMAD: 1.75 um
No modifications observed after 6 months at RHs of 4 and 20
%
Not available I[:Si?rs]z Levofloxacin Spray-drying FPF > 50 %: 2021 [209]
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Liposomal membrane fusion occurred
Increasing of the liposomes size and Pdl

FPF > 70 %; 2.6 pm < Dvsp < 3.0 um

Lactose . . .
F lated | d 20 f th fter SD
Lecithin Leucine Bedaquiline Spray-drying Hcosyla e. . |poso.mes nerease . nm of Thell size arter 2022 [71]
L-fucose Enhanced killing of intracellular respiratory pathogen was ob-
served
HSPC
DPPC Freeze-drying fol-
DSPE-NA- Trehalose Afatinib ying PSD: 9.6 = 1.4 pm; Drug content of 72.56 + 1.04%
. . lowed by sized 2022 [210]
PEG2000 L-Leucine dimaleate . ED: 85 %
through #240 sieves
DAPI
Chol
FPF: 66.3 %; MMAD: 2.4 um
DOPC + Chol Mannitol (MPL + Qs-21) drying To aerodynamic characterization the collection cups are coated 2022 [159)

Ovalbumi : i
valbumin with 1.5% w/v Tween 20 in methanol to prevent bounce and

re-entrapment and then left t dry before

From Web of Science database (Keywords: liposomes AND dry powder AND pulmonary drug delivery)

Cationic adjuvant formulation 01 (CAF01): Composed of the cationic surfactant dimethyldioctadecylammonium bromide and o,a’-trehalose-6,6'-dibehenate); Chol: Choles-
terol; CM3: amino acid with the sequence KWKKFIKSLTKSAAKTVVKTAKKPLIV; DAPI: dihydrochloride (2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride; DMPC:
dimyristoyl phosphatidylcholine; DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPG: dioleoyl phosphatidylglycerol; DPPC: Dipalmitoylphosphatidylcholin; DPPG: 1,2-
Dipalmitoyl-sn-glycero-3- phosphoglycerol sodium; DOTAP: Dioleoyl trimethylammonium propane; DSPE-PEGqo0: 1, ,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] ; FA: Folic acid; MPL: 3-O-desacyl-4-monophosphoryl! lipid A; HSPC: Hydrogenated soybean phosphatidylcholine. SPC: soybean phos-
phatidylcholine; QS-21: acylated 3, 28-bisdesmodic triterpene glycosides (1,3); RH: Relative humidity; ED: Emitted dose; RF: Respirable fraction; FPD: Fine particle deposition;
PS: particle size; PSD: particle size distribution; Du3: mean diameter over volume
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2.4 Quality-by-design towards an efficient pulmonary drug de-
livery

Both EMA and the FDA regulatory authorities, recommend the application of a Quality-by -
Design (QbD) approach for the development of pharmaceutical products. According to EMA,
Quality by design is an approach that aims to ensure the quality of medicines by employing
statistical, analytical and risk-management methodology in the design, development and man-
ufacturing of medicines [211]. The QbD takes into account the quality target product profiles
(QTPPs), identifies the critical process parameters (CPPs) and, via the design of experiments
(DoE) tool, establishes a relationship between them and the critical quality attributes (CQAs)
and then identifies an optimal operating space (OOS) [186]. DoE is a well-established statistical
method for improving the efficiency of the optimization process [127,212], and its use in the
domain of the optimization of supercritical CO,-assisted spray drying technique has been
proven to be effective to obtain composite dry powder formulations (DPFs) with good aerody-
namic performance and appreciable yields [82,213]. The optimization of the SASD is complex
and there are other variables that, while do not contribute directly to achieving the near equi-
librium state at the saturator, play a key role in the final particles’ properties, such as the nozzle
diameter, drying efficiency, or cyclone efficiency. Thus, a combination of thermodynamics and
engineering contributions is needed for process optimization. Phase equilibria data for the
binary systems CO,+solvent is available in the literature, but as stated above no data are avail-
able for the multi-component systems involved in the atomization processes. Hence empirical
studies on the effect of the operational conditions are necessary for process optimization.
These studies can be very time and resource-consuming if a suitable plan of experiments is not
designed. The saturator pressure, the inlet drying gas temperature, and the feed solution flow
rate are common variables studied either for conventional or supercritical-assisted spray dry-
ing. Temtem et al. [213] reported a case study on the use of SASD benchmarked against a
conventional spray-drying process for trehalose-leucine composite powders. The SASD tech-
nology enabled the successful production of inhalation powders with FPF values as high as
86% by manipulating feed solution flow rate and inlet temperature, while regardless of the
process conditions, presented particles with a more homogeneous morphology maintaining a

high process throughput and yield. Regarding the development of carrier-free dry powder
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formulations, including the formation of nanoparticle agglomerates, the most significant op-
erational conditions affecting the process, apart from the inlet temperature and the gas and
feed flows, are the type of excipients, especially the selection of the stabilizer and the ratios of
stabilizer and each excipient to drug weight [214]. These selections will influence the down-
stream process of spray drying by affecting the yield and the particle size distribution of the
resultant aerosolizable microsized particles and are typically optimized by DoE in the industry
[215]. With a limited number of experiments, DoE enables a withdrawal of the statistically sig-
nificant correlations between the operating conditions and the final particles’ properties, being
a powerful tool to optimize the process and reduce the time of experimental work, and hence
the cost of atomization. Therefore, the combination of both tools would allow more efficient
particle engineering in the SAA/SASD process, especially of more complex multifunctional par-

ticle systems.
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MICROFLUIDICS APPLIED ON THE
PRODUCTION OF PROTEINS/ENZYMES
LOADED PEGYLATED LIPOSOMES
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In this chapter, the study of liposome production using microfluidics is presented in two distinct
works. When this study started, the assembling of a glass-capillary microfluidic device and the
optimization of microfluidic process parameters in terms of flow rate ratio, total flow rate, and
lipid composition were performed considering the desired final properties of liposomes and
encapsulation efficiency. Since Cu, Zn- superoxide dismutase is expensive, the optimization
step was performed using insulin as a model protein. Facing the potential application of the
results, the studies were pursued, and nano-in-microparticles were produced for oral protein
delivery. After obtaining interesting results with insulin, the studies were pursued considering
Cu, Zn- superoxide dismutase (SOD), an enzyme weighing 32.5 kDa, with small adaptations in

the microfluidic device.

3.1 All-in-one microfluidic assembly of insulin-loaded pH-re-

sponsive nano-in-microparticles for oral insulin delivery

3.1.1 Abstract

In this study, we have developed a continuous two-step glass-capillary microfluidic technique
to produce nano-in-microparticles for oral insulin delivery. The current bulk methods applied
to the preparation of liposomes often required a post-processing steps to homogenize the
liposome's size, being time-consuming. Microfluidics overcome these drawbacks, offering a
batch-to-batch reproducibility and less time consuming. The coating with chitosan improves
the mucoadhesion of the nanoparticle in the cells. Additionally, the encapsulation in an enteric
polymer, through a microfluidic glass-capillary based double-emulsion, confer the total pro-
tection from the harsh gastric conditions. This work is a promising alternative for the common
protein/peptide-loaded liposome formulations, using a scalable two-steps microfluidics pro-

cess in the preparation of multistage microparticles aimed at the oral insulin administration

3.1.2 Introduction

The oral route of administration represents the most convenient way to administer drugs in

terms of high patient compliance [216,217], promoting a fast and safe route, overcoming
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several main disadvantages from parenteral administration namely the intravenous [218-221].
However, the oral delivery of therapeutic proteins and peptides represents a big challenge for
the pharmaceutical technology field. In fact, the degradation of protein and peptides under
acidic conditions in the stomach concomitantly with digestive enzyme action, as well as the
poor oral bioavailability, characterized by a poor protein permeability in the intestinal epithe-
lium [222-224] have led to the need of designing and developing alternative approaches to
enhance the oral protein/peptide administration [225-227]. Over the last decade, the research
for different strategies for the oral delivery of proteins and peptides, such as microemulsions
[228,229], polymeric nanoparticles [229-231], silicon nanoparticles [232,233], and liposomes
[234,235] has been significantly increasing. Liposomes, introduced for the first time by Bang-
ham et al. [171] at the beginning of the 1960s, have been described as potential proteins and
peptides drug carriers able to enhance their blood residence time and targeting [236-238].
However, even with high potential to deliver proteins, conventional liposomes are still likely to
disintegrate in gastric conditions [239,240] and can show poor permeation across the intestinal
epithelial cell membrane [241], thus resorting to coatings with other molecules, such as poly-
mers [242,243] or protein corona [244,245]. Yet, liposomes are usually prepared under bulk
methods such as thin-film hydration [172,246], ethanol injection [175] and reverse phase evap-
oration [173,174], in which some of them require a post-processing step to obtain a better
control of size and polydispersity index (Pdl), such as high pressure extrusion [247].

Microfluidics, a sophisticated technique for particles production, has gained substantial atten-
tion to prepare liposomes. High batch-to-batch reproducibility, reduced time and cost, and
increased control on the production of nanoparticles are some of the advantages of microflu-
idics [21,248,249]. Polydimethylsiloxane (PDMS)-based microfluidic devices are widely used on
liposome preparation. PDMS is compatible with some pharmaceuticals grade solvents, such as
ethanol [177] However, PDMS microfluidic devices have low resistance to high flow rates and
pressures and, upon contact with common organic solvents, tend to swell. In addition, due to
the hydrophobicity of the polymer, post-surface functionalization of the polymer is required
[250-252]. Attending to these drawbacks, glass-capillary microfluidic devices are a good alter-
native when there is the need to use organic solvents. Besides, they can tolerate high flow rates
and pressure [253]. The glass-capillary microfluidic devices enable the production of liposomes
through a nanoprecipitation method [254,255]. If a central flow of a phospholipid-containing
alcohol solution merge into a main channel with the aqueous solution in adequate concentra-

tions, the lipids spontaneously self-assemble producing liposomes [256], with diameters in the
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range of 73-131 nm, as described by Vladisavljevic et a/. [176] Moreover, these devices enable
the generation of monodisperse droplets via co-flow, coaxial flow-focusing geometry or via
the combination of both geometries [20,253], offering an excellent control of the size of the
droplets by adjusting the flows of immiscible fluids inside the microchannels and the dimen-
sions of the orifices of the channels [257,258]. By the solidification of the monodisperse drop-
lets, microparticles with an uniform size distribution can be produced [259]. In this way, using
the glass-capillary microfluidic devices both nano- and nano-in-microparticles can be ob-
tained, which represents a huge advantage for oral administration since microparticles have
been described as preferable for this kind of administration than nano-sized systems [260].
Besides, microparticles are more attractive for oral delivery over the conventional larger cap-
sules or pill-type vehicles due to the patient compliance and convenience, namely in children
that have some difficulties to swallow the larger pills or capsules [261,262].

In this study, we present an optimized and continuous “all-in-one” two-step microfluidic pro-
duction of a nano-in-micro composite system, as shown in Figure 3.1. This multistage system
provides full protection from the harsh gastric conditions and improves the mucoadhesion to
the intestinal epithelium, promoting the protein/peptide release across the intestinal epithe-
lium. Firstly, the microfluidic process parameters were optimized in terms of flow rate ratio, the
total flow rate and lipid composition. Secondly, through a nanoprecipitation method, insulin
was encapsulated into PEGylated liposomes (Ins_Lip), using a glass-capillary microfluidic de-
vice. Then, the physical coating with chitosan was achieved to confer mucoadhesive properties
to liposomes (Ins_Lip-CHT) to improve the insulin transport across the intestinal epithelium.
Finally, through a double emulsion microfluidics method, the nanoparticles were an enteric
coating encapsulated within the FDA approved excipient for oral administration - hydroxypro-
pyl methylcellulose acetate succinate (HPMCAS-MF; M grade fine powders; abbreviated as MF),
was prepared to protect the liposomes nanoparticles against the harsh stomach acidic condi-
tions (Ins@MPs). The nano and microparticles were characterized in terms of particle size and
¢ -potential, insulin encapsulation efficiency and loading degree. The insulin release profiles in
different buffers, and the Ins@MPs cell viability and their interactions with Caco-2 and HT29-
MTX cell lines were also evaluated. Finally, the insulin permeability across an in vitro model of
intestinal epithelium (Caco-2/HT29-MTX cells), was evaluated. To the best of our knowledge,
this is the first time that an "all-in-one” continuous microfluidic production of insulin-loaded

nano-in-microparticles for oral drug delivery is reported.
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Figure 3.1- Schematic representation of the two-step microfluidics process of insulin-loaded nano-in-microparti-
cles (not to scale), in which insulin is encapsulated in PEGylated liposomes (InsLip) through a nanoprecipitation
technique, using a glass-capillary microfluidic device. The InsLip-CHT were further encapsulated in an enteric poly-

mer (MF) using a double-emulsion microfluidic process, forming the final microcarrier system (Ins@MPs).

3.1.3 Experimental procedure

3.1.3.1 Materials

Egg-phosphatidylcholine (E-PC) and distearoylphosphatidylethanolamine-poly(ethylenegly-
col)2000 (DSPE-PEG2000) were obtained from Lipoid (Germany). Cholesterol (Chol), recombinant
human insulin (rhins), medium viscosity chitosan (Mw= 190 000-310 000 Da, 75-85 % deacety-
lated), 2-(4-(2-hydroxyethyl) piperazin-1-yl) ethanesulfonic acid (HEPES), paraformaldehyde
(PFA), citric acid and sodium chloride were purchased from Sigma-Aldrich (USA). Poloxomer
407 (Kolliphor® 407) was purchased from BASF (Germany). MF grade of HPMCAS was kindly
provided from ShinEtsu (Japan). Hank’s balanced salt solution (HBSS) and phosphate buffer
saline (PBS) were purchased from Life Technologies (USA). Fasted state simulated intestinal
fluid (FaSSIF) was purchased from Biorelevant.com Ltd (London, UK). Triton® X-100 was pur-
chased from Merck Millipore (Germany). Dulbecco’s Modified Eagle medium (DMEM), L-gluta-
mine, non-essential amino acids, penicillin (100 1U/mL) and streptomycin (100 mg/mL), eth-
ylenediamine tetraacetic acid (EDTA) and trypsin—-EDTA were purchased from HyClone (USA).
Human colon carcinoma (Caco-2) and the human colorectal adenocarcinoma modified with
methotrexate (HT29-MTX) cells were purchased from ATCC (USA). 4',6-Diamidino-2-phenylin-
dole (DAPI-405), 4-[4-(dihexadecylamino)- styryl]-N-methylpyridinium iodide (DiA) and

Gibco™ Versene Solution were purchased from Thermo Scientific (USA). CellMask Red® was
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purchased from Invitrogen (USA). CellTiter-Glo® assay reagent was purchased from Promega
Corporation (USA).

3.1.3.2 Preparation of insulin-loaded liposomes (Ins_Lip)

The recombinant human insulin was encapsulated into the inner aqueous space of liposomes
by a microfluidics glass-capillary method. Briefly, E-PC, DSPE-PEGz000 and Chol (molar ratio
1.85:0.15:1, respectively) were dissolved in ethanol in a concentration of 43.2 ymol/mL. In par-
allel, rhins was dissolved in saline citric acid solution (145 mM of NaCl, 10 mM of Citric Acid,
pH 2.0) in a final concentration of 100 ug/mL. The insulin-loaded liposomes (Ins_Lip) were
achieved using a co-flow microfluidic device. Briefly, a borosilicate glass capillary with an inner
diameter of 70 um was inserted into a glass capillary with an inner diameter of 1000 ym and
they were coaxially aligned. The lipidic solution was injected into the inner phase, while the
insulin solution was injected into the outer phase, both with flow rates of 10 mL/h and a flow
rate ratio (FRR) of 1. The non-encapsulated protein was separated from the liposomes by ul-
tracentrifugation twice, after a dilution of 20 times (Optima L-80, XP Ultracentrifuge, Beckman
Coulter, CA, USA), at 135 000g at 15 °C for 2 h. Then, the Ins_Lip pellet was re-suspended in a

saline citric acid solution at pH 2.

3.1.3.3 Coating of Ins_Lip by chitosan (Ins_Lip-CHT):

The Ins_Lip was coated with chitosan by physical adsorption. Briefly, chitosan solution (10
mg/mL) was prepared dissolving chitosan powder in 1 % of acetic acid solution (v/v). The so-
lution was kept under stirring overnight. Then, the pH was increased to pH 5.5 with 0.01 of
NaOH and the final solution was centrifuged (Hettich EBA 21, Tuttlingen, Germany) at 4 020 g
for 15 min [263] to remove the precipitated chitosan. Afterwards, the Ins_Lip suspension was
added dropwise to the chitosan solution at the same volume ratio and kept under stirring for
6 h. Then, the dispersion containing chitosan-coated liposomes (Ins_Lip-CHT) was centrifuged

(Optima MAX, Beckmann Coulter, USA) twice at 27 000 g for 4 min.

3.1.34 Preparation of insulin-loaded microparticles

The Ins_Lip-CHT nanoparticle encapsulation into MF was performed by water-in-oil-in-water
(W/O/W) double emulsion, also using the microfluidic technique [264]. The nanoparticles were
dispersed in a MF (10 mg/mL in ethyl acetate) in a volume ratio of 1:10 and sonicated (inner

oil fluid), in order to obtain a homogeneous suspension. In parallel, the outer aqueous solution
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was prepared by dissolving Poloxamer 407 in Milli-Q water (10 mg/mL, pH 4.0). Afterwards, a
flow focusing microfluidic chip, as previously described [259], was used. To achieve the double
emulsion, the inner and outer flow rates of 0.5 mL/h and 3.0 mL/h were employed. The formed
droplets were collected in 10 mg/mL of Poloxamer 407 aqueous solution, pH 4.0. Finally, the
nano-in-microparticles (Ins@MPs) were collected and were washed for three times with Milli-

Q water, using the centrifuge (Hettich EBA 21, Tuttlingen, Germany) at 3 000 rpm for 5 min.

3.1.3.,5 Characterization of liposomes and insulin-loaded nanoparticles

The mean size, determined as Z-average, polydispersity index as a measure of the particle size
distribution that can range from 0 (monodisperse) and 1.0 (polydisperse), and the surface
charge (zeta-potential, Q) of Ins_Lip and Ins_Lip-CHT NPs dispersions were determined by
Zetasizer Nano ZS (Malvern Panalytical Ltd., Malvern, UK). The morphology of the liposomes
was confirmed using cryo-transmission electron microscope (Cryo-TEM, JEOL JEM-3200FSC,
JEOL, Tokyo, Japan). Briefly, prior to use, vitrified specimens were prepared using an automated
FEI Vitrobot device, and Quantifoil 3.5/1 holey carbon copper grids with a hole size of 3.5 um.
Then, an aliquot of liposomal suspension was applied on the grid and it was blotted twice for
5 sec and then vitrified in a 1:1 mixture of liquid ethane and propane at —180 °C. The grids with
the vitrified liposomes were kept in liquid nitrogen temperature and then cryo-transferred to
the microscope.

Imaging was carried out using a field emission cryo-TEM (JEOL JEM-3200FSC), operating at 200
kV. Images were taken in the bright field mode and using zero loss energy filtering (omega
type) with a slit width of 20 eV. Micrographs were recorded using a Gatan Ultrascan 4000 CCD
camera (Gatan Inc., Pleasanton, CA, USA). The specimen temperature was maintained at —187
°C during the imaging. The images were treated using Gatan Microscopy Suite Software (Gatan
Inc).

The encapsulation efficiency (££) was calculated based on the amount of insulin encapsulated

into the liposomes, previously disrupted with 2 % (v/v) Triton® X-100, as follows (Eq. 1):

InSpiposomal (1g)
) —
EE (/0) - Inspiposomal (Hg)"'lnsfree (n9) * 100 (1)

Where the Ins;i,osomar is the insulin encapsulated into liposomes and Insg, is the insulin

present in the supernatant from the ultracentrifugation, described above. Both were
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determined using a high-performance liquid-chromatography (HPLC; Agilent 1260, Agilent
Technologies, Santa Clara, CA, USA), using a C18 column, 15 cm x 4.6 mm, 5 ym (SUPELCO
Discovery®, Sigma Aldrich, St. Louis, MO, USA), and the method as previously described [230].

3.1.3.6 Characterization of insulin-loaded microparticles

The dimensional analysis of the Ins@MPs were performed using confocal fluorescence micros-
copy, with a 10x objective. Briefly, an aliquot of Ins@MPs was dispersed on a 35 mm Petri-dish
with a thin bottom and imaged using a confocal laser scanning microscope (Leica SP5 Il HCS
A, Leica, Wetzlar, Germany). The chemical modification upon encapsulation in MF was evalu-
ated using attenuated total reflectance Fourier transformed infrared (ATR-FTIR) spectrometry.
The spectra were recorded from 3 600 to 690 cm™, with a resolution of 2 cm™.

The amount of insulin loaded into the nano-in-microparticles was evaluated dissolving and
disrupting them with a solution of PBS (pH 6.8) and 2% (v/v) Triton® X-100, in a ratio of 1:1
(v/v) and analyzed by HPLC, as described above. The loading degree (LD) was then calculated
as follows (Eq. 2):

INSmicroparti (1g)
0 _ microparticles
LD( A)) - Ins@MPs (ug) x 100 (2)

Where Inspcroparticies 1S the amount of insulin loaded into the microparticles and Ins@MPs is

the total mass of insulin-loaded nano-in-microparticles.

3.1.3.7 In vitro drug release studies

The insulin release profile from Ins@MPs was evaluated by mimicking the gastrointestinal tract
conditions at 37 °C under stirring. First, 150 pg of Ins@MPs were dispersed in 4 mL of simulated
gastric fluid (SGF) at pH 1.2. SGF solution was prepared with 0.2 % (w/v) sodium chloride and
0.7 % (v/v) hydrochloric acid, without pepsin to avoid insulin degradation, during the release
studies. After 2 h, the solution was centrifuged (EBA 21, Andreas Hettich GmBH & Co, Tut-
tlingen, Germany) at 6 000 g for 15 min, the pellet was resuspended and dispersed into 4 mL
of FaSSIF (pH 6.8) for the following 24 h. The studies were conducted taking 100 pL at deter-
mined time-points, being the solution replaced at the same volume in order to keep the vol-
ume constant. Then, the samples were centrifuged (Micro Centrifuge, Model 5415D, Eppendorf,
Hamburg, Germany) at 16100g for 5 min. The insulin, released from the nanoparticles, was
determined using the HPLC method, as described above. All the experiments were performed

at least in triplicate.
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3.1.3.8 Cell lines and cell culture conditions

HT29-MTX (passage #30) and Caco-2 (passages #35-40) were separately cultured in a 75 cm?
culture flask in DMEM containing 10 % of fetal bovine serum, 1 % (v/v) of L-glutamine, penicil-
lin, streptomycin and 1 % (v/v) of NEAA. For further cell growth, the conditions were maintained
at 37 °Cin 5 % of CO, and relative humidity of 95 %. The cell culture medium was changed
every other day. Sub-culturing was performed using trypsin-PBS-EDTA when confluency
reached 80 %.

3.1.3.9 /n vitro cytotoxic studies:

The cell viability studies were carried out using CellTiter-Glo® assay reagent diluted with
HBSS-HEPES buffer (pH 7.4), in a ratio of 1:1 (v/v)). Briefly, 5 x 10* cells of Caco-2 and HT29-
MTX cell lines were individually seeded in 96-well plates (Corning Inc., USA), and left to attach
for 24 h. Afterwards, the medium was discarded, and the cells were washed with HBSS-HEPES
buffer at pH 7.4. Then, 100 pL of microparticles with a concentration from 50 to 1000 ug/mL
were added to the cells. The cells were incubated at 6 h or 24 h, under 37 °C. After the incuba-
tion time, cells were washed twice with fresh HBSS—HEPES (pH 7.4), and 100 pL of CellTiter-
Glo® was added. The plates were lightly shaken for for 2 min. HBSS—HEPES and 1 % (v/v)
Triton® X-100 solutions were used as positive and negative controls, respectively. The lumi-
nescence values were measured using a Varioskan Flash Multimode Reader (Thermo Fisher

Scientific, Waltham, MA, USA). All the experiments were performed at least in triplicate.

3.1.3.10 Drug permeability across Caco-2/HT29-MTX cell monolayer

The insulin permeability across the Caco-2/HT29-MTX cell monolayer was evaluated as previ-
ously described [223,230]. Briefly, Caco-2 and HT29-MTX cells were seeded on 12-Transwell™
filter membranes (3 uym pore-size; Corning Inc., USA) inserts in a ratio of 9:1 (v/v), respectively,
at a seeding density of 5 x 10* cells per cm? For 21 days, the medium was replaced every other
day until the complete monolayer formation. At the 21* day, the transepithelial electrical re-
sistance (TEER) was measured using a Millicell® ERS-2 volt-ohm-meter with STX01 electrodes
(Millipore, Burlington MA, USA).

The insulin permeability across the cell monolayer from the apical (donor) to basolateral (re-
ceiving) compartment was evaluated as follows. Briefly, 2.0 mg of Ins@MPs (equivalent to 15.6
pg/mL of insulin) and the equivalent concentration of free insulin (as control), were added on

the apical part with FaSSIF (0.5 mL) at pH 6.8. HBSS-HEPES (1.5 mL) at pH 7.4 was added to the
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basolateral compartment in order to simulate the physiological condition. The experiment was
evaluated, in triplicate, at 37 °C and shaking at 100 rpm [232]. At different time-points, 200 uL
of the basolateral compartment were withdrawn and replaced with the same volume of pre-
warmed HBSS-HEPES (pH 7.4). The permeated insulin was then quantified by HPLC, as de-

scribed above, and the apparent permeability P.,, was calculated according to Eq. 3:

_ aQ _ 1
Papp (cms™h) = o Xt 3)

Where i—f is the steady-state flux (ug s™), C, is the initial drug concentration on the apical com-

partment (ug/mL) and A is the surface area of the membrane (cm?). The TEER values were

measured in all time-points. All the experiments were performed at least in triplicate.

3.1.3.11 Cell-nanoparticle interaction studies

The interaction studies between cells and liposomes, as well as liposomes-coated chitosan were
evaluated. Briefly, a hydrophobic dye, DiA, was entrapped by microfluidics into the liposomal
bilayer (DiALip), in @ mass ratio 100:1 (Lip:DiA), as described above. Then, the liposomes were
physically coated by CHT (DiALip-CHT). The morphological properties of DiALip and DiALip-
CHT were evaluated in order to keep the same properties that the Ins_Lip and Ins_Lip-CHT,
respectively. Afterwards, the interactions between the Caco-2 and HT29-MTX cell lines and
DiA-loaded NPs, were quantitatively and qualitatively evaluated by flow cytometry and confo-
cal microscopy, respectively.

For evaluation by flow cytometry, 0.4 mL of the cells were seeded in 24-well plates at a density
of 1 x 10°cells per well and left to attach overnight. Then, the cell culture medium was removed,
and the cells were washed once with PBS buffer (pH 7.4). Afterwards, 0.3 mL of 500 pg/mL of
DiALip and DiALip-CHT suspensions were incubated with the cells for 6 h at 37 °C. After re-
moving the nanoparticles and washing the cells with PBS buffer in order to remove the non-
adherent nanoparticles, the cells were detached with Gibco™ Versene Solution for 5 min (0.48
mM). The cells were then washed once with PBS buffer and suspended with PBS-EDTA (pH 7.4)
for flow cytometer analysis. Then, the cells were incubated with trypan blue (0.005 %, v/v) dur-
ing 4 min, washed twice with PBS-EDTA (pH 7.4), and suspended with PBS-EDTA. Flow cytom-

etry was performed with the LSR Il flow cytometer (BD Biosciences, San Jose, CA, USA), using a
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laser excitation wavelength of 488 nm and a FACS Diva software. After collecting 2 x 10* events,
the data was analyzed using FlowJo VX software (Tree Star, Ashland, OR, USA).

Regarding the confocal microscopy, 200 uL of 5 x 10* cells per well were seeded in Lab-Tek 8-
chamber slides (Thermo Fisher Scientific, USA) and left to attach overnight. After removing the
cell culture medium, 200 pL of 500 pg/mL Ins_Lip and Ins_Lip-CHT suspensions in PBS buffer
(pH 7.4) were added to the cells and incubated for 6 h at 37 °C. The cells were then washed
twice with PBS buffer (pH 7.4). The plasma membrane was stained by adding 200 pL of Cell-
Mask Red (5 pg/mL) and incubated for 3 min at 37 °C. To remove the excess of staining solu-
tion, it was washed once with fresh PBS buffer. Afterwards, the cells were fixed using 4% para-
formaldehyde (PFA), for 10 min at room temperature. Finally, the nuclei staining was done by
adding 200 pL of DAPI-405 (2.8 pug/mL) and incubated for 5 min at 37 °C. The localization of
nanoparticles was observed with a Leica SP5 inverted confocal microscope (Leica Microsys-
tems, Germany), using a 63x/1.2-0.6 oil immersion objective. All the experiments were per-

formed in triplicate.

3.1.3.12 Insulin structure stability

The structure stability of insulin, after permeability across the monolayer, was studied by J-815
(Jasco Co Ltd, Hachioji, Japan) far UV circular dichroism spectroscopy. For each experiment,
quartz cuvettes with 10 mm were used. Each spectrum was recorded from 400 to 190 nm, with
a data pitch of 1 nm and using a scanning speed of 100 nm min™" at 20 °C. All the records were

performed in triplicate.

3.1.3.13 Statistical analysis

All results are expressed as mean + standard deviation (S.D.). To analyze the data, analysis of
variance (ANOVA) followed by Bonferroni post test (GraphPadPrism, GraphPad software Inc.,
CA, USA) was used. The level of significance was set at the probabilities of *p< 0.05, **p< 0.01
and ***p< 0.001.

3.1.4 Results and Discussion

3.14.1 Influence of microfluidics parameters on liposomes morphology

Firstly, the microfluidic parameters such as flow rate ratio (FRR), initial lipid concentration and

total flow rate, were optimized to prepare liposomes with a size between 100 and 150 nm and
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an acceptable narrow Pdl (< 0.2). To assess the influence of the FRR (the ratio between the
aqueous and the organic phases) on the size and Pdl of the liposomes, the microfluidic param-
eters outer flow rate and initial lipid concentration were kept constant (outer flow rate = 20
mL/h and initial lipid concentration = 43.2 ymol/mL). The FRR was varied between 1 and 10
(Figure 3.2A). As expected, increasing the FRR reduces the size of the liposomes [177,265]. This
phenomenon can be related with the non-equilibrium kinetic model described by Zook and
Vreeland [265]. This kinetic model applied to liposomes suggests that the size of the liposomes
is closely related with the growth rate of the lipid planar discs (bilayered phospholipid frag-
ments (BPFs)), and with the closing rate of the discs into spherical vesicles. In this way, the
model predicts that at higher FRRs, the alcohol concentration decreases faster and the lipid
disc growth rate decreases. In addition, since BPFs grow with less stabilization, the lipid discs
close faster, producing smaller liposomes. In contrast, at lower FRRs, the BPFs take more time
to grow, and due to the stabilization from the alcohol stream, they take more time to close,
making the liposomes larger [247,265]. The optimization was pursued towards the study of the
effect of the total flow rate (TFR) on the morphological properties of the liposome. The TFR
was varying between 10 to 100 mL/h, while the FRR was kept at 1 and the initial lipid concen-
tration at 43.2 ymol/mL. The Figure 3.2B shows that the TFR has no significant effect (p>0.05)
on the size of the liposomes, which is in accordance with previous studies [266,267]. This rep-
resents an advantage of the scalable microfluidics increasing the throughput does not affect
significantly the liposomes size. Likewise, it does not affect the Pdl, which remained below 0.2.
Thus, since the desired size and acceptable Pdl were obtained with a total flow rate of 20 mL/h,
the studies were pursued with a lipid concentration of 43.2 ymol/mL and a total flow rate of
20 mL/h. As the lipid concentration plays an important role on the morphology of the lipo-
somes, the initial lipid concentration was varied from 20.8 to 54.0 umol/mL (the total flow rate
was kept at 20 mL/h and the FRR was kept at 1). The Figure 3.2C shows an increase of the size
of the liposomes with the increase of lipid concentration. Upon contact with the aqueous so-
lution, the alcohol, in which the lipids were initially solubilized, diffuses into the water leading
to a lipid supersaturation [265]. Similar to the FRR, the intermediate lipid discs, described as
BPFs, are formed in the ethanol/water interface and are thermodynamically less stable. When
the BPFs grow, they tend to fuse and enclose into a vesicle [268] thus, higher lipid concentration
can produce more BPFs, enabling the generation of larger vesicles. An initial lipid concentration

of 43.2 umol/mL was selected to pursue the experiments.
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Figure 3.2- Size (bar) and PdI (red squared dots) of liposomes on the optimization of the microfluidics parameters
for liposomes production: A) flow rate ratio, keeping constant the total flow rate of 20 mL/h and initial lipid concen-
tration = 43.2 ymol/mL; B) total flow rate (mL/h), keeping fixed the FRR of 1 and initial lipid concentration = 43.2
pmol/mL and C) initial lipid concentration (umol/mL), keeping fixed the FRR of 1 and total flow rate of 20 mL/h. The

orange line represents the maximum Pdl value acceptable for liposomes (0.2).

Cryo-TEM was performed in order to confirm the morphology/structure of the Ins_Lip nano-

particles. For the optimized parameters, the cryo-TEM images show a thin single-wall structure

enclosing a vesicle, confirming that the structure of the nanoparticles corresponds to that of

liposomes, with a mean size of 110 + 20 nm, similarly to the values obtained by DLS (Figure

3.3). In addition, using the Gatan Microscopy Suite software, it was possible to measure the

thickness of the bilayer of the liposomes, which was around 6 £+ 1 nm.
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Figure 3.3- Cryo-TEM images of liposomes, using the optimized microfluidic
parameters described above.

The encapsulation of insulin in liposomes was then carried out with the previous optimized
parameters. Recombinant human insulin (Ins) was first dissolved in a citrate solution, at pH 2.0,
at a concentration of 100 ug/mL (outer phase), whereas lipids E-PC, DSPE-PEG2000 and Chol
were dissolved in ethanol at a concentration of 43.2 umol/mL (inner phase). Through a nano-
precipitation phenomenon [255], lipids upon contact with the citrate solution, self-assembled,
forming protein-loaded PEGylated liposomes (Ins_Lip). After being collected from the glass
capillary, Ins_Lip were characterized in terms of hydrodynamic size, Pdl, and encapsulation ef-
ficiency (££) Ins_Lip were obtained with an average size of 144 + 23 nm, a mean Pdl of 0.130 +
0.003 and ££of 91 + 4 % (Table 3.1).

Considering that this process is continuous, the ££was calculated from the total concentration
of insulin in the liposomes and the insulin present in the supernatant after liposomes washing.
During the assays, no precipitated insulin was observed. To the best of our knowledge, the ££
obtained represents an improvement compared to previous studies, involving liposomes with
same morphological properties (Niu et a/ presented an insulin-loaded liposomes with a size
of 150 nm and an ££ of 30 % [235,241], whereas Muramatsu et a/. reported liposomes with size
between 106-108 nm with an ££ of 21.5 % [269]).

The physical coating of chitosan on the Ins_Lip (Ins_Lip-CHT) was achieved by adding the
Ins_Lip suspension in dropwise to the chitosan solution (10 mg/mLin 1 % of acetic acid solution
(v/v), pH 5.5), at the same volume ratio and kept under stirring for 6 h. Then, the dispersion
containing chitosan-coated liposomes (Ins_Lip-CHT) was centrifuged and washed twice. The
coating was observed by the change in the Ins_Lip-CHT average size and Pdl, up to a mean
size of 363 + 54 nm and a Pdl of 0.315 + 0.057. In addition, the increase of the zeta-potential
from a value near to zero (-0.5 £ 0.1 mV) to positive (+23 £ 1 mV) suggests the successful

chitosan coating of the liposomal surface. Since the zeta-potential of Ins_Lip was near zero
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value, it is expectable that the interaction between the liposomes and chitosan might be oc-

curred by van der Waals and hydrogen bonding forces [270].

Table 3.1- Physicochemical characterization of insulin-loaded nanoparticles and Ins_Lip-CHT.

Size Pl {-potential EE

[nm] [mV] [9%]
Ins_Lip 144 + 36 0.130+0.003 - 0.5 0.1 91+4
Ins_Lip-CHT 363 + 54 0.315 +£0.057 +23+1 -

The results are expressed as mean + S.D (n = 3)
Pdl: Polydispersity index

3.1.4.2 Characterization of insulin-loaded microparticles

Nano-in-microparticles are mostly used for their ability to effectively deliver higher local doses
in a specific tissue [271]. In this way, through a double emulsion microfluidics method, the
nanoparticles were encapsulated in the FDA approved excipient for oral administration, hy-
droxypropyl methylcellulose acetate succinate (HPMCAS-MF; M grade fine powders; abbrevi-
ated as MF), to protect the liposomes against the harsh stomach acidic conditions (Ins@MPs).
MEF is a synthetic enteric polymer with an average molecular weight around 17000 Da and a
polydispersity approximately 1.3 [272] and, since it presents a pKa ~5, this polymer is widely
used for oral drug delivery applications [273]. The encapsulation of the Ins_Lip-CHT in the MF
matrix resulted in a batch of 15 mL of insulin-loaded nano-in-microparticles (Ins@MPs) with a
size of 19 £ 1 uym. The ATR-FTIR spectra (Figure 3.4) of Ins@MPs shows a band at 1710 cm-1,
which corresponds to the C=0 stretching of carboxylic group from MF, as well as the band at
2900 cm-1, which belongs to the C-H stretching of the alkyl group. Nevertheless, the broad
band at 3388 cm-1 and the band at 1630 cm-1 corresponding to the N-H stretching of the
amine and C=0 stretching of the amides groups, respectively, suggesting the presence of chi-
tosan [274,275]. Apart from these bands, the spectrum of Ins@MPs is very similar to the MF
spectra, suggesting an efficient encapsulation of Ins_Lip-CHT by MF. The microparticles were

characterized in terms of loading degree, which was 0.39 + 0.02 %.
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Figure 3.4 - ATR-FTIR spectra of MF and insulin-loaded nano-in-
microparticles (Ins@MPs). Black arrows: bands from chitosan chemical

groups; Orange arrows: bands from MF chemical groups.

3.1.43 Invitro drug release studies of Ins@MPs

To mimic the gastric conditions, the Ins@MPs were dispersed for 2 h in simulated gastric fluid
(SGF) at pH 1.2. Afterwards, the microparticles were dispersed in fasted state simulated intes-
tinal fluid (FaSSIF) at pH 6.8, to test their behavior after the transition from the stomach to the
small intestine conditions. Regarding to the pH-responsiveness of MF-based microparticles,
TEM imaging and the size measurement over the time have shown that MF microparticles keep
intact at pH 1.2, but upon pH increase to 6.8, the enteric polymer starts to dissolve, releasing
the CHT-based NPs, and after 2 h, the polymer is completely dissolved [263,275,276]. With
respect to the pH of the small intestine on the fed or fasted state, McConner et al. reported
that the fed state of the animal (rats or mice) had no significant effect on the pH [277]. Thus, it
is hypothesized the insulin release might not be affected by food intake, although this needs
to be still confirmed in the future for our particular system. The pH-responsiveness of MF was
observed in the release studies. The Figure 3.5 shows that there was no release in SGF during
the first 2 h, due to the successful encapsulation in the enteric polymer (MF) that is not soluble
at pH below 6.0 [278]. However, MF dissolved when the pH was changed to 6.8, exposing
Ins_Lip-CHT to the solution and a burst release of 7.5 % of insulin was observed in the first
minutes, whereas after 24 h an insulin release up to 25 % was achieved. These results corrob-
orate that, in this work, MF plays a relevant role in the nanoparticles protection, since previous
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works have demonstrated that in the absence of MF, at pH 1.2, insulin would be released from

CHT-based nanoparticles [275,276)].
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Figure 3.5- Insulin release profile from insulin-loaded nano-in-microparticles
(Ins@MPs), in the first 2 h in SGF (pH 1.2) and then in FaSSIF (pH 6.8) for 24 h at 37 °C.
The transition from SGF to FaSSIF is represented by the orange line.

The results are expressed as mean + S.D. (n = 3).

3.1.44 In vitro cytotoxic studies of INs@MPs

Next, cell viability assays were carried out to evaluate the toxicity of the nano-in-microparticles
with and without insulin. The intestinal cell lines, Caco-2 and HT29-MTX, were used in this
study. Human colon carcinoma Caco-2 cells have been used over the years as a model of in-
testinal barrier. Upon differentiation, Caco-2 cells express similar characteristics to the small
enterocytes [279]. The HT29 cells (colon adenocarcinoma) are frequently used as a model of
epithelial cells of the intestinal mucosa. When they are treated with methotrexate (MTX), they
become resistant to cytostatic drug and an adhesive mucus layer is formed on the apical side
of a monolayer cell culture [280]. The /n vitro cytotoxicity assay was conducted by exposing
both cell lines to the nano-in-microparticles with and without insulin for 6 and 24 h, in concen-
trations ranging from 50 pg/mL to 1000 pg/mL of microparticles (corresponding to 0.195
pg/mL to 0.390 pg/mL of insulin, respectively) (Figure 3.6). After the first 6 h, for the Caco-2
cells, the nano-in-microparticles without insulin did not show signs of cytotoxicity, with a cell
viability above 80%, for all concentrations tested. For Ins@MPs, a cell viability decrease was
observed for the higher concentration used (1000 pg/mL), however, it was not statistically sig-
nificant (p<0.05). Furthermore, after 24 h, a slight decrease in the viability of Caco-2 cells (13%
87



for Ins@MPs and 12% for the nano-in-microparticles) was observed at a concentration of 1000
pg/mL. Since at pH 6.8, the cells were exposed to the chitosan from Ins_Lip-CHT, this decrease
in their viability can be related with the Caco-2 cytotoxicity dependence to the chitosan con-
centration, as reported in previous studies [281,282]. Regarding to the HT29-MTX cell line,
when the nano-in-microparticles were in contact with cells, even at higher concentrations, their
viability remained higher than 80 %, for both time points tested. This low cytotoxicity is in
accordance with other studies reported in the literature and can be explained by the presence

of mucus on the HT29-MTX surface, which acts as a barrier [223].
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Figure 3.6- Caco-2 and HT29-MTX cells lines viability when exposed to different concentra-
tions of nano-in-microparticles with and without insulin, after 6 h and 24 h of incubation at 37
°C. All the data were compared to the negative control (HBSS—-HEPES buffer, pH 7.4). The level

of significance was set at the probabilities of *p< 0.05 and **p< 0.01.
The results are expressed as mean = S.D. (n = 3).
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3.1.4.5 Drug permeability across the Caco-2/HT29-MTX cell monolayer

Once verified the cells viability, the insulin permeability across a monolayer was evaluated. To
reach the bloodstream, which is mandatory for a successful insulin drug delivery, insulin must
cross from the apical to the basolateral side of the intestinal epithelium. To closely mimic the
in vivo physiological intestinal environment, Caco-2 and HT29-MTX were co-cultured for 21
days to form a monolayer [223]. The Ins@MPs were incubated with the cells for 3 h at pH 6.8
(apical compartment), whereas the pH in the basolateral compartment was kept at pH 7.4. The
experiment was carried out using free insulin as a control. The permeated insulin dissolved in
the basolateral compartment was quantified by HPLC. As observed in the Figure 3.7.A, a higher
permeation was observed for the Ins@MPs than for free insulin (Papp of 2.27x10™ ¢cm s and
1.19x107 cm s™, respectively). Since the pH in the apical compartment was 6.8, the existing
enteric polymer (MF) was dissolved, exposing the chitosan-coated liposomes. These results are
in accordance with the release studies, where insulin release occurred only at pH 6.8. At each
time-point, transepithelial electrical resistance (TEER) was measured (Figure A1, Appendix A)
to monitor the ion conductance across the monolayers. This phenomenon is characterized by
the opening of the monolayer tight junctions. Once opened, the ion transport across the para-
cellular route [283,284] will be faster. In this nanosystem, TEER values tend to decrease faster
for the Ins@MPs than for free insulin, as expectable. Some studies have reported that chitosan
tends to bind with integrins from the membrane of intestinal epithelial cells activating a signal
pathway that involves protein kinases, such as focal adhesion kinase (FAK) and Src tyrosine
kinase [285]. In turn, these kinases induce degradation and translocation of the tight junctions
proteins, such as cytoplasmic proteins, occludin and claudin (e.g, CLDN4) [286,287]. This acti-
vation mechanism promotes the reversible opening of the tight junctions, enhancing the per-
meability of the molecules through a paracellular pathway [288]. In contrast, the decrease of
the TEER values observed for free insulin, after 120 min, was not expectable, since in the drug
permeability assays, no insulin was observed in the basolateral compartment. During the insu-
lin permeation, it was important to evaluate whether its activity remains the same. Thus, far UV
region circular dichroism, a tool widely used to identify the structural secondary elements of
peptides [289], was performed in order to identify the a-helix and B-sheet structures of the
permeated insulin and to compare them with the native form of insulin (Figure A2, Appendix
A). As described elsewhere, the insulin’s a-helix conformation is characterized by a valley at

208 nm and a shoulder at 223 nm [241,290]. These properties can be also clearly observed in
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the permeated free insulin and insulin released from liposomes (Figure 3.7.B). In addition, when
two insulin monomers associate themselves, antiparallel B-structure are created. This phenom-
enon can be observed through the ratio of 8208nm/8223nm [241]. The insulin dissolved in saline
citric solution, at pH 2, (free insulin) presents a ratio of 0.949, whereas the insulin from Ins@MPs
presents a ratio of 1.035, which is close to the value of native insulin (1.088). Therefore, regard-
ing these observations, it is possible to conclude that the insulin’s structure remained preserved
after being loaded into the liposomes and permeated through the Caco-2/HT29-MTX mono-

layers.

3.1.4.6 Cell-nanoparticle interaction studies
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Figure 3.7- A) Insulin permeation profile across Caco-2 and HT29-MTX co-cultured (ratio of 9:1) cell monolayers.
The Ins@MPs were incubated with FaSSIF (pH 6.8) in the apical compartment and HBSS—HEPES (pH 7.4) in the ba-
solateral compartment. All the experiments were carried out for 3 h at 37 °C, using and orbital shaker at 100 rpm.

B) Circular Dichroism of permeated free insulin at 2.3x1072 ug/mL (solid black line) and insulin from Ins@MPs at

1.1 pg/mL (dash black line), in HBSS—HEPES (pH 7.4). The results are expressed as mean = S.D. (n = 3).

In order to evaluate the Ins@MPs interaction with both cell lines (Caco-2 and HT29-MTX), con-
focal fluorescence microscopy was used for qualitative analysis, in which a fluorescent mem-
brane dye, 4-(4-Dihexadecylaminostyryl)-N-methylpyridinium iodide (DiA), was used for imag-
ing purposes. In this way, the experiments were carried out with 500 pg/mL of DiA-loaded
liposomes (DiALip) and DiALip-loaded chitosan nanoparticles (DiALip-CHT) for 6 h. The nano-
particles coated with MF were not evaluated, since at this pH the polymer is completely dis-
solved, as shown in the release experiments. Figure 3.8.A shows the interaction of both nano-
particles with Caco-2 cells. It is possible to observe that DiALip were not internalized, only
interacting with the cell's surface. This observation is supported by the presence of the

poly(ethyleneglycol)zo00 (PEG2000) in the liposomes. PEG, grafted onto the surface of the
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liposomes promotes an elevated liposomes blood circulation, by the decrease of macrophages
recognition and opsonization [291,292]. In addition, the slightly negative charge from DSPE-
PEG2000 can promote a steric barrier with the cells, and thus, DiALip take more time to be inter-
nalized [293]. In contrast, the liposomes coated with chitosan were easily internalized. Regard-
ing Figure 3.8.A, it is possible to observe a decrease of fluorescence intensity on Ins_Lip-CHT.
This phenomenon might be due to the chitosan-based nanoparticles internalization whereas
the DiALip were on the cell membrane. This phenomenon was also observed in the quantitative
flow cytometry study, indicating the chitosan capability to enhance the cellular uptake. A dif-
ference of more than 10 % of the DiALip-CHT association with the cells show the higher inter-
actions of this system, comparing with DiA-loaded liposomes (Figure 3.8.B). Confocal images
of the HT29-MTX cells (Figure 3.8.C) did not show notable interactions between the cells and
the nanoparticles. However, this difference was detected in the flow cytometry quantitative
analysis (Figure 3.8.D). These different observations could be due to the confocal images show
part of the sample, whereas flow cytometry quantifies all the sample. In this way, regarding the
Figure3.8D, an uptake of over 40% of the chitosan-coated liposomes was observed, whereas
no uptake was detected for liposomes without chitosan. This phenomenon was also observed
in previous works [263,294] and it might be related to the chitosan mucoadhesion properties,
driven by the electrostatic interactions between the positive charge of the chitosan and the

negative charge of mucin [295].
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Figure 3.8- A) and C) 2D confocal fluorescence microscope images of the interactions of insulin-loaded lipo-
somes (DiALip) and insulin-loaded liposomes coated by chitosan (DiALip-CHT) at a concentration of 500 pg/mL,
with Caco-2 cells and HT29-MTX cells, respectively. Blue: Cell nucleus stained by DAPI (4',6'-diamino-2-fenil-in-
dol); red: cell membranes stained with Cell Mask Red; green: DiA (4-(4-Dihexadecylaminostyryl)-N-methylpyri-
dinium iodide)-encapsulated liposomes (scale bar: 50 um). B) and D) Flow cytometry quantitative analysis of the
interactions between the nanoparticles and the Caco-2 cells and HT29-MTX, respectively. The experiments were

carried out at 37 °C after 6 h incubation time. The level of significance was set at a probability of ***p< 0.001.

3.1.5 Conclusions

In this work, a multistage oral insulin delivery system using a two-step microfluidics process
was successfully designed and developed. Insulin was efficiently encapsulated (91 + 4 %), into
PEGylated liposomes using a microfluidics technique, overcoming the common liposome batch
production drawbacks, and obtaining a narrow size distribution. This allowed the successful
encapsulation of the nanoparticles in an enteric polymer, preventing their degradation upon
harsh gastric conditions. /n vitro release studies showed insulin release starting only at pH 6.8,
above the pKa of MF, demonstrating an efficient protection upon gastric acidic conditions. 2D

Confocal microscope images and flow cytometry analysis supported that the mucoadhesive
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properties of the nanoparticles were enhanced by the physical coating with chitosan on the
surface of the liposomes. In addition, insulin permeability and circular dichroism studies
showed a strong improvement on the insulin permeation across the intestinal epithelium with-
out compromising its activity, respectively. Moreover, the low cytotoxicity of the Ins@MPs in
the intestinal cells was observed. Overall, we obtained a pH-responsive mucoadhesive cell-
mimicked system for protein/peptides delivery that represents a promising strategy for a con-

tinuous, scalable, and high throughput method to produce oral targeted systems.

3.2 One-step microfluidics production of enzyme-loaded lipo-

somes for the treatment of inflammatory diseases

3.2.1 Abstract

The biopharmaceuticals market is constantly growing. Despite their advantages over the con-
ventional drugs, biopharmaceuticals have short biological half-lifes, which can be increased
using liposomes. However, the common bulk methods to produce biopharmaceuticals-loaded
liposomes result in loss of £, resulting in an expensive process. Herein, the encapsulation of a
therapeutic enzyme in liposomes is proposed, using a glass-capillary microfluidic technique.
Cu,Zn- Superoxide dismutase (SOD) is successfully encapsulated into liposomes (SOD_Lip).
SOD_Lip with a mean size of 135 + 41 nm, a polydispersity index of 0.13 + 0.01, an ££of 59 +
6 % and an enzyme activity of 82 + 3 % are obtained. /n vivo experiments show, through an
ear edema model, that SOD_Lip administered by the intravenous route enable an edema inhi-
bition of 65 % + 8 %, over the 20 % + 13 % of SOD in its free form. The histopathological
analyses show a higher inflammatory cell accumulation on the ear treated with SOD in its free
form, than treated with SOD_Lip. Overall, this work highlights the potential of microfluidics to
produce enzyme-loaded liposomes with high encapsulation efficiency, with the intrinsic ad-

vantages of the low time-consuming and easily upscaling microfluidic assembly method.

3.2.2 Introduction

Biopharmaceutical drugs, such as nucleic acids, monoclonal antibodies and therapeutic en-
zymes, are one of the fastest growing areas on the pharmaceutical industry [296]. Comparing

with the synthetic drugs, biopharmaceuticals exhibits higher activity, selectivity and lower side
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effects [297]. However, biopharmaceuticals can present low oral bioavailability , instability in
biological fluids and short biological half-times, leading to a deficient systemic delivery and
requiring high doses to obtain an efficient therapeutic effect [298,299]. Moreover, depending
on the route of administration, biopharmaceuticals can suffer degradation and low absorption
[300,301]. These issues can be easily overcome when a suitable drug delivery system (DDS) is
developed to a targeted and efficient transport of the biopharmaceuticals [302]. Liposomes,
introduced for the first time by Bangham and co-worker [171] at the beginning of the 1960s,
have been widely used on the pharmaceutical field [254,303,304]. Liposomes are able to carry
both hydrophobic and hydrophilic active compounds in the lipidic bilayer and into the inner
aqueous core, respectively, enhancing the blood residence time and the targeted delivery of
the drugs [236-238]. For this reason, the application of liposomes as a versatile drug delivery
system has increased over the last decades. For example, the encapsulation of biopharmaceu-
ticals in liposomes leads to a modification in their pharmacokinetics and pharmacodynamics,
improving their therapeutic activity [304]. Mokhtarieh et a/ have reported that the encapsula-
tion of siRNA in liposomes prevented it from the RNase degradation and elimination [305].
Another example is related with the Cu,Zn-Superoxide dismutase (SOD). SOD is an enzyme
with a molecular weight of 32.5 kDa that catalyzes the dismutation of anion superoxide radical
in molecular oxygen and hydrogen peroxide. This enzyme is widely used on the treatment of
reactive oxygen species (ROS)-mediated diseases, such as rheumatoid arthritis [9,12], inflam-
mation [306,307] and ischemia-reperfusion injury [306,307]. However, the administration of
SOD without a drug delivery system presents some disadvantages, such as the short half-life
in the bloodstream (~6 min in rats and 25 min in humans) [308,309], low accumulation in af-
fected areas and rapid renal filtration [9]. Previous studies have reported the importance of the
use of PEGylated liposomes as a carrier for SOD on the improvement of the enzyme biodistri-
bution and its therapeutic effect in inflammatory processes, increasing its half-life up to 20 h
[11,12,172]. In addition, the presence of PEG on the surface of the liposomes plays an important
role on the administration of SOD-loaded liposomes, since it avoids the liposomes opsoniza-
tion by the mononuclear phagocyte system (MPS) [310,311]. For this reason, the application of
liposomes in the delivery of biopharmaceuticals has aroused a particular interest. The common
bulk techniques for the production of liposomes rely on the thin-film hydration [172,246], re-
verse phase evaporation [173,174] and ethanol injection [175]. Apart from the fact that post-

processing steps, such as high pressure extrusion [247], are required to obtain a better control
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of size and polydispersity index (Pdl), these techniques also involve the use of organic solvents
often resulting in an enzyme inactivation during the process [312].

Moreover, the saturation curve of the enzyme concentration in the inner aqueous space and
the technical compromise between the efficient encapsulation and the small size of the lipo-
somes [172], make reaching a stable and ££ of macromolecules in liposomes challenging [313].
Previous works have demonstrated that bulk methods result in enzyme-loaded liposomes with
low EE for small liposomes due to the sizing of the liposomes by extrusion, but with an efficient
therapeutic effect. These works also related the effect of the sizing on the ££ where it is noto-
rious that the lesser the need of sizing (less extrusion processes) of the liposomes, the higher
the ££ of SOD. For example, Corvo et a/ obtained an ££of 8-21 %, 27 + 3% and 20 % for SOD-
loaded liposomes with 110 + 10 nm [172], 230 + 90 nm [12] and 200 + 20 nm, respectively.
York-Duran et al. obtained an ££ of 3.0 + 0.8 % for catalase-loaded liposomes size between
110 and 120 nm [314]. Moreover, Morozova et al. reported an £F about 25 % for enzyme-
loaded liposomes with 218 + 6 nm [315].

Microfluidics is an emerging technology, which enables the manipulation of fluids (in nanoliters
scale) in micrometer channels [316]. Over the last years, this technique has gained a special
attention on the biomedical field, since it can be widely used for the production of polymeric
nano/micro-particles, due to the advantages of being a continuous process when compared
to the current bulk methods [317]. High batch-to-batch reproducibility, higher process control,
easy scalability and no requirement of post-processing steps are some of the advantages that
microfluidics can offer [256,318]. The application of the microfluidics for the liposomes pro-
duction, specifically glass-capillary microfluidic devices, has been reported [176,266,267].
Through a nanoprecipitation method [177,255] it is possible to produce liposomes in a single
step process [319,320].

In this work, we propose the production of enzyme-loaded liposomes (SOD_Lip) with similar
physico-chemical properties of the commonly produced ones by bulk methods, but with higher
efficiency encapsulation and process yield, using a glass-capillary microfluidic device (Figure
3.9). We aimed to obtain a continuous and simple one-step method that offers a scalable,
reproducible, time and cost efficient and a high throughput production of SOD-loaded

PEGylated liposomes for therapeutic purposes.
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Figure 3.9- Schematic representation of the microfluidic process on the encapsulation of SOD in
PEGylated liposomes (not to scale). Lipids and cholesterol were dissolved in ethanol (inner phase),
whereas SOD was dissolved in a saline citric buffer at pH 6 (outer phase). Through the nanoprecipita-
tion technique, the lipids self-assembled, enclosing the enzyme in the aqueous inner phase (SOD-Lip).
SOD-Lip were then collected by the collecting capillary.

3.2.3 Experimental procedure

3.2.3.1 Materials

Egg-phosphatidylcholine (E-PC) and distearoylphosphatidylethanolamine-poly(ethylenegly-
col)2000 (DSPE-PEG2000) were obtained from Lipoid (Germany). Cholesterol (Chol), bovine eryth-
rocytes Cu, Zn-superoxide dismutase, 300 kU (SOD), 2-(4-(2-hydroxyethyl) piperazin-1-yl)
ethanesulfonic acid (HEPES), citric acid, anthralin and sodium chloride were purchased from
Sigma-Aldrich (USA). Hank's balanced salt solution (HBSS) and phosphate buffer saline (PBS)
were purchased from Life Technologies (USA). Triton® X-100 was purchased from Merck Milli-
pore (Germany). Dulbecco’'s Modified Eagle’s medium (DMEM), L-glutamine, non-essential
amino acids, penicillin (100 IU/mL) and streptomycin (100 mg/mL), ethylenediamine tetraacetic
acid (EDTA) and trypsin—-EDTA were purchased from HyClone (USA). Human colon carcinoma
(Caco-2) and the human colorectal adenocarcinoma modified with methotrexate (HT29-MTX)
cells were purchased from ATCC (USA). CellTiter-Glo® assay reagent was purchased from

Promega Corporation (USA).

3.23.2 Preparation of liposomes and SOD-loaded liposomes (SOD_Lip)

The liposomes and SOD-loaded liposomes were prepared by the nanoprecipitation method,
[47] using a modified co-flow microfluidic glass-capillary device. Briefly, a borosilicate glass
capillary (inner capillary with a diameter of 100 um) was placed in front of another glass capil-

lary with an inner diameter of 120 um (collecting capillary), slightly deviated. Both were inserted
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into a glass capillary (outer capillary) with an inner diameter of 1000 um. Then, a mixture of E-
PC, DSPE-PEG2000 and Chol (molar ratio 1.85:0.15:1, respectively) was dissolved in ethanol, in a
total lipid concentration of 48.0 umol/mL and injected in the inner phase. Alike, a saline citric
acid buffer (145 mM of NaCl, 10 mM of Citric Acid, pH 6.0) without and with SOD, in a final
concentration of 75 pg/mL, was injected in the outer phase. Both streams were injected with
flow rates of 25 mL/h and a flow rate ratio (FRR) of 1. The SOD_Lip from the collecting capillary
and non-encapsulated enzyme was separated from the liposomes by ultracentrifugation twice
(Optima L-80, XP Ultracentrifuge, Beckman Coulter, CA, USA), at 135 000g at 4 °C for 2 h. Then,
the SOD_Lip pellet was re-suspended in a saline citric acid buffer solution at pH 6.0. The ex-

periment was performed in triplicate.

3.23.3 Characterization of liposomes and SOD_Lip

The liposomal formulations were characterized in terms of their morphology and phospholipid
concentration. SOD_Lips were also characterized in terms of protein concentration and enzyme
activity. Liposome size, determined as Z-average, the Pdl, as a measure of the particle size
distribution that can range from 0 (monodisperse) and 1.0 (polydisperse), and the surface
charge (zeta (¢)-potential), were determined using Zetasizer Nano ZS (Malvern Instruments Ltd.,
UK). The structure of the SOD_Lip was confirmed using cryo-transmission electron microscope
(Cryo-TEM, JEOL JEM-3200FSC, JEOL, Tokyo, Japan). Briefly, prior to use, vitrified specimens
were prepared using an automated FEI Vitrobot device, and Quantifoil 3.5/1 holey carbon cop-
per grids with a hole size of 3.5 um. Then, an aliquot of liposomal suspension was applied on
the grid and it was blotted twice for 5 sec and then vitrified in a 1:1 mixture of liquid ethane
and propane at —180 °C. The grids with the vitrified liposomes were kept in liquid nitrogen
temperature and then cryo-transfered to the microscope. Imaging was carried out using a field
emission cryo-TEM (JEOL JEM-3200FSC), operating at 200 kV. Images were taken in the bright
field mode and using zero loss energy filtering (omega type) with a slit width of 20 eV. Micro-
graphs were recorded using a Gatan Ultrascan 4000 CCD camera (Gatan Inc., Pleasanton, CA,
USA). The specimen temperature was maintained at —187 °C during the imaging. The images
were treated using Gatan Microscopy Suite Software (Gatan Inc).

The concentration of phospholipids was determined by the Rouser’'s method [321]. The enzyme
was quantified with a modified Lowry’s method [322], where liposomes were previously dis-
rupted with 2 % (v/v) Triton® X-100 and 20 % (v/v) of sodium dodecylsulphate (SDS) [323]. The

EF was calculated as follows (Eq. 1):
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The SOD enzymatic activity from SOD_Lip was evaluated using the SOD assay kit (19160-1KT-
F, Sigma-Aldrich), where liposomes were previously disrupted with 2 % (v/v) Triton® X-100 and
20 % (v/v) of SDS.

3.2.34 Cell lines and cell culture conditions

HT29-MTX (passage #32) and Caco-2 (passages #35-40) were separately cultured in a 75 cm?
culture flask in DMEM containing 10% of fetal bovine serum (FBS), 1 % (v/v) of L-glutamine,
1% (v/v) of penicillin and streptomycin and 1 % (v/v) of non-essential amino acids. The cells
were left to grow under 37°C, in 5 % of CO: and relative humidity of 95 %. The cell culture
medium was changed every other day. Sub-culturing was performed using trypsin-PBS-EDTA

when confluency reached 80 %.

3.2.3.5 /n vitro cytotoxic studies

The cell viability studies were carried out using CellTiter-Glo® assay reagent (previously diluted
with HBSS—HEPES buffer at pH 7.4, in a ratio of 1:1 (v/v)). Briefly, 5 x 10* cells of Caco-2 and
HT29-MTX cell lines were individually seeded in 96-well plates (Corning Inc., USA), and left to
attach for 24 h. Afterwards, the medium was discarded, and the cells were washed with
HBSS—-HEPES buffer at pH 7.4. Then, 100 pL of liposomes with a SOD concentration ranging
from 2.5 to 15 ug/mL were added to the cells. The cells were incubated at 6 h or 24 h, under
37 °C. After the incubation time, cells were washed twice with fresh HBSS—HEPES buffer, and
100 L of CellTiter-Glo® was added. The plates were lightly shaken for 2 min. HBSS—HEPES and
1% (v/v) Triton® X-100 solutions were used as positive and negative controls, respectively. The
luminescence values were measured using a Varioskan Flash Multimode Reader (Thermo Fisher

Scientific, USA). All the experiments were performed at least in triplicate.

3.2.3.6 Animal experiments

NMRI female mice (6 weeks of age) were purchased from Charles River (France). The animals

were used after one week for acclimatization on the laboratory environment (21 + 1 °C and 50
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+ 4 % of relative humidity; 12 h day/night cycle and water and food ad /ibitum). All animal
experiments were conducted according to the animal welfare organ of the Faculty of Pharmacy,
Universidade de Lisboa, approved by the competent national authority Direcdo Geral de Ali-
mentacado e Veterinaria (DGAV) and in accordance with the EU Directive (2010/63/UE) and Por-
tuguese laws (DL 113/2013, 2880/2015, 260/2016, and 1/2019).

3.2.3.7 Anthralin induced ear edema model

The anthralin induced ear edema model was performed according to Lange et al. [324], modi-
fied by Ascenso et al. [325]. When applied onto the ear skin, anthralin provokes an ear swelling,
induced by ROS in the skin. The animals were anesthetized, and the thickness of both ears was
measured using a Mitutoyo® dial gage. Six groups of animals (n = 5) were tested: (i) 7.3 ug of
SOD (180 L) of SOD_Lip were administered intravenously (i.v.); (ii) 7.3 pg of SOD (180 pL) of
SOD previously dissolved in citrate buffer (free SOD (i.v.)) were administered i.v.; (iii) 7.3 pg of
SOD (180 pL) of SOD_Lip were administered intraperitoneally (i.p.); (iv) 7.3 pg of SOD (180 pL)
of SOD previously dissolved in citrate buffer (free SOD (i.p.)), administrated by i.p.; (v) 10 pL of
0.1% betamethasone solution was applied on the right ear (positive control); and (vi) one group
of animals received no treatment. Treatments were administered 1 h before the challenge for
groups from (i) to (iv). Group (v) received the application 1 h after the challenge. The challenge,
10 L of anthralin (10 mM) suspended in a mixture of 70% ethanol and olive oil (4:1), was
topically applied on the pinna of both ears in all groups. Mice were kept in individual cages
and, 24 h after the challenge, the resulting edema was determined through the measurement
of the ears thickness (in triplicate). The percentage of the edema inhibition was determined by
the comparison between the thickness of non-treated ears (negative control) and ear thickness

of the treated animals.

3.2.3.8 Histopathological analysis

After the experiments, mice were euthanized with prior anesthesia with isoflurane and the ear
pinna were collected. Then, the ears were fixed in formalin and submitted to histopathological

analysis. Hematoxylin and eosin stain were used.

3.23.9 Statistical analysis

All results are expressed as mean * standard deviation (S.D.), except the animal experiments
which are expressed as mean + standard error of the mean (SEM). To analyze the data, analysis

of variance (ANOVA) followed by Bonferroni post-test (GraphPadPrism, GraphPad software
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Inc., CA, USA) was used. The level of significance was set at the probabilities of *p< 0.05, **p<
0.01 and ***p< 0.001.

3.2.4 Results and Discussion

3.24.1 Characterization of Liposomes and SOD_Lip

The encapsulation of SOD in liposomes was achieved through a nanoprecipitation method
[255]. In fact, into the glass-capillary microfluidic device, upon contact with the saline citrate
buffer, the polarity of the lipid-based ethanolic solution increased. Lipids self-assembled, en-
closing the buffered SOD (SOD_Lip). Previous works have demonstrated that, due to the phys-
icochemical properties of the SOD and liposomes, SOD is exclusively encapsulated in the inner
aqueous compartment [8,12,172]. In the case of empty liposomes (control), a buffered aqueous
core was enclosed in spherical vesicles [256,265]. The obtained SOD_Lips were characterized,
and the results are shown in Table 3.2. SOD_Lip presented an average size of 135 + 41 nm, and
a Pdl of 0.128 + 0.010, whereas liposomes without SOD presented an average size of 171 + 14
nm and a Pdl of 0.140 + 0.016. Even though it would be expected that SOD_Lip presented
higher diameter values, the difference between the size of SOD_Lip and empty liposomes is
within the variability with the variability among the batches. Both formulations presented a
near zero - potential value, as expected for PEG coated liposomes. The ££for SOD_Lip was 59
+ 6 % (Table 3.2). Previous works, using bulk methods for encapsulation of SOD in liposomes,
have reported different and lower ££. Corvo et al. reported an ££0of 21 + 2 % for SOD_Lip (lipid
concentration of 48 pymol/mL) with a mean size of 110 £ 10 nm [172], whereas Rengel et a/.
reported for a similar nanosytem an ££ of about 13% for a mean size of 90 £ 60 nm [326].
Simdes et al. also reported SOD_Lip with a mean size of 149 + 9 nm and an ££0of 34 + 2 %
[327] and, more recently, Marcelino et a/. obtained enzyme-loaded liposomes with an ££ of 9
+ 2 % for a mean size of 140 + 20 nm [328]. Previous works have also demonstrated that
neutral SOD_Lip formulations are stable over the time, at 4 °C [308,329-331].

An important consideration in this system is the retention of SOD enzymatic activity after the
microfluidic process. Although the mixing time is fast, in this method ethanol is used as solvent
in the inner phase, which might represent a threat for the enzyme activity. In this way, the SOD
activity was evaluated and an enzymatic activity of 82 + 3 % was observed (previous works
reported a activity between 90— 95 % for bulk methods [172,308,326]), attesting that the mi-

crofluidic technique does not compromise the activity of the enzyme [332]. As such, the
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production of SOD_Lip through the glass-capillary microfluidic process represents a notable
improvement on the encapsulation of the enzyme over the formulations (with similar physico-

chemical properties) produced by bulk process.

Table 3.2- Physicochemical characterization of Liposomes, ££and retained enzymatic activity of SOD_Lip.

Size bl {-potential  (Prot/Lip)s EE Ret. Act.

[nm] [mV] [Hg/pmol] [%] [%]*
SOD_Lip 135 + 41 0.13+£0.01 -06+02 092+0.10 50+6 82+3
Liposomes 171 £ 14 0.14 £ 0.02 04 +0.8 - - -

The results are expressed as mean + S.D (n = 3)

Pdl: Polydispersity index

(Prot/Lip)r. Final enzyme to lipid ratio considering the final lipid concentration value.
Ret. Act.: Retained enzymatic activity.*n= two independent batches.

To confirm the structure of the SOD_Lip, a Cryo-TEM analysis was performed (Figure 3.10). The
image shows a thin single-wall structure enclosing a vesicle with a mean size of 158 + 7 nm,

determined by Gatan Microscopy Suite software.

Figure 3.10- Cryo-TEM analysis of SOD-Lip (48.0 umol/mL) vitrified in

a 1:1 mixture of liquid ethane and propane at 180 °C.
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3.24.2 Invitro cytotoxic studies

Cytotoxicity tests were performed using the CellTiter-Glo luminescence assay. Briefly, the Caco-
2 and HT29-MTX cell lines (used in this work as a cellular model) were exposed to various
concentrations of enzyme-loaded liposomes and empty liposomes, ranging from an equivalent
concentration of the enzyme from 2.5 pg/mL to 15 pg/mL, for 6 h and 24 h. After 6 h, both cell
lines presented higher viability for SOD_Lip than for empty liposomes, 13 + 9 % and 14 + 4 %,
for Caco-2 and HT29-MTX cell lines, respectively (Figure 3.11). This was an expected result due
to the antioxidant capacity of SOD. Since cancer cells can produce higher levels of ROS, leading
to an oxidative stress, a consequent cell apoptosis might occur [333]. As such, upon action of
SOD, the amount of ROS decrease, resulting also in a reduction of the oxidative stress. There-
fore, it is expected an increase in the cell viability [334]. After 24 h, HT29-MTX cells presented
a slight decrease of the cell viability at higher concentration. This can be related with the tox-
icity of the liposomes at high concentrations, as also observed before by Adamczak et al. [335].
For a lower concentration of neutral liposomes, a decrease of ~25 % was observed. Since the
viability remained above 79 %, the liposomes are considered non-toxic, according to the guide-
lines from the regulatory authorities [336]. Moreover, SOD_Lip have already been used for
longer treatment periods and no toxicity was observed [328]. Therefore, next the /n vivo studies

were pursued.
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Figure 3.11- HT29-MTX and Caco-2 cells lines viability when exposed to different concentrations of
SOD-Lip and empty liposomes, after 6 h and 24 h of incubation at 37 °C. All the data were compared
to the negative control (HBSS-HEPES at pH 7.4). The level of significance was set at the probabilities

of *p< 0.05, **p< 0.01 and ***p< 0.001. The results are expressed as mean + S.D. (n = 3).

3.243 Invivoactivity

The animal experiments using the anthralin ear edema model were conducted for 24 h to eval-
uate the anti-inflammatory effect of SOD formulated in liposomes, based on its antioxidant
properties. Among the animal models available for the evaluation of anti-inflammatory agents,
the anthralin (1,8- dihydroxy-9-anthrone)-induced ear swelling is an important tool to evaluate
the relationship between anthralin-induced oxidative stress and ear swelling. The ear swelling
assay was performed according to the method described by Lange et a/. [324] also tested for
topical antioxidants application [325,337]. In fact, oxidative stress plays an important role in

chemically induced inflammation as occurring with anthralin contact with the skin, responsible
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for the generation of ROS within the skin. Betamethasone was reported to reduce mice ear
edema in this cutaneous inflammation model [325,337,338] and was used in this assay as a
positive control to validate the model. The experimental inflammation evoked by the applica-
tion of anthralin (epidermal hyperplasia and inflammatory cell infiltration) is remarkably re-
duced by betamethasone topical application. The work of Lange and co-workers presented
systemic antioxidant administration to provide an opportunity to treat the oxidative stress gen-
erated at the site of anthralin application that can change the expression of dermal chemokines
responsible for the recruitment of inflammatory cells [324]. In this work we have confirmed the
usefulness of systemic SOD to treat local inflammation. The well-known biological activity of
SOD has a bell-shape curve. It is known that doses ranging from 30 and 400 ug kg™ are in the
high activity profile [309]. Thus, we administered 180 uL (7.3 ug) of SOD_Lip and SOD dissolved
in the citrate buffer (free SOD), equivalent to a dose of 300 ug kg™ in each mouse. The i.v. and
i.p. administrations were performed 1 h before the application of the challenge, since the in-
flammation onset occurs 24 h after the challenge. Figure 3.12 shows the edema inhibition per-
centage for each group. As expectable, it is possible to observe that SOD_Lip presented a
higher edema inhibition (65 % + 8 %), compared to SOD in its free form (20 % + 13 %). This is
due to the liposome’s ability to improve the half-life of the enzyme, avoiding the fast SOD
clearance [12,308] and the presence of PEG that can also increase the liposomes circulation in
the bloodstream over 24 h, improving the therapeutic effect of SOD_Lip [172]. Moreover, the
improvement of the therapeutic effect of the SOD_Lip is also related with the enhanced per-
meability and retention effect. This effect allows the extravasation and the accumulation of the
PEGylated liposomes in the inflamed tissues, enabling a more efficient enzyme delivery
[339,340]. The administration of SOD_Lip by different routes of administration was also as-
sessed. Figure 3.12 shows a significant higher edema inhibition (*p<0.05) for SOD_Lip admin-
istered i.v. over the i.p. route. SOD_Lip (i.v.) showed an edema inhibition of 65 % + 8 %, whereas
SOD_Lip (i.p.) showed an edema inhibition of 33 % + 13 %. Such difference is related with the
different biodistribution of SOD_Lip, regarding the administration route. Previous studies have
demonstrated that nanoparticles administrated by i.p. tend to accumulate in the local tissues
in the abdominal cavity [341]. In addition, the peritoneal-blood barrier can limit the transport
of the liposomes from the peritoneal cavity into the bloodstream [342]. Allen et a/. also ob-
served an increase of the half-life of the liposomes administered by i.p. of 9 h, contrasting with
the half-life of 20.4 h from the liposomes administered by i.v. [343] As such, by i.v. administra-

tion, the distribution of the liposomes throughout the bloodstream is more effective than by
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i.p., supporting the observed values. Both /n vitro and /n vivo studies highlight the superiority

of the developed liposomal formulation over SOD in its free form.
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Figure 3.12- Effect of the treatment with i.v. administration of SOD-Lip (SOD-Liposomes (i.v.)), i.v. administration of SOD solution
(Free SOD (i.v.)), i.p. administration of SOD-Lip (SOD- Liposomes (i.p.)), i.p. administration of SOD solution (Free SOD (i.p.)), topi-
cal application of betamethasone (positive control), 24 h after mice ear challenge with 10 mM of anthralin, expressed as per-

centage of ear edema inhibition. Each result represents the mean and SEM (n = 5), *p<0.05 and ***p<0.001.

Histological analyses of the ears, collected after 24 h of challenge application, confirmed the
superior efficacy of the encapsulated SOD in inhibiting the edema formation, in comparison to
the SOD administered in the free form (Figure 3.13). The negative control (anthralin applied on
the ear, without treatment) showed mild acanthosis (increase of the cell layer), papillomatosis
(external overgrowth of epidermis with elongation of dermal papillae) and epidermal hyper-
keratosis (increase of the thickness of the cornified layer) (Figure 3.13.A). The free SOD (i.v.)
treated animals (Figure 3.13.B) also presented a mixed focal inflammation (acanthosis, papillo-
matosis and hyperkeratosis), although the papillomatosis was not so evident. In addition, an
epidermal reaction was also observed. Ears from animals treated with SOD_Lip (i.v.) (Figure
3.13.C) showed a focal ulceration of epidermis with underlying mixed inflammation. These ob-
servations are in accordance with the previous results from the percentage of the edema inhi-
bition. A higher inflammation was observed for those mice that were treated with SOD solution,
without liposomes. The images from SOD_Lip (i.p.) treated animals (Figure 3.13.D) showed only

a slight focal epidermal hyperkeratosis and no other significant changes. Regarding the free
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SOD (i.p.) treated mice (Figure 3.13.E) a mild epidermal hyperkeratosis was observed,
corrobarationg the need of liposomes as a drug delivery system that enhances the therapeutic
effect of the enzyme. Finally, as expected, the positive control (betamethasone) did not exhibit
cellular infiltration or edema (Figure 3.13.F). The measurement of the ear edema pointed to the
superiority of the i.v administration of SOD_Lip over the i.p. administration. However, the cel-
lular events assessed by histological analysis do not corroborate these findings. In any case,

the superiority of encapsulated SOD over free SOD to inhibit edema formation was confirmed.

Figure 3.13- Representative microphotographs of longitudinal sections (100x) of the mouse ear pinna from (A) neg-
ative control; (B) free SOD (i.v.); (C) SOD_Lip (i.v.); (D) SOD_Lip (i.p.); (E) free SOD (i.p.); and (F) positive control (beta-
methasone), af after 24 h of challenge application. The edema is highlighted by the orange arrows, whereas the

inflammatory cell infiltration is highlighted by the green arrows.

3.2.5 Conclusions

In this work, the microfluidic technique was used to encapsulate SOD in PEGylated liposomes
(SOD_Lip). In this manner, SOD was efficiently encapsulated (5916 %), showing higher ££than
SOD_Lip with similar physicochemical properties from conventional processes. Although the
process requires the use of an organic solvent, the SOD_Lip retains the enzymatic activity (82
+ 3 %). This work highlights the potential of the microfluidic technique to overcome the high
loss of enzyme associated to the common batch production of liposomal formulations, which
makes the process cheaper. The produced nanosystems also showed high cytocompatibility in
the cells tested. In vivo experiments to test the anti-inflammatory properties of SOD_Lip

showed the inhibition of 65 + 8 % for animals treated with SOD_Lip administered i.v. The
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histopathological studies also showed the effectiveness of the administration of the SOD_Lip,
compared to the SOD administered on its free form, because of the decreased infiltration of
inflammatory cells. Overall, microfluidics showed to be a suitable and efficient technique to
encapsulate SOD into liposomes, which represent a promising approach to encapsulate ther-

apeutic enzymes in liposomes anti-inflammatory applications /n vivo.
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4.1 Abstract

Liposomes are known to be one of the most promising drug delivery systems for carrying and
delivering biopharmaceuticals. Yet, both liposomes and biopharmaceuticals are susceptible to
destabilization during storage, and thus require cold supply and efficient distribution chains.
This drawback can be overcome, though, by converting liposomal suspension into solid form
dosage capable of administration via different routes, including the lungs. In this work, we
present a synergy between pharmaceutical and supercritical carbon dioxide technologies to
assist in liposome drying. Liposomes, encapsulating 5(6)- carboxyfluorescein (CF) as a marker
of the internal aqueous phase, were produced and then dried using supercritical CO; - assisted
spray-drying. CF-loaded liposomal dry powder formulations were thus obtained. After resus-
pension in water to remove the trehalose, the liposomes maintained their structure and the CF
encapsulation efficiency remained above 95 %. To optimize the process, a quality-by-design
approach using the design of experiments tool was used. Then, the powders were submitted
to storage stability assays at relative humidities of 4%, 50% and 78 % for 30 days. Results
showed that the dry powder formulations were able to maintain liposome stability at relative

humidities of 4 % and 50 % at 20 °C for 30 days.

4.1 Introduction

Liposomes are a well-known, non-toxic, biodegradable and biocompatible drug delivery sys-
tems (DDS) [17,171]. Due to their physical and chemical features, liposomes are able to carry
hydrophilic biopharmaceuticals in an inner aqueous medium [12]. Converting liposomal sus-
pensions into solid form dosages not only offers the additional advantage of potential bio-
pharmaceutical delivery to the lungs, but also enables the general access to the liposomal
formulations despite the geographical and social conditions. Due to the lungs’ physiognomy,
pulmonary Lip-DPFs delivery has benefits over the parenteral and intravenous routes, like the
direct targeting for local effect, which requires smaller doses, avoids the hepatic first-pass ef-
fect and is easily administered [344]. Different studies have described the use of scCO, to pro-
duce biopharmaceutical-loaded liposomes. Reverchon and co-workers [179,345] have re-
ported on their use of supercritical scCO; to produce liposomes (supercritical assisted liposome

formation — SuperLip) and successfully incorporated hydrophilic and hydrophobic compounds.
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J. Merlo-Mas et al. [346] have also reported the use of the depressurization of an expanded
liquid organic solution into aqueous solution (DELOS-susp) technique to encapsulate an en-
zyme into liposomes. More recently, Villanueva-Bermejo and Temelli [347] reported the en-
capsulation of Coenzyme Q1o in soy lecithin-based liposomes utilizing a single step scCO,
without organic solvents. Nevertheless, it is important to highlight that the loaded liposomes
are obtained in aqueous bulk [348] rather than in dried form.

Supercritical CO;-assisted spray-drying (SASD) is a one-step process that produces dry pow-
ders [82], as scCO; is solubilized into the liquid solution containing the drug and/or carrier
system. The resulting near-equilibrium mixture outflowing from the saturator/static mixer is
then atomized through a nozzle to the precipitation chamber at near atmospheric pressure
[94]. Compared to conventional methods, SASD offers numerous advantages, such as the op-
portunity to control both particle size and distribution [349], as well as to function at mild
temperatures. Moreover, it is scalable, and can be used for both water-soluble and non-water-
soluble compounds. For this reason, SASD is not only attractive for liposome drying, but it also
provides suitable powders for liposome inhalation [54,200]. During drying processes, carbohy-
drates are often used to prevent liposome fusion, aggregation or even drug leakage [23]. Lac-
tose is the only FDA-approved carbohydrate excipients for inhalation. Nonetheless, trehalose
has being highlighted as a great promise [25]. It is a non-reducing sugar that offers various
advantages over other carbohydrates, namely its low chemical reactivity, low hygroscopicity,
high glass transition temperature (7g) and lack of internal hydrogen bonds, all of which facilitate
liposome interaction through the formation of new hydrogen bonds [350]. Moreover, the ad-
dition of amino acids, such as a L-Leucine (Leu), may provide moisture protection [80].

SASD optimization can be complex, due to the high number of variables affecting final lipo-
some and powder properties including, temperature, pressure, CO, and liquid flow rates and
the casting solution composition [351]. The quality-by-design (QbD) approach using the de-
sign of experiments (DoE) tool, followed by statistical analyses, is fundamental to obtain an
efficient and low time- and cost-consuming optimization [25,82].

In this work, we first applied SASD to the liposomes. To monitor the process, a hydrophilic dye,
5(6)-carboxyfluorescein (CF), was encapsulated in PEGylated liposomes (CF_Lip), that were then
dried in the SASD (CF_Lip-DPFs). Next, the QbD approach used the DoE tool and then statistical
analyses were carried out. Finally, powder storage stability was assessed at different relative
humidities to evaluate moisture impact on the CF_Lip and CF_Lip-DPFs, first at one week and

then at a month. CF is a good model molecule for hydrophilic compounds, and it will enable
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process optimization. This optimization will also serve to keep the encapsulated hydrophilic
molecules (including biopharmaceuticals) in liposomal form during drying and storage. There-
fore, our aim was to design an innovative, robust, upscaling and time-efficient technique for
drying liposomes, keeping them stable during storage and overcoming the common draw-
backs of current drying and storage methods. Moreover, we expected to obtain a green and
patient-friendly DDS able to deliver biopharmaceuticals such as enzymes and siRNA to the

lungs.

4.2 Experimental procedure

4.2.1 Materials

Egg-phosphatidylcholine (E-PC) (> 99 %) and distearoylphosphatidylethanolamine-poly(eth-
yleneglycol)2o00 (DSPE-PEG2000) (> 99 %) were obtained from Lipoid (Germany). Cholesterol
(Chol) (> 99 %), 5-(6)-carboxyfluorescein (CF) (> 95 %), citric acid monohydrate (> 99 %) and
L-leucine (98 %) were purchased from Sigma-Aldrich (USA). Trehalose dehydrated (> 98 %)
were acquired from Tokyo Chemical Industry (China), chloroform (> 99 %) was purchased from
Carlo Erba (Spain) and ethanol absolute anhydrous (99.9 %) was sourced from Scharlau (Spain).
Air Liquide (Portugal) provided carbon dioxide (99.998 %). All components were used as re-

ceived without further purification.

4.2.2 CF_loaded liposomes preparation (CF_Lip)

The liposomes were prepared using film hydration followed by extrusion [172]. Briefly, EPC,
Chol and DSPE-PEGz000 (molar ratio of 1.85:1:0.15, respectively) were dissolved in chloroform in
a round bottom flask at a total lipid concentration of 32 yumol/mL. The mixture was then dried
using a rotary evaporator (Rotavapor RE-111- Buchi, Swiss) and formed a lipid film. Next, the
film was hydrated with a 10 mL of 5(6)-carboxyfluorescein, at a concentration of 0.05 mg/mL,
that had previously been dissolved in a buffer solution (10 mM citric acid in 280 mM trehalose,
at pH 6). It stood waiting for 1 hour (CF_Lip) at room temperature, occasionally shaken. After-
wards, a high-pressure extruder (Lipex TM Thermobarrel Extruder, Biomembranes Inc., Van-
couver, BC, Canada) with a Nucleopore® Track-Etched Membranes (Whatman®, USA) with
pore sizes of 600, 400 and 200 nm was applied. Finally, the suspension was extruded three

times across a membrane filter of 100 nm. Then an Optima TM XL-90 Ultracentrifuge (Beckman
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Coulter, USA) operated for two hours at 300,000 g and at 15 °C to remove the non-encapsu-
lated CF. The supernatant was then discarded and the pellets were resuspended at the desired
concentration in the same buffer solution (10 mM citric acid and 280 mM trehalose, at pH 6).
The so obtained formulations were sterilized by filtration through sterile filter with a pore size

of 0.2 um for SASD.

4.2.3 Dry powder liposomal formulations (Lip-DPFs)

In each assay, 4% (v/v) of the liposome suspensions were mixed with a solution at a total con-
centration of 300 mM of excipient. This solution was prepared with trehalose at varying ethanol
(EtOH) percentages—0 %, 15 % and 30 % (v/v), and the L-leucine (Leu) mass percentages of 0
%, 10 % and 20 % w/w of trehalose. The final solution containing the liposomes suspension
and all the excipients is referred as the casting solution from now on.

In each assay, the casting solution was fed into a laboratory scale SASD apparatus which was
previously described in detail elsewhere [25]. Firstly, the CO, was liquified at -20 °C (at 25
mL/min) by passing the feeding line of carbon dioxide in a cryogenic bath which was then
pumped using a high-pressure pump (HPLC pump K-501, Knauer). The high-pressure CO; is

then warmed using a heated bath (7co, = 80 °C) before being delivered to the static mixer.

Simultaneously, the casting solution, containing the CF-loaded liposomes and the excipients,
was put through a high-pressure pump (Smartline pump 1000, Knauer), at 3.5 mL/min, into a
heated static mixer, at 80 °C, (3/16 model 37-03-075 Chemieer) comprising a high-pressure
column of 4.8 mm diameter, 191 mm length and 27 helical mixing elements that promoted
CO; solubilization into the liquid solution, in order to obtain a near-equilibrium mixture (psm =
120 bar). The static mixer and the inlet streams were heated using tapes and a Shinko FCS-13A
temperature controller (x 0.2 °C resolution). Afterwards, the mixture was atomized into the
precipitator through a 150 um internal diameter nozzle where the solvent underwent acceler-
ated evaporation by heated compressed air flow (Fairin = 27 m?/h and Tairin= 100 °C). The par-
ticles were separated from the CO»-solvent flow in a high-efficiency cyclone and collected in a
glass vessel.

The process yield is defined as follows:
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amount of excipients after SASD (g)

%) = X 100 1
T’SASD ( 0) amount Of excipients before SASD (g) ( )

4.2.4 Liposome characterization

Before and after SASD, the liposomes were characterized according to their average
size and polydispersity index (Pdl), as well as phospholipid concentration and CF encapsulation
efficiency. A Zetasizer Nano S (Malvern Panalytical Ltd., Malvern, UK) determined the mean size
(Z-average), and the polydispersity index as a measure of the particle size distribution that
ranged from 0 (monodisperse) and 1.0 (polydisperse). The Rouser method [321] assessed the
phospholipid quantification. The CF encapsulation into the aqueous phase of the liposomes
was quantified using a fluorometer (F4010 Fluorescence Spectrophotometer, Hitachi, Japan).
The EX and EM band passes were 5nm, with a time average of 0 sec and a response of 2 sec.
To ensure that all the carboxyfluorescein had been released from the liposomes, the vesicles
were destroyed by adding 1 mL of EtOH to 20 pL of the liposomal solution. The samples were
vigorously agitated, and the liposomes were left to destroy. Posteriori, sample fluorescence
was measured at an excitation wavelength of 456 nm and an emission wavelength of 520 nm.

The CF yield (ncr) was calculated as follows:

amount of CF after SASD (ug)

%) = X 100 2
Ner ( 0) amount Of CF befOTe SASD (llg) ( )

The lipid yield (nuipid) was calculated as follows:

amount of CF after SASD (ug)
Mipia (Y0) =
lipid amount of CF before SASD (ug)

x 100 (3)

Moreover, the percentage of encapsulation efficiency (££) of the dye is given by the following

( KYcr )
x 100 4)
)

where (—”g” )

pumolyy

equation

EE (%) =

is the initial CF to lipid ratio and (Mi) is the final one.
i umolyy f
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4.2.5 Characterization of liposomal dry powder formulations

4.2.5.1 Storage stability assays

The CF_Lip-DPFs obtained from SASD were stored in triplicate in desiccators at relative humid-
ities (RH) of 4 £ 2 %, 50 £ 4 % and 78 + 2% at 20 °C. The different RHs were obtained using
nitrogen and saturated solutions of potassium carbonate and sodium chloride, respectively.
The temperature and the relative humidity were monitored using the Lasel® thermohygrom-
eter data logger, model EL-USB-2, for one month. The samples were characterized firstly after

one week and then after a month of storage.

4252 Morphology and particle size distribution

The shape and morphology of Lip-DPFs particles were determined by scanning electron mi-
croscopy (SEM). The samples were coupled to adhesive carbon tapes, and the excess powder
was removed by a jet of compressed air. Then a Hitachi S2400 with Bruker light elements EDS
detector (Japan) analyzed the samples with an accelerating voltage set to 15 kV and at magni-
fications of 5 k and 10 k. The dry powder particle size and size distribution were determined
using Morphologi G3 (Malvern, Paralab, Portugal) equipment. The width of the particle size
distribution was evaluated by calculating the sample’s span using the follow equation:
span

d —d
— v,90 1,10 (5)

dv,SO
where the dy,10, dvso and dy,g are the volume mean diameters respective to 10 %, 50 % and 90

% of the sample population. Each sample characterization analyzed approximately 30,000 par-

ticles.

4.2.53 /n vitro aerosolization study

The aerodynamic properties of the Lip-DPFs were determined using an eight-stage Andersen
Cascade Impactor — ACI - (Copley Scientific). Soon thereafter, 30 mg of CF_Lip-DPFs were
loaded into three hydroxypropylmethylcellulose capsules n°3 (Aerovaus). The capsules were
individually placed into a previously weighed dry powder inhaler (DPI) that was coupled to the
ACI device. Each plate of the cascade impactor was covered by a pre-weighed filter (Glass
Microfiber filter MFV1080, Filter Lab). The DPI punctured the capsule prior to the inhalation,
and a high capacity pump was turned on to simulate an intake of breath: an air flow rate of 60

L/min lasting 4 s, according to the European pharmacopoeia [352]. The amount of powder
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deposited in each stage was calculated by weighing the filters before and after the test and
calculating the difference. From this assay, several aerodynamic parameters were calculated—
mass median aerodynamic diameter (MMAD), fine particle fraction (FPF), and geometric stand-
ard deviation (GSD). The MMAD characterizes the size of those particles that reached the im-
pactor, excluding those deposited in the throat. The value is displayed below, which is the
diameter of 50% of the particles. On the other hand, FPF is the portion of the delivered particles
sized below 5 ym, as determined by the interpolation of the percentage of the particles with

smaller sizes than this value. Finally, the GSD can be calculated using the following equation:

d
GSD = |- (6)
die

where dks and dhs are the diameters corresponding to 84 % and 16 % of the cumulative distri-

bution, respectively.

4.2.54 Water content measurement

Powder water content was determined before and after storage using a Karl-Fischer titration.
Approximately 15 mg of powder were dissolved in 5 mL of anhydrous EtOH. All samples were
individually analyzed at room temperature using an 831 KF Titrino Coulometer (Metrohm Ltd,

Antwerp, Belgium).

4255 Differential Scanning Calorimetry (DSC)

The glass transition temperature (7g) was determined by weighing approximately 5 mg of
powder on a TA Instruments differential scanning calorimeter, DSC Q2000, within a tempera-
ture range from -90 °C to 175.0 °C, in two cycles.

X-ray powder diffraction (XRD)

The X-ray diffraction patterns were produced by analyzing the samples in a RIGAKU X-ray dif-
fractometer, model Miniflex Il using Cu radiation (30 KV/15 mA) with a 26 angle ranging be-

tween 5 © and 40 ° and a step size of 0.015 °.

4256 Attenuated Total Reflectance Fourier Transform Infra-Red (ATR-FTIR)

A Spectrum Two FTIR spectrometer (PerkinElmer, Inc.) was used to perform the ATR-FTIR anal-
yses. Enough amount of each sample was placed in a crystal diamond plate to completely cover

the prism surface and each spectrum was recorded with 16 scans from 400 cm™ to 4000 cm™".
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4.25.7 Confocal Laser Scanning Microscopy (CLSM)
The CF_Lip location inside the CF_Lip-DPFs was observed using a CLSM (Zeiss LSM 880) with a

laser wavelength of 488 nm and brightfield. Zen black software and Imaris Bitplane carried out
additional image processing. All the CF_Lip-DPFs were placed on glass coverslips, and the par-

ticles were immediately observed.

4.2.6 Design of experiments and data analysis

A screening of replicated experiments (n=2) was planned, and the data were collected accord-

ing to a full-factorial, two factor, three level design (Figure 4.1).

(-1:+1) (0:+1) (+1;+1)

(-1;0) (] (+1,0)
(0,0)

(-1:-1) (0;-1) (+1;-1)

Figure 4.1 — Full factorial design of CF_Lip-DPFs, two factors at three levels (n = 1).The Leu and the EtOH percent-
ages were the factors, and the three levels were 0, 10, 20 % (Wieu/Wirehalose) @and 0, 15, 30 % (v/v), respectively. The
Leu concentrations are based on trehalose and were represented by L1 for 0% (Wieuw/Wirehalose), L2 for 10%

(WiLew/Wirehalose) @and L3 for 20 % (Wieu/Wirehalose)-

The Leu and the EtOH percentages were the factors, and the three levels were 0, 10, 20 %
(Wieuw/Wirehalose) and 0, 15, 30 % (v/v), respectively. The Leu concentrations are based on trehalose
and were represented by L1 for 0% (Wieu/Wirehalose), L2 for 10 % (Wieu/Wirehalose) and L3 for 20 %
(WLeu/Wirehalose). Table 4.1 shows the SASD parameters used in the DokE. StatisticaTM software
(StatSoft, TIBCO®, USA) quantified the impact of the input parameters (EtOH and Leu percent-
age in the casting solution) on the liposome structure (size, Pdl, lipid yield and ££ of CF), on

the CF_Lip-DPFs properties (Dvso and span), and on the process yield.
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Table 4.1- The SASD parameters used in the DoE, and the combination of the three levels used for the two factors
in each experiment: EtOH percentage in the casting solution (EtOH), Leu percentage in the casting solution (Leu),
pressure at the static mixer (psm), inlet air temperature (7ainn), CO> temperature (7co2), temperature at the static
mixer (7sm), outlet temperature (7out).

Aosay % % al [C pq Q[
L1_CF_EtOHO 0 120 97 79 80 65
L1_CF_EtOH15 0 15 120 100 72 87 62
L1_CF_EtOH30 30 121 90 72 95 59
L2_CF_EtOHO 0 122 93 78 93 52
L2_CF_EtOH15 10 15 121 99 73 87 63
L2_CF_EtOH30 30 121 a0 74 92 52
L3_CF_EtOHO 0 121 100 78 93 56
L3_CF_EtOH15 20 15 121 100 75 86 65
L3_CF_EtOH30 30 121 91 73 91 55
L1_CF_EtOHO_R 0 120 101 75 88 66
L1 _CF EtOH15 R 0 15 121 91 76 80 59
L1 _CF EtOH30 R 30 119 98 77 95 55
L2_CF_EtOHO R 0 121 104 74 89 60
L2_CF_EtOH15_R 10 15 121 103 72 81 64
L2_CF EtOH30 R 30 120 90 78 89 63
L3_CF_EtOHO R 0 121 104 75 91 58
L3_CF EtOH15 R 20 15 120 105 74 88 65
L3_CF_EtOH30_R 30 120 94 75 91 59

R: REPLICATE

4.2.7 Statistical analysis

The statistical analysis was performed applying the two-way ANOVA, using the StatisticaTM
software (StatSoft, TIBCO®, USA). When the overall result was statistically significant, the
Tukey-Kramer multiple comparison test was conducted to identify which methods were signif-

icantly different. Differences were considered significant at a p-value below 0.05.
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4.3 Results and discussion

To monitor the dynamic behavior of the liposomes during drying, a model hydrophilic drug,
CF, was used to mark their internal space. Thus, if we were to observe a significant decrease in
the ££cr, we could assume that the liposomes had suffered disruption during SASD. Otherwise,
the ££cr would have been retained or be only slightly reduced. To optimize the process, a QbD

study of SASD was carried out.

4.3.1 Design of Experiments

The QTTPs of the produced CF_Lip-DPFs focused on i) maintaining the CF_Lip structure during
SASD; ii) retaining the encapsulated molecule; and iii) obtaining monodisperse powders. In the
work from Moura et al. [25], conducted in the same apparatus, the process conditions, and the
excipient formulation for the manufacturing of inhalable dry powders were optimized. These
parameters were used as a guideline for the present work. It was demonstrated that within
certain ranges neither the operating pressure (95 bar < psm < 120 bar) nor the operating tem-

peratures (100 °C < 7sm < 115 °Cand 60 °C < 7co, < 80 °C) have significant impact on the dried

liposomes. Some impact was observed, however, with the variation of Leu and EtOH. For this
reason, for the DoE, the chosen CPPs were the percentage of Leu and EtOH. Taking the QTTPs
into consideration, the CQAs were the size and Pdl of the liposomes, the lipid yield and the
dye's £E. The CF_Lip-DPFs CQAs were the process yield, the volumetric diameter and span of
the powders. CF_Lip-DPFs production is mainly divided into two distinct steps: i) production
and characterization of CF_Lip; and ii) drying and characterizing CF_Lip and CF_Lip-DPFs after
SASD. In the first step, film hydration yielded CF_Lip and was followed by extrusion. Excess CF
was removed by ultracentrifugation, and the liposomes were resuspended and stored. The

CF_Lips were characterized in terms of size, Pdl and lipid and CF concentration (Table 4.2).

Table 4.2- Characterization of blank sample liposomes, and CF_Lip before SASD.

Size [Lip] [CF]
Assay PdI
[nm] [umol/mL] [ug/mL]
Blank Sample* 145+ 1 0.063 + 0.012 26.1+1.2 -
CF_Lip 134 0.068 30.0 0.594
CF_Lip_R** 140 0.074 30.0 0.578

*n=2; *CF_Lip_R: Replicated CF_Lip
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The empty liposomes and CF_Lip were mixed with a casting solution (4% v/v) composed of
trehalose (Tre) and Leu (300 mM) and processed in the SASD (mass balance in the Appendix B,
Table B.1). It is important to highlight PEG presence in the liposomes. The PEGylation of lipo-
somes creates a steric barrier that improves in vitro stability [353]. This steric effect (zeta po-
tential near zero) forms a hydration cloud around the liposomes that prevents the opsonization
with proteins and liposome uptake by the macrophage [354]. During drying, this hydration
cloud assists synergistically in inhibiting liposome-liposome interaction and disruption. How-
ever, even the drying of PEGylated liposomes uses carbohydrates. Stark et a/. [355] demon-
strated that the presence of cryoprotectants is absolutely necessary during drying, even in the
presence of liposome surface PEG. Van den Hoven et al. [30] reported the necessary stabiliza-
tion of PEGylated liposomes during freeze-drying and spray-drying using cyclodextrins.

Next, the selected volume of CF_Lip-DPF was resuspended with deionized water to prevent
osmotic shock to the liposomal formulations. Thus, the excipients were removed by dilution
and ultracentrifugation, and the resulting CF_Lip were characterized in terms of their CQAs
(Appendix B, Table B.2). The yield and morphology of the remaining CF_Lip-DPF powder were
measured. The blank sample was produced without EtOH, Leu or CF.

For the blank sample, liposome size was found to increase from 145 + 1 nm to 221 £ 20 nm
and the Pdl from 0.063 + 0.012 to 0.480 + 0.056. A similar trend was observed for the remaining
formulations without Leu, suggesting that this amino acid played an important role in the lip-
osome morphology. Several studies have suggested that amino acids can stabilize liposomes
not only via hydrogen bonding but also through electrostatic interactions [356]. In our work,
we suggest that the maintenance of the liposome size upon presence of Leu is due to the
electrostatic interaction between the carboxyl group of the Leu and the E-PC amine group.
More recently, Deber and Stone [357] have suggested that the hydrophobic interaction via van
der Waals forces between the Leu and the lipids might lead to packing and thereby decrease
liposome size. With this in mind, we observed that the higher the Leu, the smaller the liposome
size. Moreover, interaction between the Leu and CF_Lip might result in the formation of a Leu
layer on the liposome surface, capable of shielding them from the external forces they are
exposed to during drying. Regarding the CF_Lip-DPFs, the higher the percentage of EtOH and
Leu, the smaller the yield. Leu acts as a dispersibility enhancer due to its hydrophobic nature
[33,161]. Previous work by Li et a/. [358] have shown that Leu decreases the interaction between
air moisture and particle surfaces. EtOH also has an important impact on dry powder proper-

ties. At low temperatures and pressures, CO; exhibits low water solubility, leading to inefficient
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drying. The addition of EtOH as co-solvent contributes to an increase of CO, miscibility with
water [94,359], leading to higher efficiency in the supercritical assisted atomization [94]. Thus,
low Leu and EtOH percentages can yield higher levels of powder moisture powder and conse-
quently to higher yield (Appendix B, Table B.2).

In respect to the volumetric diameter, the results showed that the absence of Leu can increase
volumetric diameter, since the high moisture level might promote particle aggregation [360].
This phenomenon can also be explained by Leu interactions on the particle surface. Rabbani
et al. [361] have suggested that Leu has surfactant-like properties. They defended this hypoth-
esis on the grounds that, depending on the surface tension of the solvent system, Leu can
migrate to the droplet surface during drying, leading to smaller volumetric diameters. On the
other hand, a 20% Leu increase grew the volumetric particle diameter, as well. Similar obser-
vations were also reported by Rattanupatam et a/ [362], who suggested that the substantial
Leu increase produces a highly fine powder that can exhibit powder cohesion.

In order to understand the relation between the CPPs- Leu and EtOH percentages- on liposome
and CF_Lip-DPF properties, a full factorial DoE was performed as shown in Figure 4.1. Table 4.3
evaluates the impact of the CPPs on the CQAs. All the ANOVA assumptions were validated by

residual analysis.
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Table 4.3- ANOVA testing the effects of the parameters on liposome CQAs (size, Pdl, lipid yield and ££ of CF) and
CF_Lip-DPF CQAs (nSASD, Dvsg, span, MMAD, GSD and FPF) for a 5% significance level.

Assay Effect p-value Equation
Leu (w/w) Qo
i EtOH 000526 z= 305-28.2x+ 0.914x% —2.17y
1ze .
(V/V) +0.321xy — 0.115x2%y
Leu*EtOH 0.00605**
Pdl Leu (w/w) 0.00053*** z = 0.434 — 0.041 x + 0.001x?
a Lipid z=67.3—0.641x
= ) Leu (w/w) 0.00346**
w! yield
|
Leu (w/w) 0.78473
z=773—215x+0.107x? — 1.72y
EtOH + 0.0438y?
EEce 0.70419 ! X
(v/v) + 1.03xy — 0.0325xy“ — 0.0517x“y +
0.00164x%y?
Leu*EtOH 0.36024
Leu (w/w) 0.00395**
" NsAsD EtOH 0.00945* z=67.1-0.414x — 0.241y
L .
%. (V/V)
o
=) 5 Leu (w/w) 0.00314** ;= 8,56 — 0.238x + 0.021x2 — 0.009xy
L V,50
o Leu*EtOH 0.01622* +0.0002 xy?
Span Leu (w/w) <0.000071%*** z=2.61-0121x

p-value: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Where x is Leu; y is EtOH; z is the different CQAs

Table 4.3 demonstrates that the CF_Lip size is significantly affected by Leu, EtOH or their com-
bination. However, it is Leu that has a more significant effect on liposome size of (p < 0.0001).
In addition, Figure 4.2.A also shows that increased EtOH concentration leads to a decrease of
liposome size. A similar observation was reported by Hantz et a/. [363], who offered two hy-
potheses. On the one hand, the addition of EtOH may disturb the osmotic pressure gradient
between the external and the inner phase, leading to liposome shrinkage. On the other hand,
it may be that the higher EtOH concentration enables more alcohol to interact with the mem-

brane, altering the behavior of the variation of the cross-sectional area. More recently, findings
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of Pal et al. [364] proved that, for nanoscale liposomes, the addition of EtOH can cause lipo-
somes to shrink and significantly reduce their size. The authors suggested that EtOH leads to
a reduction in the bending modulus of lipid membranes, causing membrane undulation and a
consequent liposome area loss. Figure 4.2.A shows that for lower Leu concentrations, even with
an increase in EtOH percentage, the liposome size remained above 200 nm. Similar liposome
size distribution (Pdl) behavior can be observed for Leu (p < 0.001) in Figure 4.2B whereas EtOH
shows no significant effect.

With regards to the ££cr, Table 4.3 shows that neither the Leu nor the EtOH (nor their combi-
nation) had significant effects (p -value > 0.05). Although, the model in Figure 4.2.C shows that,
when Leu ranged between 8 % and 13 % and EtOH was between 12 % and 18 %, ££ was
maximized this observation cannot be statistically supported. This model prediction was not
experimentally demonstrated since the encapsulation efficiency of a hydrophilic molecule ££
depends mainly on the behavior saturation curve of the dye in the inner aqueous space. More-
over, a technical compromise took place between the encapsulation efficiency and liposome
size [365]. Finally, Figure 4.2.D shows that the lipid yield was mainly influenced only by the Leu
(p-value of 0.00346). As for the CF_Lip-DPFs, the SASD vyield (Figure 4.2.E) was significantly
influenced by the linear components—Leu and EtOH (p-value of 0.00395 and 0.00945, respec-
tively). For this reason, there was no curvature in the respective OOS. In fact, the hydrophobic
nature of the Leu and the properties of the ternary system of CO, + EtOH + water had a huge
impact on the powder yield, as mentioned previously. Finally, Leu and their interaction also
significantly (p-value of 0.00314 and 0.01622, respectively) impacted the powders’ volumetric
diameters (Figure 4.2.F). Curiously, it would have been expected that the powder size distribu-
tion (span) be influenced by the same CPPs as the Dvso. Still, Figure 4.2.G shows that the span
is strongly influenced only by the amino acid (p-value <0.00001).
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Figure 4.2- 3D response surface (OOS) and 2D DoE contour plots, showing the effects of Leu (%) and EtOH
(%) on A) liposome size and B) PdI; C) EE of 5(6)- carboxyfluorescein; D) Lipid yield; E) CF_Lip-DPF process
yield; F) volumetric diameter and G) CF_Lip-DPF span.

From the combined analysis of the ANOVA results summarized in Table 4.3 and plotted in
Figure 4.2, we conclude that the liposome structure is successfully retained with Leu > 10 %
whereas the properties of the liposomal dry powder formulations are optimized for low Leu
percentages and 15 % < EtOH < 20 %. The overall selection of the optimum CPPs for the CQAs
selected suggest that Leu composition should be around 10 % and EtOH 15 %. Thus, the lipo-

somal formulation L2_CF_EtOH15 was selected for further experimental studies, namely, the

stability assays.
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4.3.2 Stability assays of CF_Lip-DPF

After OOS identification, the CF_Lip-DPF storage stability studies were carried out for
L2_CF_EtOH15. Stability assays were conducted at three different relative humidities (RH= 4 +
2 %, RH= 50 * 4 % and RH= 78 + 2 % to evaluate the moisture influence on the Tre and Leu-
protected liposomes. Furthermore, this step was essential to understand the viability of powder
inhalation at different points in time during storage (after 7 and 30 days). Triplicate batches of
CF_Lip were produced, and CF excess was removed by dilution and ultra-centrifugation. The
solution used to hydrate the lipid film had a concentration of carboxyfluorescein of 50 ug/mL,
resulting in a saturated solution. The CF-lipid ratio after extrusion was 1.8 + 0.1 pg/umol. How-
ever, after extrusion and ultracentrifugation, the concentration decreased to approximately 1.6
pg/mL. This was expected due to the saturation curve of the dye in the liposomal inner aqueous
volume [365]. Moreover, excess CF was removed during the two ultra-centrifugations with pre-
vious dilution. The CF-lipid ratio after centrifugation was 0.070 + 0.031 pg/pumol. Next, the
sterilized CF_Lips were divided into aliquots, stored at 4 °C and then processed by SASD. The
experiment was carried out at 7airi, = 103 £ 2 °C; 70, = 81 £ 6 °C; 7sm = 84 + 2 °C; Tairout= 61
+ 1°C; psmv = 119 £ 1 bar. Table 4.4 shows the characterization of CF_Lip before and after SASD.

Table 4.4- Characterization of CF_Lip before and after SASD. The SASD process parameters were Tirin= 103 + 2
°C, Tco2 =81 £ 6°C, Tsm= 84 £ 2°C Tairout= 61 £ 1°C psm= 119 £ 1 bar. The [CF]; was 0.057 + 0.003 mg/mL and
[CF/Lipli = 1.8 + 0.1 pg/pumol. The results are expressed as mean + SD (n=3).

Size Nipid Ncr EEcr
Assay* PdI
[nm] [%] [%] [%]
CF_Lip
143 +1  0.053 + 0.007 - - -
(before SASD)
CF_Lip
94+7 0.130+0.005 69 =1 74 +7 > 95
(after SASD)

*After ultra-centrifugation

Following SASD processing, CF_Lip-DPFs were resuspended in deionized water to maintain
their osmolarity. The excipients were removed by ultra-centrifugation. Table 4.4 shows that
liposome size decreased slightly, likely due to EtOH and Leu action. The ££ of the CF in the

liposomes was above 95 %. Interestingly, from the CF balance mass, lipid and excipients before
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and after SASD (Appendix B, Table B C.3), we can observe that all the CF (100 £ 5 %) was
recovered following SASD. These results showed that liposomes can be recovered without
structural damage during this process. This observation is corroborated by the work from Eli-
zondo et al. [139] that shows that a compressed fluid provides a more homogeneous path for
the assembling of the lipids, leading to a supramolecular organization of the lipids in their
membrane. This also represents a huge improvement in CF recovery over other techniques. In
fact, previous work has demonstrated a CF retention of approximately 15 % for liposomes
morphologically akin to those produced here but freeze-dried [193]. For air-dried liposomes,
the CF retention was higher than that found in the literature (Sun et a/. [366] reported a ££cr of
78 % for a mean size of 102 nm, whereas Moore et al. [367] reported an ££ of 44 %). However,
our technique requires neither high shear nor heat stresses, and it is more time efficient. EDS
quantitative analysis showed that the powders consist of 54.9 + 0.2 % of carbon and 45.0 + 0.2
% oxygen atoms. Research from Rudra et al. [368] and Kotoucek et al. [369] showed the pres-
ence of phosphorous in the EDS liposome analysis. Moreover, due to the CF fluorescence prop-
erties and ££ above 95 % revealed by confocal images (Appendix B, Figure B.1), that CF_Lips
are encapsulated into the trehalose (represented by the yellow contour). Thus, this characteri-
zation suggests that liposomes are in fact encapsulated within the sugars, otherwise we would
observe nitrogen and phosphate atoms in the EDS analysis.

The SASD powders were stored at different RHs at room temperature and storage stability was
evaluated after 7 days and again after 30. Table 4.5 display the CF_Lip characterization of the
CF_Lip-DPFs after seven and 30 days.

127



Table 4.5- Characterization of CF_Lip from CF_Lip-DPFs stored at relative humidities of 4 + 2 %, 50 + 4 % and 78 +
2 %, on the 7th and 30th days, at 20 °C. The results are expressed as mean * SD (n=3).

RH Size NLipid Ncr Ekcr
Assay PdI

[%] [nm] [%] [%] [%]
o Clp 4+2 999 013120011 85:18 95214
5 from 50t4 105+9 01260020 93+7 9411 >
~ 100
L CF.Lip-DPFs 78+2 148+18 0215+0034 103+17 9414
o CFlip 4%2 956 01360001 95%14 1198
©
3 com 504 99£10 01080004 88+17 109+7 o5
on
I CFLip-DPFs* 78+2 13920 0.205%0066 11213 106+ 17

*n= 2 independent assays

The most common theories about how liposomes are stabilized by carbohydrates during stor-
age are the Water Replacement Theory (WRT) and Vitrification [193]. The former suggests that
the carbohydrates contribute to liposome stability by replacing the water molecules’ hydrogen
bonding, meaning that carbohydrates interact directly with the polar head of the liposomes. In
addition, the sugar increases the space between the liposome polar heads, leading to a dip in
the gel-to-fluid phase transition temperature (7m) of phospholipid, and stabilizing the lipo-
somes. Vitrification refers to sugars’ ability to vitrify and potentially to stabilize the liposomes.
During drying, the highly viscous glassy matrix surrounds the liposomes, reducing their molec-
ular mobility [187]. The trehalose di-hydrate in this experiment has a glass transition tempera-
ture of 115 °C (experimentally determined).

Table 4.5 shows that, after seven days, a moisture increase led to a growth in liposome size. In
turn, Pdl changed drastically at an RH of 78 %. Increasing moisture content would be expected
to lead to a fall in trehalose’s 7, [370]. In fact, Sun et a/. [366] reported that the alteration of 7,
can lead to liposome fusion and increase their size. The vitrification theory, thus, postulates
that the increase in size and Pdl, coupled with the rise in RH, is related to an increase in mo-
lecular mobility, itself caused by the lower glass transition temperature of the trehalose. How-
ever, DSC graphs in Figure 4.3.A show that the powder 7, at different RHs remained similar
over time. Conversely, XRD analysis (Figure 4.3.B) showed that moisture increase led to a pow-
der recrystallization, which assumed an amorphous structure following SASD. In fact, powders
stored at an RH of 78 % showed a water content increase from approximately 6 % to 21 % after

7 days (Table 4.6). These observations corroborate findings by Chiou and Langrish [371], which
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have shown that spray-dried amorphous particles tend to crystallize with greater moisture.
Additionally, Buera et al. [372] have demonstrated that moisture increases are accompanied by
limited hydrogen bonds between the sugars and membranes, leading to weak stabilization.
Similar behavior was also recorded after 30 days. We observed a size growth and a rise in RH,
whereas the size and Pdl of the control remained unchanged throughout. It is interesting to
note that a non-significant alteration in the liposome size and Pd| of the CF_Lip-DPFs was found
between day 7 and 30, suggesting that powder storage conditions over the first seven days
had a greater impact on these morphological properties. The lipid yield, on the other hand,
remained unchanged after both 7 and 30 days. In fact, at day seven, the CF yield measured 95
% for all RHs. Similarly, the ££c-remained between 95 % and 100 % at different RHs. Moreover,
the £Ecr was still above 95 % after 30 days of storage. These observations revealed that, re-
gardless of moisture levels and storage time, drug leakage did not take place, corroborating
the importance of the trehalose as a stabilizing agent, as noted in previous work [373,374], and
highlighting, as well, that cold chains are unnecessary. We can also conjecture that encapsu-
lated molecule retention inside the liposomes over time depends mainly on powder stability,

since this has been shown to persist regardless of the powder’s crystalline structure.
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Figure 4.3- A) DSC analysis of CF_Lip-DPFs after SASD, after 7 and 30 days, at different rel-
ative humidites. XRD analysis of raw trehalose, leucine and CF_Lip-DPFs after SASD, after
B) 7 and C) 30 days, at different relative humidities.

The morphological, chemical and aerosolization properties of CF_Lip-DPFs were also investi-
gated. The CF_Lip encapsulation in an excipient has promising applications for pulmonary
medication delivery. Table 4.6 shows the powder’s evolution over time, at different RHs. Ensur-
ing the survival of the physical-chemical properties of the powders throughout storage might
be challenging [160] , since some powders tend to crystalize, especially at higher RHs [371].
The process yield was 69 + 8 % and, after SASD, powders with a volumetric diameter around 7
pum were obtained. These powders also showed an MMAD of 1.8 um and an FPF of 65%, which
enables them to be deposited into alveolar airspaces [54,82,375]. After 7 days, despite a slight
increase in the Dvso and the MMAD for powders stored at RH of 4 + 2 %, they continued to
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have proportions that would ensure their delivery. Water content rose approximately 3 %, pro-
moting a fall in FPF. The SEM image (Figure 4.4A) shows particle aggregation for those powders
stored at RH of 4 + 2 %. In contrast, for storage at RH of 50 + 4 %, a higher difference was
observed for MMAD and FPF, since the water content increased to 19 %. In Figure 4.4B, we can
observe that for powders stored at RH of 50 + 4 %, larger particle diameters were found. Even
so, the parameters fulfill the requirement for successful lung delivery. The impact of moisture
on powders stored at RH of 78 + 2% was greater. The Dvs increased from 7.1 um to 19.9 um,
whereas the MMAD rose from 1.8 to 5.8 um. The FPF dropped drastically to 14 %, indicating
that 86 % of the affected powders are retained in stage 1 of the Andersen cascade impactor
(Appendix B, Figure B.2) which simulates the upper region of the respiratory system [376]. As
RH increased, the water molecules absorbed on the particle surface promoted attractive forces
due to the capillary action of absorbed water layers, thereby increasing the cohesive forces
between the particles (Figure 4.4C) [377]. Thus, a particle size increase and a fall in FPF, coupled
with a RH increase were predictable. Table 4.6 shows that no significant changes (p-value >
0.05) were observed between day 7 and 30 for all the characterizations, excepting the water
content percentages, for 50 % and 78 %. As shown in the Figure 4.3C, after 30 days the powders
stored at 50 % and 78% are in crystalline form. Studies showed that when the water is absorbed
by a glassy state trehalose, a stable crystalline dihydrate form is obtained for higher humidity
percentages [378]. In the Figure 4.4D-F, SEM images display greater microparticles aggrega-
tion after 30 days. These results echo those of Sibum et a/ [379]. At 3 % and 5 % of Leu, spray-
dried microparticles exhibited a suitable FPF after at least one month. However, at higher RH,
the powders only lasted 7 days. Higher percentages of Leu were not considered [379]. Work
from Shetty et a/ [160] showed a decrease in FPF of the spray-dried Ciprofloxacin dry powder
inhaler formulations stored at RH of 55 % relative to that of 20 %. However, the addition of 10
% or 50 % of Leu improved the formulations, and, after ten days of storage, no significant
alterations were observed at different RH. Table 4.6 also evidences the impact of the relative
humidities on the powder’s properties. The increase of RH from 4 to 50 % does not affect
significantly the Dvsoand GSD, whereas the water content is significantly affected. In contrast,
the aerodynamic properties (MMAD and FPF) are directly impacted as, for both time-points,
the increase of the RH affects these parameters significantly. Regarding the particles size dis-

tribution, no significant changes were observed with the increase of the RH.
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In terms of the chemical structure and intermolecular interactions of the powders, ATR-FTIR
analysis (Appendix B, Figure B.3) suggested no structural modifications of the CF_Lip-DPFs

upon the rise in RH at both points of time.

Table 4.6- Morphological characterization of CF_Lip-DPFs at 0 days, and then at 4 %, 50 % and 78 % of relative
humidity on the 7th and 30th days at 20 °C. The results are expressed as mean = SD (n=3).

RH Dvso MMAD FPF Wc
Assay span GSD
[%] [um] (Hm] [%] [%]
CF_Lip-DPFs
- 7+2 12+0.1 1.75+004 221+003 65+3 6+ 1
(t=0 days)
4 +2 8+2 13x0.1 1.95% + 0.07 2.24°+0.01 63°+2 99 +3
CF_Lip-DPFs
50 +4 92 + 1 2+1 33+ 02 296°+003 50°+2 19°+3
(t= 7 days)
78 + 2 20°+5 2.1 +0.1 58+ 06 146*+001 14*+7 21°+1
4 +2 7+ 3 21 187+ 01 221°+001 65°+5 8 +5
CFLPDPFS ohi4 14253 31:03 32+02  21°+01 51°+5 13°+1
(t= 30 days)
78 + 2 20°+2 2.1+0.1 6.3+ 05 143°+007 10°+4 14°+4

For 7 and 30 days, within the columns, values with different letters are significantly different (p < 0.05). Values

without letters, or with the same letter are not significantly different (p > 0.05).

Figure 4.4- SEM images of CF_Lip-DPFs after 7 and 30 days stored at4 + 2 % (A and D); 50 + 4 % (B and E) and 78 + 2 % (C
and F) of relative humidity, respectively (scale bar: 10 um; magnitude: 3000 x; high-voltage: 20 kV).



4.4 Conclusions

This work is a proof-of-concept that highlights the innovative potential of supercritical CO,-
assisted spray-drying for drying liposomes and converting them into liposomal dry powder
formulations, using trehalose and leucine as excipients. The major challenge in drying is main-
taining the liposomal structure after processing, which was achieved here. Results showed that
at determined concentrations of leucine and ethanol, liposomes kept their structure and the
EF of the water-soluble dye above 95 %. The challenges faced with regards to the chemical and
physical stability of hydrophilic loaded liposomal formulations were surmounted through the
production of solid form dosages using the supercritical fluid drying method with optimized
ratios of excipients. The QbD approach using the DoE showed that leucine, ethanol and their
interactions have a significant impact on the morphological properties of the CF_Lip-DPFs.
Through this optimization, correlations for different CQAs were obtained. Although XRD dif-
fractograms showed powder recrystallization at a relative humidity of 78 % after 7 days and at
50 % after 30 days, liposome chemical and physical stabilities were maintained in those stored
at relative humidities of 4 % and 50 % at 20 °C. The aerodynamic performance of the dry
powders was also investigated, showing that CF_Lip-DPFs stored at relative humidities of 4 %
and 50 % kept those aerodynamic properties required for effective pulmonary liposomal de-
livery. Several challenges have been overcome in this work, including liposome structure
maintenance during the drying and dye encapsulation. We were also successful at retaining
the liposome structure following resuspension and excipient removal. This work, thus, contrib-
utes greater insight into powders and liposome behavior at different environmental humidity
levels. Overall, our findings point to promising synergies between pharmaceutical and chemical
technologies in the search for effective alternative liposome storage techniques that forgo the
need for cold chain storage. Further studies with biopharmaceutical-loaded liposomes (e.g.,
RNA therapeutics, enzymes, etc.) are to be undertaken to ascertain the effects of the super-
critical drying method on the solid-state properties and stability of biopharmaceutical-loaded

liposomal dry powders.
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5.1 Abstract

Enzyme-based inhalable therapeutics for chronic inflammatory lung disease has led to growing
researcher interest essentially to overcome long-term treatments using inhaled corticosteroids.
However, enzymes' poor pharmacokinetic profile hinders this goal. When encapsulated into
liposomes, enzyme’s in vivo fate modifies with an increased half-live and a modified biodistri-
bution. Yet, both liposomes and enzymes are susceptible to destabilization during storage. This
drawback can be surpassed, by converting liposomal suspension into solid dosage form capa-
ble of administration via different routes, including the lungs. In this proof-of-concept study,
enzyme Cu, Zn- superoxide dismutase (SOD) was encapsulated into liposomes and then dried
using the supercritical CO;-assisted spray-drying, obtaining SOD-loaded liposomal dry powder
formulations (SOD_Lip-DPFs). After resuspension in water, liposomes maintained their struc-
ture, and the SOD encapsulation efficiency was 99 %, with preserved enzymatic activity. Pow-
ders’ stability studies showed that SOD_Lip-DPFs maintained both liposomal and enzyme sta-
bility, at a relative humidity of 40% for 50 days.

5.2 Introduction

Therapeutic proteins and namely enzymes have aroused interest for the treatment of chronic
inflammatory diseases. Global protein therapeutics are predicted to reach a value of US$ 456.0
billion by 2027 [380]. However, therapeutic outputs face limitations including low physical and
chemical stability, protein degradation and immunogenicity [381]. Different non-invasive ad-
ministration routes for enzyme delivery have been studied to overcome those disadvantages.
In particular, pulmonary administration of enzymes has gained particular attention, due to the
lung characteristics namely the thin blood-barrier membrane (0.1 - 0.2 ym), large absorption
area (> 100 m?) from a highly vascularized alveolar epithelium constituted by a single layer of
cells, elevated blood flow (5 L/min) [36,37], and bypass the hepatic first-pass of metabolism.
Other positive properties include the fact that the physiological pH and reduced mucociliary
clearance in the deep lungs avoid rapid clearance, poor absorption, and exposure to digestive
enzymes [7]. Inhalable protein-based therapies have attracted attention as the range of bio-

logical candidates for treating a wide gamut of respiratory diseases has broadened [382].
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Ibrahim et al. [383] developed a spray-dried inhalable powder formulation of basic fibroblast
growth factor (bFGF) for treating asthma or chronic obstructive pulmonary disease. However,
powders with a fine particle fraction (FPF) of 25.2 % resulted and limited delivery to the respir-
atory region. Wahjudi and co-workers [384] studied a formulation of spray-freeze dried acyl-
homoserine lactone (AHL) acylase, using mannitol, trehalose, and inulin as excipients. The en-
zyme was observed to maintain its activity following drying. More recently, Fernandes et
al. [26,385] reported the encapsulation of Cu, Zn- superoxide dismutase (SOD) in trehalose and
leucine through spray-drying (SD). This work successfully addressed the impact of SD param-
eters on the aerodynamic performance, enzyme activity retention (EAR) and conformational
stability SOD. SOD is an enzyme weighting 32.5 kDa that catalyzes the dismutation of anion
superoxide radicals in molecular oxygen and hydrogen peroxide. This enzyme is used in broad
disease models, such as inflammation [386,387], rheumatoid arthritis [9,339], and ischemia-
reperfusion injury [388,389]. In its free form and after iv administration, SOD has a bloodstream
half-life of approximately 6 min in rats and 25 min in humans [308,309], essentially due to its
rapid renal filtration. Enzyme encapsulation in liposomes — a DDS known by its biocompatibil-
ity, non-toxicity, and ability to encapsulate and carry hydrophilic molecules in its inner aqueous
core [14] — might be advantageous insofar as liposomes not only protect enzymes from deg-
radation and but also act as vehicles, delivering them into the target site [390]. Corvo and co-
workers [11,12,172] have demonstrated improvement of the enzyme biodistribution and its
therapeutic effect in inflammatory processes, increasing its half-life up to 20 h when SOD is
encapsulated into PEGylated liposomes. This research showed that small-sized (110 nm) SOD-
loaded liposomes were preferable for targeting SOD to the arthritic lesions in rats with adjuvant
arthritis [308].

Enzyme-loaded liposomes can be converted into dry powder formulations (Lip-DPFs) to ensure
their stability during storage. This avoids the need to cold distributions chains and facilitates
access to the procedure by irrespective of location or social class. Over recent years, several
techniques like freeze-drying [28,210], spray-freeze drying [75,382], spray-drying [27,28] and
supercritical fluids [167] have been proposed to produce Lip-DPFs. In a previous work, Aguiar-
Ricardo and co-workers [167] used supercritical CO;-assisted spray-drying (SASD) to convert
PEGylated liposomes encapsulating a model hydrophilic dye molecule, (5(6)- carboxyfluores-
cein- CF) into Lip-DPFs. Different critical process parameters influenced certain critical quality
attributes, such as size, polydispersity index (Pdl), and encapsulation efficiency, which were

evaluated using quality-by-design (QbD). After drying, liposomes maintained their structure
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and integrity, while the dye remained encapsulated in the inner aqueous phase of liposomes.
The CF-loaded liposomal dry powder formulations also remained stable for 30 days at relative
humidities of 4 and 50 %. Translating the knowledge from this previous work, we herein inves-
tigate whether SOD-loaded liposomal dry powder (SOD_Lip-DPFs) formulations could be pro-
duced using SASD with adequate aerodynamic performance for pulmonary delivery while
maintaining the enzyme’s encapsulation efficiency and enzymatic activity. To our knowledge,
no results have been published to date with liposomal dry powder formulations encapsulating
enzymes, namely SOD, using SASD. Therefore, this is an innovative work focused on obtaining
a robust, upscaling and time-efficient technique for achieving green, accessible, and patient-

friendly inhalable protein delivery system.

5.3 Experimental procedure

5.3.1 Materials

Egg-phosphatidylcholine (E-PC) (> 99 %) and distearoylphosphatidylethanolamine-poly(eth-
yleneglycol)2o00 (DSPE-PEG2000) (> 99 %) were obtained from Lipoid GmbH (Germany). Choles-
terol (Chol) (> 99 %), bovine erythrocytes Cu, Zn-superoxide dismutase, (SOD), citric acid mon-
ohydrate (> 99 %) and L-leucine (98 %) were purchased from Sigma-Aldrich (USA). Trehalose
dehydrated (> 98 %) were acquired from Tokyo Chemical Industry (China), chloroform (> 99
%) was purchased from Carlo Erba (Spain) and ethanol absolute anhydrous (99.9 %) was
sourced from Scharlau (Spain). Air Liquide (Portugal) provided carbon dioxide (99.998 %). All

components were used as received without further purification.

5.3.2 SOD-loaded liposomes preparation (SOD_Lip)

The liposomes were prepared using film hydration followed by extrusion methods [172]. Briefly,
appropriate amount of EPC, Chol and DSPE-PEGzo00 (molar ratio of 1.85:1:0.15, respectively)
were dissolved in chloroform. The mixture was then dried using a rotary evaporator (Rotavapor
RE-111- Buchi, Swiss) to form a lipidic film. The obtained film was hydrated with a 10 mL of
SOD, at a concentration of 0.5 mg/mL in a buffer solution (10 mM citric acid in 280 mM treha-
lose, at pH 6) at a total lipid concentration of 32 umol/mL. The suspension rested for 1 hour
(SOD_Lip) at room temperature, occasionally shaken. The so-formed liposomal suspension was

extruded sequentially through membranes with pore sizes of 600, 400 and 200 nm using a
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high-pressure extruder (Lipex TM Thermobarrel Extruder, Biomembranes Inc., Vancouver, BC,
Canada) with a Nucleopore® Track-Etched Membranes (Whatman®, USA). Finally, the suspen-
sion was extruded three times through a membrane filter of 100 nm. Then, non-encapsulated
SOD was removed by dilution and centrifugation using an Optima TM XL-90 Ultracentrifuge
(Beckman Coulter, USA), for two hours at 300,000 g and at 4 °C. The supernatant was then
discarded, and the pellets were resuspended at the same concentration in the same buffer
solution (10 mM citric acid and 280 mM trehalose, at pH 6). The so obtained formulations were

sterilized by filtration through sterile filter with a pore size of 0.2 um for SASD.

5.3.3 Dry powder liposomal formulations (Lip-DPFs)

In each assay, 4% (v/v) of the liposome suspensions were mixed with a solution at a total con-
centration of 300 mM of excipient, composed by trehalose and L-Leucine in a ratio of 9:1 (w/W).
The final solution containing the liposomes suspension and all the excipients is referred as the
casting solution from now on.

In each assay, the casting solution was fed into a laboratory scale SASD apparatus which was
previously described in detail elsewhere [25]. Firstly, the CO, was liquified at -5 °C (at 25
mL/min) by passing the feeding line of carbon dioxide in a cryogenic bath which was then
pumped using a high-pressure pump (HPLC pump K-501, Knauer). The high-pressure CO; is

then warmed using a heated bath (7co, = 80 °C) before being delivered to the static mixer.

Simultaneously, the casting solution, containing the SOD-loaded liposomes and the excipients,
was loaded through a high-pressure pump (Smartline pump 1000, Knauer), at 3.5 mL/min, into
a heated static mixer, at 80 °C, (3/16 model 37-03-075 Chemieer) comprising a high-pressure
column of 4.8 mm diameter, 191 mm length and 27 helical mixing elements that promoted
CO: solubilization into the liquid solution, in order to obtain a near-equilibrium mixture (psm =
120 bar). The static mixer and the inlet streams were heated using tapes and a Shinko FCS-13A
temperature controller (+ 0.2 °C resolution). Afterwards, the mixture was atomized into the
precipitator through a 150 um internal diameter nozzle where the solvent underwent acceler-
ated evaporation by heated compressed air flow (Fairin = 30 m*/h and 7airin= 100 °C). The par-
ticles were separated from the CO,-solvent flow in a high-efficiency cyclone and collected in a
glass vessel.

The process yield is defined as follows:

amount of excipients after SASD (g) (1)

05) = x 100
nsaso (%) amount of excipients before SASD (g)
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5.3.4 Reconstitution of SOD_Lip after SASD

After the SASD, a selected mass equivalent to 1 mL of liposomal formulation of SOD_Lip-DPFs
was resuspended with deionized water to prevent osmotic shock to the liposomal formulations
(final osmolarity of 300 mM). The excipients were removed by dilution and ultracentrifugation,
for two hours at 300,000 g and at 4 °C. Then, the pellet was resuspended in 1 mL of the buffer
solution (10 mM citric acid and 145 mM NadCl, at pH 6). The resulting SOD_Lip were character-

ized.

5.3.5 Liposome characterization

Before and after SASD, liposomes were characterized according to their average size
and polydispersity index (Pdl), as well as phospholipid and protein content to calculate SOD
encapsulation efficiency (££). A Zetasizer Nano S (Malvern Panalytical Ltd., Malvern, UK) was
used to determine the mean size (Z-average), and the Pdl, as a measure of the particle size
distribution that ranged from 0 (monodisperse) and 1.0 (polydisperse). The concentration of
phospholipids was determined by the Rouser's method [321]. The enzyme was quantified with
a modified Lowry's method [322], where liposomes were previously disrupted with 2 % (v/v)
Triton® X-100 and 20 % (v/v) of sodium dodecylsulphate (SDS) [323]. When needed and to
avoid excipients interference in the protein quantification assay, trehalose and leucine were
previously removed by enzyme precipitation with trichloroacetic acid at 10%. The SOD vyield

(nsop) was calculated as follows:

amount of SOD after SASD (ug)

oY — x1 2
Nsop (%) amount of SOD before SASD (1g) 00 *

The lipid yield (nupia) was calculated as follows:

mol of lipids after SASD (umol)
mol of lipids before SASD (umol)

Mipia (%) = x 100 3)

Moreover, the percentage of encapsulation efficiency (££) of SOD is given by the following

equation:
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(o)

EE (%) Hmobip) 100 4
= —¥X
° (#gson ) )
where (M) is the initial SOD to lipid ratio and (M) is the final one.
umolpip i ll-mOILip f

The SOD enzymatic activity from SOD-Lip was evaluated using the SOD assay kit (19160 1KT-
F, Sigma-Aldrich), where liposomes were previously disrupted with 2 % (v/v) Triton® X-100
and 20 % (v/v) of SDS. After 20 mins, absorbance was measured at 450 nm in a microplate

reader Infinite® 200 (Tecan Trading AG, Mannedorf, Switzerland).

5.3.6 Characterization of liposomal dry powder formulations

5.3.6.1 Storage stability assays

The SOD_Lip-DPFs obtained from SASD were stored in triplicate in a desiccator at relative hu-
midity (RH) of 40 + 5 % at 20°C. The RH was obtained using saturated solution of potassium
carbonate. The temperature and the relative humidity were monitored using the Lasel® ther-
mohygrometer data logger, model EL-USB-2, for 50 days, when the samples were character-

ized.

5.3.6.2 /n vitro aerosolization study

The aerodynamic properties of the Lip-DPFs with and without SOD were determined using an
eight-stage Andersen Cascade Impactor — ACI - (Copley Scientific). After 5 (due to the static
electricity) and 50 days, due to e 30 mg of the powders were loaded into three hydroxypropyl-
methylcellulose capsules n°3 (Aerovaus). The capsules were individually placed into a previ-
ously weighed dry powder inhaler (DPI) that was coupled to the ACI device. Each plate of the
cascade impactor was covered by a pre-weighed filter (Glass Microfiber filter MFV1080, Filter
Lab). The DPI punctured the capsule prior to the inhalation, and a high capacity pump was
turned on to simulate an intake of breath: an air flow rate of 60 L/min lasting 4 s, according to
the European pharmacopoeia [352]. The amount of powder deposited in each stage was cal-
culated by weighing the filters before and after the test and calculating the difference. From
this assay, several aerodynamic parameters were calculated—mass median aerodynamic diam-
eter (MMAD), fine particle fraction (FPF), emitted dose (ED) and geometric standard deviation
(GSD). The MMAD characterizes the size of those particles that reached the impactor, excluding

those deposited in the throat. The value is displayed below, which is the diameter of 50% of
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the particles. On the other hand, FPF is the portion of the delivered particles sized below 5 um,
as determined by the interpolation of the percentage of the particles with smaller sizes than

this value. Finally, the GSD can be calculated using the following equation:

d
GSD = |2 (5)
d16

where dks and dhe are the diameters corresponding to 84 % and 16 % of the cumulative distri-

bution, respectively. The emitted dose was calculated as follows:

m —m
ED = LML _emPty 4 109 6)

Mpowder
where mri and mempty are the weights (mg) of the capsule before and after simulating the

inhalation and mpowder is the initial weight (mg) of the powder in the capsule.

5.3.6.3 Differential scanning calorimetry (DSC)

The glass transition temperature (7g) was determined by weighing approximately 4 mg of
powder on a TA Instruments differential scanning calorimeter, DSC Q2000, within a tempera-

ture range from -90 °C to 130.0 °C, in two cycles.

5.3.6.4 Residual moisture content

Residual ethanol content was evaluated by high-performance liquid chromatography (HPLC)
Dionex ICS3000 (Sunnyvale, CA, USA) with Pulsed Amperometric Detection (PAD). Briefly, Lip-
DPFs with and without SOD were dissolved in Milli-Q water in a final concentration of 100
mg/mL. Then 10 uL of each sample was injected into a Thermo Carbopac PA10 250 x 4.6 mm
with pre-column Thermo Aminotrap 50 x 4.6 mm (Waltham, Massachusetts, EUA). The analysis

was conducted at a flowrate of 1 mL/min with NaOH (18mM).

5.3.6.5 2.7. Statistical analysis

All results are expressed as mean + standard deviation (S.D.). To analyze the data, #test with
Welch's correction (GraphPadPrism, GraphPad software Inc., CA, USA) was used. The level of
significance was set at the probabilities of *p< 0.05, and ** p < 0.01.
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5.4 Results and Discussion

5.4.1 Production of SOD-loaded liposomal dry powder formulations

Costa et a/. [167], produced inhalable hydrophilic molecule-loaded liposomal dry powder for-
mulations using the design-of-experiments approach to optimize the percentage of trehalose
and leucine in the casting solution, so, after SASD, liposomes were able to keep their structure,
while retaining the dye ((5(6)-carboxyfluorescein)) encapsulated. In this work, we hypothesized
that the same optimized percentages of trehalose and leucine could produce SOD_Lip-DPFs.
Empty and SOD-loaded liposomes with neutral charge were produced. A slight size increase
was observed upon SOD encapsulation (Table 5.1). The initial SOD/Lip ratio (in the film hydra-
tion step) was approximately 15 pg/umol. During extrusion, however, when passing through
filters with several cut-offs, liposomes reorder themselves to decrease their size, leading to
encapsulated enzyme loss in the inner core, resulting in a final SOD/Lip of 5 pg/umol (Table
5.1). Following ultracentrifugation, empty liposomal and SOD-loaded liposomal formulations
were sterilized and divided into two aliquots, one for storage at 4°C and the other one to be
dried using SASD equipment. Considering the critical process parameters (percentage of leu-
cine (Leu) and ethanol) and the process variables optimized in the previous study, empty lipo-
somes, and SOD_Lip were mixed with a casting solution (4 %, v/v) composed of 90 % (w/w) of
trehalose (Tre) and 10 % (w/w) of Leu (total solution osmolarity of 300 mM). The SASD exper-
iment was carried out at 7airin = 100 £ 2 °C; 7€0, = 80 + 2 °C; Tsm = 84 + 4 °C; Tairout = 64 + 1
°C; psm = 120 + 2 bar (three independent batches).
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Table 5.1- Physicochemical characterization, encapsulation efficiency (££) and retained enzymatic activity of lipo-
somes and SOD_Lip, before and after SASD.

Size Pl NPowder  MNLipid nsoo [SOD/Lipls EF  RetAct.
[nm] [%] [%] [%]  [ug/umol]  [%] [%]
é Empty
I ) 131+ 1 0.048 + 0.011 - - - - - -
o liposomes
o
:03 SOD_Lip 136+3 0.060 + 0.007 - - - 5+1 - > 95
a Empty
2 ] 122+3 0174+0.014 57+6 58z+4 - - - -
v liposomes
[
'E SOD_Lip 117+3 0211+0009 65+3 812 99+3 7+1 >95 80-100

*Liposomes which were resuspended from the powders

The results are expressed as mean + S.D (n = 3).

Pdl: Polydispersity index.

[SOD/Lip]s: Final SOD to lipid ratio considering the final lipid concentration value

Table 5.1 shows a slight size decrease in the resuspended empty and loaded liposomes follow-
ing drying. This might be related to two different phenomena. First, the water replacement
theory suggests that during dehydration and in the solid state, the surrounding water mole-
cules are replaced by hydrogen bonds with carbohydrates [24]. Second, as observed previously,
leucine plays a role not only in moisture prevention but also in the maintenance of liposome
structure. Electrostatic interaction between the carboxyl group of the Leu and the E-PC amine
group might take place between leucine and liposomes, forming a layer on the liposome sur-
face, capable of shielding them from external forces while drying [167]. Finally, the presence of
ethanol in the casting solution can cause liposomes to shrink, resulting in a reduction of their
size as studied by Pal and co-workers [364]. When compared to empty liposomes, the size
decrease was more pronounced for SOD-Lip. It suggests possible interactions between the
enzyme and the pegylated chain of DSPE-PEG2o0o lipid. To confirm this assumption, further
two-dimensional nuclear magnetic resonance studies must be performed [391]. Nonetheless,
in our previous work [167] reconstituted CF-loaded liposomes from DPFs showed similar be-
havior, suggesting that the drying process and the casting solution composition might be the
key critical process parameters to control the final liposome structure. Observations from
Porras-Gomez and co-workers [392] showed that compression increase lipid alkyl chains dis-

order relative to the effect of cholesterol on gel (solid ordered) phases. In addition, Elizondo et
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al. [139] argue that compressed CO; provides a more homogeneous path for the supramolec-
ular organization of the lipids in their membrane. Consequently, during drying, liposomes kept
their homogeneity (Pdl = 0.2). The SOD yield of 99 + 3 % (with a respective ££ over 95 %),
reveals that liposomes maintained their structure, retaining the enzyme inside aqueous the
inner core. Otherwise, a significant decrease in the SOD recovery would have been expected.
In addition to SASD enzyme yield, it is also worth considering SOD enzymatic activity retention.
SOD activity was thereby assessed and percentages ranging from 80 and 100 % were observed,
proving that SASD does not significantly affect enzyme integrity and consequent enzymatic
activity. Lo et a/. [198] produced spray-dried SOD-loaded liposomal formulations, in which the
main phospholipid was DPPC and the excipient was sucrose. SOD enzymatic activity was 98 %
preserved. Thereby, the SOD enzymatic activity retention highlighted the DDS role of lipo-
somes. This work also overcomes the drawbacks associated with liposomal aerosols. It has been
reported that the during nebulization, the shear applied to convert the aqueous liposomal
suspensions into aerosol droplets may exert physical stress on liposome bilayers, leading to a
loss of the entrapped drug [393].

Aerodynamic characterizations were then performed to verify if the SOD_Lip-DPFs were possi-
ble candidates for pulmonary delivery. Table 5.2 shows that SOD_Lip-DPFs presented an
MMAD of 1.6 £ 0.4 um and an FPF of 65 + 5 %, indicating that particles can achieve deposition
in the lower respiratory tract, reaching stage 5 which represents the terminal bronchi. The emit-
ted dose indicates that 98.6 + 0.4 % of the powder content can be fluidized by the airflow
through the inhaler. Finally, HPLC analysis failed to detect ethanol peaks at powder concentra-
tions up to 100 mg/mL. The regulated threshold for residual ethanol was 5000 ppm [394]. For
this reason, SOD_Lip-DPFs are able not only to be inhaled but also to spare residual organic

solvent has for patient.
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Table 5.2- Aerodynamic and residual solvent characterization of Lip-DPFs and SOD_Lip-DPFs.

MMAD . FPF ED Residual ethanol
[um] [%] [%] [ppm]
Lip-DPFs 1.7+01 23+01 59+7 98 + 1 n.d.
SOD_Lip-DPFs 16+04 23+01 65+5 98604 n.d.

The results are expressed as mean + S.D (n = 3).
n.d.- Not detected.

5.4.2 Stability assays of SOD_Lip-DPFs

Stability assays of the powders at a relative humidity of 40 + 5 % at 20 °C, were conducted for
50 days. As a control, SOD-Lip suspensions were stored at 4°C for the same time. After 50 days,
powders were ultracentrifuged to remove the excipients, and liposomes were resuspended and
characterized. Table 5.3 shows a non-significant increase in liposome size which was expectable
due to DSC studies. Increased liposome size is often related to the modification of trehalose
glass transition temperature. Sun and co-workers [366] suggest that an increase in molecular
mobility with the decrease of trehalose glass transition temperature results in an increase in
liposome size increase. In this case, the 7;was not affected. DSC studies showed a 7; of 128 °C
(the same before storage, data not shown). The ££ remained above 95 %, highlighting that
despite the storage in such relative humidity, trehalose was able to prevent drug leakage, re-
flecting its role as a stabilizing agent. Not only was ££ maintained, but the SOD retained its
enzymatic activity after 50 days storage. This demonstrates that, in terms of nanosystem,
SOD_Lip-DPFs can prevent liposome fusion and rearrangement, keeping the enzyme in lipo-

somes and protecting its enzymatic activity.
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Table 5.3- Physicochemical characterization, encapsulation efficiency (££) and retained enzymatic activity (Ret.Act.)
of SOD_Lip after 50 days at RH of 40 + 5 % at 20 °C. SOD_Lip in suspension form was stored at 4°C acting as con-

trol.
Size Pdl NLipid Nsob [SOD/Lip] EE Ret.Act*
[nm] [%] [%] [ug/pmol] ¢ [%] [%]
SOD_Lip
v 136 + 3 0.060 + 0.007 - - 5+1 - > 95
& (suspension)
§e)
i SOD_Lip
) 117 £ 3 0.211 + 0.009 81 +2 99 +3 7+ 1 > 95 80-100
From DPFs
SOD_Lip . .
Q@ ) 145 £ 5™ 0.062 + 0.020™ g8 + 1 97 + 5 8+ 1* > 95" > 95™
8 (suspension)
o .
n SOD_Lip
1) 124 £+ 2™ 0.185 + 0.008* 75 + 6™ 99 +9™ 7 1™ > 95" 90-100™
From DPFs

The results are expressed as mean + S.D (n = 3).

*n= 2 independent batches

ns: non-significant; *p-value < 0.05

Regarding the powders’ aerodynamic properties, the MMAD increased from 1.6 + 0.4 pm to 4
+ 1 um (p-value< 0.05), while GSD presented a non-significant (p-value >0.05) decrease to 1.9
+ 0.4, indicating a falling distribution of the aerodynamic diameter. FPF fell from 65 £ 5 % to
28 £ 5 % (p-value< 0.01), while the ED maintained its percentage (p-value >0.05). The decrease
in FPF indicates that only 28 % of the particle managed to reach the respiratory region. There-
fore, future research must be developed to further protect the powder from moisturizing and
to improve the aerosolization efficiency of the stored powder. Despite the fall in powder flow-
ability, drying has been shown to protect SOD-loaded liposomal formulations from external

moisture. This forgoes the need for supply and distribution cold chains at — 80 °C and - 20 °C,

which hinder easy access to people of all geographical and socio-economic conditions.

5.5 Conclusions

In this work, SOD was encapsulated into PEGylated liposomes and successfully dried in SASD,
using trehalose and leucine as excipients. Considering previously optimized critical process
parameters using a quality-by-design, following drying, resuspended liposomes from dry pow-

der formulations were revealed to have maintained both their structure and integrity, while
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preserving the enzymatic activity. Challenges regarding the chemical and physical stability of
SOD-loaded liposomal formulations were surmounted by producing solid dosages form using
the supercritical fluid drying method with optimized ratios of excipients. Moreover, the
SOD_Lip-DPFs aerodynamic characterization proves that enzyme-loaded solid dosage form
can reach the respiratory region, particularly the terminal bronchi. Stability studies showed that
over 50 days, powders can protect liposomes and the encapsulated enzyme. However, de-
creased flowability suggests that more in-depth studies regarding stabilization agents (sugar)
and moisture reduction (amino acid) must be carried out. Nonetheless, this work highlights the
powder capacity to carry and protect enzyme-loaded liposomal formulations from moisture,
with the same stability as those suspensions stored at 4°C, at least for 50 days, which represents
a great advantage over the cold supply and distribution cold chains. Overall, this work repre-
sents an innovative and scalable alternative accessible to people of all geographic and socio-

economic conditions.
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6.1 Abstract

Quercetin — a natural polyphenolic flavonoid — presents remarkable anti-inflammatory proper-
ties. When incorporated in liposomes, quercetin’s water solubility and permeability are im-
proved, being a candidate for the treatment of inflammatory diseases. However, for local treat-
ment, particles should be inhaled and, consequently comprise a diameter between 1 and 5 ym
to reach the deep respiratory region. Here, we present quercetin-loaded liposomal dry powder
formulations, obtained through the sustainable and green process — supercritical CO;- assisted
spray-drying (SASD). Different compositions of liposome membranes were studied considering
the incorporation efficiency of quercetin after the drying process. Powders presented an
MMAD of 1.7 um and an FPF of 63 %, being suitable for inhalation. After resuspension in water

to remove excipients, liposomes showed 57 % of quercetin incorporation efficiency.

6.2 Introduction

Chronic obstructive pulmonary disease (COPD) is one of the chronic inflammatory lung dis-
eases, which was responsible in 2019 for 3.23 million deaths worldwide, according to the World
Health Organization (WHO) [3]. This disease is characterized by a chronic inflammatory re-
sponse, which leads to the production of reactive oxygen species (ROS) [2], resulting in tissue
damage and consequent alterations of lung tissue structure [395], which may lead to emphy-
sema with concomitant pulmonary fibrosis. Common COPD treatment is based on inhaled cor-
ticosteroids (ICS). Early randomized controlled trials (RCTs) have shown that ICS monotherapy
has no significant effect on exacerbations of COPD. However, when conjugated with a bron-
chodilator a reduction of 25-35 % is obtained [5]. Nonetheless, there is evidence that a long-
term therapy based on ICS can cause several adverse effects, like pneumonia [4-6], cataracts
[4], and even the risk of fractures [4,396]. Quercetin (Quer) is a polyphenolic flavonoid found in
vegetables and fruits with remarkable anti-inflammatory and antioxidant properties [7]. This
polyphenol is reported to be an active oxygen scavenger and an estrogen receptor agonist.
Mitani et al. [397] reported that quercetin increased AMPK activation and Nrf2 expression, and
it also restored corticosteroid sensitivity suggesting that quercetin might be a potential new
treatment for COPD. Recently, Derosa et a/. [398] reported computation methods that showed

quercetin’s ability to interfere with the SARS-CoV-19 replication. Despite all the advantages of
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a possible quercetin-based treatment, this flavonoid is a biopharmaceutical classification sys-
tem (BCS) class IV [10,399], which restricts its therapeutic potential. Liposomes, known to be
biodegradable, biocompatible, and non-toxic drug delivery systems (DDS) [15,400], due to their
physicochemical properties, can accommodate hydrophobic compounds in their bilayer, being
an excellent candidate for the carry and delivery of quercetin. Several studies have evaluated
the antioxidant potential of quercetin-loaded liposomes [401-405]. Rezaei-Sadabady et al.
[403] reported the production of liposomal formulations of quercetin, improving its solubility
and bioavailability. Moreover, nano-sized quercetin encapsulated by liposomes enhanced cel-
lular uptake. Ferreira-Silva et al [405] studied the efficacy of quercetin liposomal nanoformu-
lation, with an incorporation efficiency of 96 + 3 %, for ischemia and reperfusion injury treat-
ment. Despite the successful studies of quercetin-loaded liposomes on inflammatory pro-
cesses, COPD acts in the respiratory region, therefore a pulmonary drug delivery is a more
effective and suitable treatment. Several works have reported quercetin in solid dosage forms.
Recently, Alhajj et al. [406] reported a ciprofloxacin-quercetin co-amorphous system for the
treatment of cystic fibrosis. Powders with a mass median aerodynamic diameter between 2.51
+ 0.05 and 3.51 + 0.60 pm were obtained. However, due to the poor water solubility of the
drugs, 75 % of ethanol is used during the process. In the end, powders with a residual moisture
content between 2.95 + 0.14 and 3.59 + 0.13 % are obtained, which are above the regulated
threshold for ethanol [394]. Freeze and spray-dried solid dispersions constituted by quercetin
and polymers, such as polyvinylpyrrolidone, hydroxypropyl methylcellulose, poloxamer 400,
polyethylene glycol 8000 towards the increase of quercetin solubility have been also reported
[407,408]. Scalia et al. [409] obtained solid lipid microparticles composed of tristearin as the
lipid component and phosphatidylcholine as the emulsifier with a fine particle fraction of 20.5
+ 3.3 %, whereas Papakyriakopoulou and co-workers reported quercetin-p-cyclodextrin deriv-
atives complexes with mannitol/lecithin microparticles for the treatment of Alzheimer disease,
through the nasal delivery [410]. Supercritical fluids have been also applied to the drying of
quercetin. Lévai et al. [192] produced quercetin suspensions using soybean lecithin and Plu-
ronic L64® using Supercritical Fluid Extraction of Emulsion. Then, microparticles of quercetin
suspensions were produced through Particles from Gas Saturated Solutions (PGSS)-drying
technology. The authors observed a significant improvement in quercetin permeability through
a transdermal membrane into the simulated intestinal fluid. More recently, liposomal formula-
tions with a hydrophilic dye were converted into liposomal dry powder formulations (Lip-DPFs)

suitable for inhalation, using the supercritical CO;-assisted spray-drying (SASD) process [167].
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SASD is a one-step process that produces dry powders [35], as scCO; is solubilized into the
liquid solution containing the drug and/or carrier system. The resulting near-equilibrium mix-
ture outflowing from the saturator/static mixer is then atomized through a nozzle to the pre-
cipitation chamber at near atmospheric pressure [31]. Compared to conventional methods,
SASD offers numerous advantages, such as the opportunity to control both particle size and
distribution [411], as well as to function at mild temperatures. SASD is also scalable. Therefore,
this CO,-assisted process is not only attractive for liposome drying, but it also provides suitable
powders for liposome inhalation [411]. To date, no study has been conducted to produce quer-
cetin-loaded liposomal dry powder formulations using SASD. Thereby, the objective of this
work is to process quercetin-loaded liposomal dry powder formulations (Quer_Lip-DPFs) for
inhalation purposes. To achieve this, considering a previous SASD optimization to produce Lip-
DPFs [167], different liposomal formulations (with different surface charges and lipid: quercetin
molar ratio) were produced to maximize the quercetin incorporation efficiency of resuspended
liposomes, after SASD processing. Regarding the drying process, different leucine and ethanol
percentages were also studied. Here, the quercetin’s crystalline form and solubility-related is-
sues are overcome, since after drying process, upon resuspension in Milli-Q water, quercetin
remained loaded into the liposomal bilayer. In sum, we aim to design a promising work for
suitable, patient-friendly, green, and efficient lipid-based dry powder formulations for the

treatment of lung inflammatory diseases, overcoming the drawbacks of long-term ICS therapy.

6.3 Experimental procedure

6.3.1 Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine  (DMPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phorylglycerol sodium salt (DMPG), and egg-phosphatidylcholine (E-PC) were obtained from
Lipoid (Germany). Cholesterol (Chol), stearylamine (SA) (99%), L-leucine (98%), citric acid and
sodium chloride were purchased from Sigma-Aldrich (USA). Quercetin (>97%) was purchased
from Alfa Aesar. Trehalose dehydrated (> 98 %) was acquired from Tokyo Chemical Industry
(China), chloroform (> 99 %) was purchased from Carlo Erba (Spain) and ethanol absolute an-
hydrous (99.9 %) was sourced from Scharlau (Spain). Methanol (HPLC gradient grade) was pur-
chased from Merck (Germany). Air Liquide (Portugal) provided carbon dioxide (99.998 %). All

components were used as received without further purification.
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6.3.2 Preparation of liposomes and quercetin-loaded liposomes
(Quer_Lip)

Liposomes were prepared using the film hydration method followed by extrusion [167]. Briefly,
for neutral liposomes, EPC and Chol (molar ratio of 9:1, respectively) were dissolved in chloro-
form in a round bottom flask, whereas for cationic liposomes, EPC, Chol and SA a molar ratio
of 8:1:1 as applied. Finally, for negative liposomes, DMPC and DMPG were dissolved at a molar
ratio of 7:3. All the formulations were prepared at a total lipid concentration of 32 umol/mL
(final hydration volume). For the preparation of quercetin-loaded liposomes (Quer_Lip), in par-
allel quercetin was dissolved in methanol and then added to the lipid components dissolved
in chloroform (molar ratio of 1:10,). The mixture was then dried using a rotary evaporator (Ro-
tavapor RE-111- Buchi, Swiss) and formed a lipidic film. The film was then hydrated with 10 mL
of a buffer solution (10 mM citric acid in 280 mM trehalose, at pH 6), resting for 1 hour
(Quer_Lip) at room temperature, with occasional agitation. A high-pressure extruder (Lipex TM
Thermobarrel Extruder, Biomembranes Inc., Vancouver, BC, Canada) with a Nucleopore®
Track-Etched Membranes (Whatman®, USA) with pore sizes of 600, 400 and 200 nm was ap-
plied to the obtained suspension with three passes across a membrane filter of 100 nm. Finally,
the non-incorporated Quer was separated from the liposomal formulation by size exclusion
chromatography using a desalting column with a 1000 Dalton cut-off (Econo-Pac®, BIO-RAD,
Hercules, CA, USA) and sterilized by filtration through syringe 0.2 um PTFE sterile filters.

6.3.3 Preparation of quercetin-loaded dry powder liposomal formulations
(Quer_Lip-DPFs)

In each assay, 4% (v/v) of the liposome suspensions were mixed with a solution at a total con-
centration of 300 mM of trehalose (Tre) and 10 % (w/w) of leucine (Leu). This suspension was
prepared as a mixture of water:ethanol (85:15, % v/v). The final suspension containing the lip-
osomes suspension and all the excipients is referred to as the casting solution from now on. In
each assay, the casting solution was fed into a laboratory-scale SASD apparatus which was
previously described in detail elsewhere [31]. Firstly, the CO, was liquified (at 25 mL/min) by
passing the feeding line of carbon dioxide in a cryogenic bath which was then pumped using
a high-pressure pump (HPLC pump K-501, Knauer). The high-pressure CO; is then warmed

using a heated bath (7co, = 80 °C) before being delivered to the static mixer. Simultaneously,

the casting solution, containing the liposomes or Quer_Lip and the excipients, was put through
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a high-pressure pump (Smartline pump 1000, Knauer), at 3.5 mL/min, into a heated static mixer,
at 80 °C, (3/16 model 37-03-075 Chemieer) comprising a high-pressure column of 4.8 mm
diameter, 191 mm length and 27 helical mixing elements that promoted CO; solubilization into
the liquid solution, to obtain a near-equilibrium mixture (psw = 120 bar). The static mixer and
the inlet streams were heated using tapes and a Shinko FCS-13A temperature controller (+
0.2°C resolution). Afterwards, the mixture was atomized into the precipitator through a 150 pm
internal diameter nozzle where the solvent underwent accelerated evaporation by heated com-
pressed air flow (Fairin= 30 m3/h and 7aiin= 100 °C). The particles were separated from the CO»-
solvent flow in a high-efficiency cyclone and collected in a glass vessel.

The process yield is defined as follows:

amount of excipients after SASD (g)

%) = X 100 1
Nsasp (%) amount of excipients before SASD (g) @

6.3.4 Characterization of liposomal formulations

Before and after SASD processing, liposomes were characterized according to their average
size and polydispersity index (Pdl), as well as phospholipid and quercetin content used to cal-
culate the incorporation efficiency (/£). A Zetasizer Nano S (Malvern Panalytical Ltd., Malvern,
UK) determined the mean size (Z-average), and the polydispersity index as a measure of the
particle size distribution that ranged from 0 (monodisperse) and 1.0 (polydisperse). The Rouser
method [321] assessed the phospholipid quantification. Quercetin quantification was per-
formed by high-performance liquid chromatography (HPLC) in a Purospher® STAR RP-18 end-
capped (5 um) HPLC column, 4.6 x 250 mm (Merck, Darmstadt, Germany), using a Beckman
System Gold HPLC (Beckman Coulter, Carlsbad, CA, USA). Liposomes containing the drug were
disrupted with methanol, with the concomitant solubilization of quercetin, and filtered through
a PTFE membrane with 0.2 um pore diameter before quantification at 360 nm with a mobile
phase consisting of methanol/water acidified with 0.1% (v/v) trifluoroacetic acid (70:30, v/v).

The quercetin yield (naquer) Was calculated as follows:
amount of Quer after SASD (ug)

%) = x 100 2
Tquer (%) amount of Quer before SASD (ug) @)
The lipid yield (nupia) was calculated as follows:
__ amount of CF after SASD (1g)
nlipid (%) " amount of CF before SASD (ug) X100 (3)

Moreover, the percentage of incorporation efficiency (/£) of the quercetin is given by the fol-

lowing equation
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IE (¢ Hmoluip) 100 4
= — X
(%) (ﬂgQuer ) )
umoly;, ;
where (M) is the initial quercetin-to-lipid ratio and (M) is the final one.
umolyip / pumolyip f

6.3.5 Characterizations of liposomal dry powder formulations

6.3.5.1 In vitro aerosolization study

The aerodynamic properties of the Lip-DPFs and Quer_Lip-DPFs were determined using an
eight-stage Andersen Cascade Impactor — ACI - (Copley Scientific). Soon thereafter, 30 mg of
Quer_Lip-DPFs were loaded into three hydroxypropylmethylcellulose capsules n°3 (Aerovaus).
The capsules were individually placed into a previously weighed dry powder inhaler (DPI) that
was coupled to the ACI device. Each plate of the cascade impactor was covered by a pre-
weighed filter (Glass Microfiber filter MFV1080, Filter Lab). The DPI punctured the capsule be-
fore the inhalation, and a high-capacity pump was turned on to simulate an intake of breath:
an airflow rate of 60 L/min lasting 4 s, according to the European pharmacopoeia [352]. The
amount of powder deposited in each stage was calculated by weighing the filters before and
after the test and calculating the difference. From this assay, several aerodynamic parameters
were calculated—mass median aerodynamic diameter (MMAD), fine particle fraction (FPF), and
geometric standard deviation (GSD). The MMAD characterizes the size of those particles that
reached the impactor, excluding those deposited in the throat. The value is displayed below,
which is the diameter of 50 % of the particles. On the other hand, FPF is the portion of the
delivered particles sized below 5 um, as determined by the interpolation of the percentage of
the particles with smaller sizes than this value. Finally, the GSD can be calculated using the

following equation:

d
GSD = |2 (5)
d16

where dgs and di6 are the diameters corresponding to 84 % and 16 % of the cumulative distri-

bution, respectively. The emitted dose was calculated as follows:

Mey1r — Mempt
ED =L P x

100 (6)
mpowder
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where mei and mempry are the weights (mg) of the capsule before and after simulating the

inhalation and mpowder is the initial weight (mg) of the powder in the capsule.

6.3.5.2 Scanning electron microscopy

The shape and morphology of Lip-DPFs particles were determined by scanning electron mi-
croscopy (SEM). The samples were coupled to adhesive carbon tapes, and the excess powder
was removed by a jet of compressed air. Then a Hitachi S2400 with Bruker light elements EDS
detector (Japan) analyzed the samples with an accelerating voltage set to 15 kV and at magni-
fications of 5 k and 10 k.

6.3.5.3 Residual moisture content

Residual ethanol content was evaluated by high-performance liquid chromatography (HPLC)
Dionex ICS3000 (Sunnyvale, CA, USA) with Pulsed Amperometric Detection (PAD). Briefly, Lip-
DPFs with and without quercetin were dissolved in Milli-Q water at a final concentration of 100
mg/mL. Then 10 pL of each sample was injected into a Thermo Carbopac PA10 250 x 4.6 mm
with pre-column Thermo Aminotrap 50 x 4.6 mm (Waltham, Massachusetts, EUA). The analysis

was conducted at a flow rate of 1 mL/min with NaOH (18 mM).

6.4 Results and Discussion

The biggest challenge faced in the drying of liposomes is to keep the associated drug (Quer)
incorporated upon liposome resuspension. Therefore, preliminary studies where different
membranes’ composition, surface charge, and different molar ratios of lipid/quercetin were
performed (Appendix C). Negative, neutral, and cationic quercetin-loaded liposomes were pro-
duced through the thin-film method followed by extrusion. Molar ratios of 10:0.5 and 10:1
lipid/quercetin were studied. The results showed that negatively charged liposomes presented
a lower /£ (13-14 %) than neutral (37-32 %) and cationic liposomes (28-69 %). It was also ob-
served that liposomes with molar ratios of 10:1 presented higher /£ than those with molar ra-

tios of 10:0.5. Therefore, further experiments were carried out with cationic liposomes.
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6.4.1 Preparation of neutral and cationic liposomes and quercetin-loaded

liposomes (Quer_Lip)

During the preparation, liposomes with and without the cationic amphipathic molecule (SA)
were prepared. Stearylamine was added to the liposomes components to induce a cationic
charge in lipid nanoparticles [14], to improve further interaction with lung cells in /n vitro stud-
ies. Therefore, in this work, neutral liposomes act as a control. Table 6.1 shows the physico-

chemical characterization of neutral and cationic liposomes and Quer_Lip.

na

Table 6.1- Physicochemical characterization and incorporation efficiency (IE) of neutral and cationic liposomes and
Quer_Lip, before SASD.

Size Pl - potential (Quer/Lip)s 1E
[nm] [mV] [ug/pmol] [%]
Neutral
) 136 + 1 0.098 + 0.016 -1+1 - -
liposomes
Neutral
) 138 + 2 0.148 + 0.030 -1+1 37 + 4 96 + 10
Quer_Lip
Cationic
) 137 + 5 0.080 + 0.006 11 +1 - -
liposomes
Cationic
15310 0.123 + 0.064 12 £ 1 40 + 3 98 + 2
Quer_Lip

The results are expressed as mean + S.D (n = 3).
Pdl: Polydispersity index.

(Quer/Lip)s: Final quercetin to lipid ratio considering the final lipid concentration value

Table 6.1 shows that no major differences between the size of cationic and neutral liposomes
were observed. However, for those incorporated with quercetin, a slight increase was observed.
Similar observations were reported by Eid et al. [412] for liposomes composed of PC, Chol and
quercetin. Through atomic force microscopy and molecular dynamics measurements, Eid and
co-workers observed that with the increase in quercetin concentration, they observed larger
distances between the lipid molecules, explaining the increase in the size. Moreover, the diffu-
sion coefficients of lipid molecules are also increased [412]. The Z- potential increased signifi-
cantly for those liposomes with SA, proving a successful SA distribution into the liposome’s

bilayer. Finally, 96-98 % of quercetin was incorporated in the liposome’s bilayer. Liposomes
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and Quer_Lip were then sterilized, divided into two aliquots, and stored at 4°C, for further

processing in SASD.

6.4.2 Preparation of liposomal dry powder formulation (Lip-DPFs) and
quercetin-loaded liposomal dry powder formulation (Quer_Lip-DPFs)

The main challenge of liposomes drying is the maintenance of their structure during and after
SASD processing, as well as the keeping of the incorporated molecule. A previous work in
which a model hydrophilic dye was encapsulated in liposomes and then processed in SASD
showed that liposomes with hydrophilic molecules encapsulated in their aqueous core can
keep their structure after a scCO,-based process [167].

In this work, neutral and cationic liposomes and quercetin-loaded liposomes were processed
in SASD. The pressure and temperatures at which the experiments were carried out as well as

the respective process yield are described in Table 6.2.

Table 6.1- SASD process parameters.

Fairjin Tcoz Tsm Tairout Psm nsasp
[°C] [°C] [°C] [°C] [bar] %]
Neutral
) 98 + 2 80 + 1 % +2 57+3 1191 64 + 2
liposomes
Neutral
) 99 + 3 80 + 1 93+1 58+2 120+ 1 64 + 1
Quer_Lip
Cationic
] 97 + 4 80 + 1 92+1 56+3 118+ 1 60 + 6
liposomes
Cationic
) 9 +6 79 1 895 59+x2 120%1 611
Quer_Lip

The results are expressed as mean + S.D (n = 3).
Tairin: Temperature of heated compressed air; 7cox Temperature of heated COy; Tirout: Outlet air temperature; Tsu:

Temperature at the static-mixer; psm: Pressure at the static-mixer.

The process yield was between 60 and 65 % of the recovered powder. Liposomes were suc-
cessfully encapsulated in trehalose. Through EDS analysis, it was possible to observe 49.4 + 0.1

% of carbon atoms, 47 + 1 % of oxygen atoms and a residual presence of nitrogen atoms (3
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1 %), probably from liposomes present on the sugar surface. Following SASD processing, cati-
onic Lip-DPFs, Quer_Lip-DPFs and respective controls were resuspended in deionized water to
maintain their osmolarity. The excipients were removed by ultra-centrifugation. Then, the re-
suspended liposomes were characterized in terms of their morphological and physical and

chemical properties as shown in Table 6.3.

Table 6.2- Physicochemical characterization and incorporation efficiency (/£) of resuspended neutral and cationic
liposomes and Quer_Lip, after SASD.

Size ol {- poten- Niipid Nauer /3
[nm] tial [mV] [%] [%] [%]
Neutral
] 121 +2 0229+ 0009 -08=+0.3 55 + 10 - -
liposomes
Neutral
) 143 + 3 0.378 + 0.008 06 +04 67 +1 44 +1 66 + 3
Quer_Lip
Cationic
) 260 +2 0412 +0.006 10.6 +0.2 82+7 - -
liposomes
Cationic
. 316+29 0428 £0.013 9+ 1 100+5 59+4 57+10
Quer_Lip

The results are expressed as mean + S.D (n = 3).

Neutral liposomes showed a smaller size than before supercritical processing. Similar results
were observed in a previous work [167]. According to the water replacement theory, during
drying water molecules are replaced by carbohydrates which establish hydrogen bonding with
the phospholipids’ polar head [24]. Leucine also plays an important role on the maintenance
of the liposomes' size. It is expectable an electrostatic interaction between the carboxyl group
of the Leu and the E-PC amine group which contribute for a liposomal stabilization [356]. More-
over, studies of Pal et a/. [364] showed that an increase of ethanol concentration contributes
for liposomes shrinking, due to a reduction in the bending modulus of lipid membranes. How-
ever, the polydisperse index increased from 0.098 + 0.016 to 0.229 + 0.009, suggesting an
increase in the size heterogeneity from liposomes rearrangement, during the processing. A
similar result was observed for neutral Quer_Lip. Nonetheless, an increase in their size was
observed. This might be related to the quercetin presence in the lipidic bilayer, since its addi-

tion in lipidic bilayers contributes to larger distances between the lipid molecules [412]. Studies
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from Movileanu et al. [413] showed that quercetin molecules penetrate the lipid bilayer by
intercalating between the flexible acyl chains of the phospholipids. Therefore, scCO, diffusion
might increase during the drying process leading to an increase in polydispersity index and
liposomes’ rearrangement.

Regarding the cationic liposomes, it was observed that the SA insertion in the lipidic bilayer
led to a higher increase in terms of size and Pdl compared to neutral liposomes. Toopkanloo
et al. [414] suggested that highly lipophilic agents induced structural changes in liposomes'’
membrane and vesicle stability, changing the fluidity and packing density of the polar-nonpo-
lar interface of the phospholipid head group area at the surface of the liposomes, like the
cholesterol effect. Therefore, under thermal and shear stress, it is expectable an increase of
their size. Regarding quercetin’s /£ similar values were obtained for both formulations. The
decrease in incorporation efficiency might be related to the thermal and air-interface-related
stresses. The shear rate imposed on liposomes resulted in the unfolding and exposing of the
hydrophobic bilayer [415]. Thermodynamic studies of the solubility of quercetin in CO; + eth-
anol system from Chafer and co-workers [416] have shown that solvating power of CO; be-
comes greater, and more solute is transferred to the supercritical phase, with increasing pres-
sure. Thereby, it is suggested that quercetin is being dragged with CO,. Studies with querce-
tin/trehalose/leucine system (without liposomes) were performed. We observed that only 25 +
3 % of quercetin remained in the final powders, suggesting that CO, dragged quercetin.

The Z- potential of resuspended liposomes decreased to 9 + 1 mV. Liposomal cationic surface
contributes to a better interaction with the cells’ negative surface. A higher interaction pro-
motes endocytosis and quercetin diffusion through the liposome’s bilayer to cells. Besides,
higher liposomal sizes increase surface area contact with cells, with a consequent increase of
delivered quercetin. Even so, an additional experiment where the leucine percentage was in-
creased to 15 % and ethanol to 30 % was performed, to understand if this increase in the size
of the resuspended liposomes would decrease and the incorporation efficiency would be
higher than 58 %. In fact, cationic Quer_Lips decrease their size to 225 + 27, whereas Pdl was
0.426 + 0.029. However, the /£ decrease to 32 + 8 %.

Aerodynamic, and morphological characterization of cationic liposomal dry powder formula-
tions were then performed. Table 6.4 shows the values obtained for Quer_Lip-DPFs and Lip-

DPFs with cationic liposomal surface charge.
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Table 6.3- Aerodynamic and chemical characterization of Lip-DPFs and Quer_Lip-DPFs.

MMAD GSD FPF ED Residual ethanol
[um] [%)] [%] [ppm]
Lip-DPFs 1.7 £ 0.1 23 +0.1 59 +7 96 + 2 < 5000
Quer_Lip-
1.7 + 0.1 2.2 +0.1 63 +4 98 + 1 < 5000
DPFs

The results are expressed as mean + S.D (n = 3).

Quercetin-loaded liposomal dry powder formulations showed an MMAD between of 1.68 um
and a fine particle fraction of 63 %, which enables them to reach the respiratory region, being
deposited in the alveolar airspaces. SEM images (Figure 6.1) corroborate these observations.

Figure 6.1A shows Lip-DPFs bigger than Quer_Lip-DPFs (Figure 6.1B).

Figure 6.1- SEM images of (A) Lip-DPFs and (B) Quer_Lip-DPFs (scale bar: 10 um; magnitude: 3000 x;
high-voltage: 15 kV).

According to the aerodynamic studies, 57 + 2 mg of powder reaches the respiratory tract,
which results in 5.2 + 0.4 pug of delivered quercetin from liposomes. Once classified by the BCS
as a class IV drug, higher amounts of quercetin in its free form are required for an efficient
treatment. Work from Mamani-Matsuda et al. [417] reports that five oral administrations of
quercetin with a dose of 160 mg/kg to arthritic rats resulted in an anti-arthritic effect compared
to untreated control. Similar results were obtained for those treated with five cycles of 60
mg/kg administered by the intra-peritoneal route. However, studies from Priprem and co-
workers [418] showed that when incorporated in liposomes and administrated by the intranasal
route, the administration of quercetin for anti-inflammatory purposes decrease drastically.
Their study compared the oral intake of 300 mg/kg/day of free quercetin in rats with the in-

tranasal administration of 20 pg/day of quercetin-loaded liposomes. The results showed that
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a lower dose and a faster rate of anxiolytic effects were observed for liposomes administrated
via intranasal route over oral administration. To understand if the delivered dose has a potential
therapeutic effect, /in vitro cell viability assays and antioxidant activity studies of quercetin from

Quer_Lip- DPFs, will be performed in the future.

6.5 Conclusions

This work is a proof-of-concept that highlights the potential of supercritical CO;-assisted
spray-drying to convert liposomal suspensions loaded with hydrophobic compounds, convert-
ing them into liposomal dry powder formulations. The major challenge of this study was to
keep the liposomes’ structure and the incorporation efficiency over 80 %, after the drying pro-
cess. Different compositions of liposomes membrane, as well as different molar ratios of li-
pid/quercetin, were also studied considering the increase of the incorporation efficiency. Stud-
ies with quercetin-loaded cationic liposomes were performed, considering the cellular interac-
tion and better incorporation efficiency among others. Thermal and air-interface-related
stresses during the SASD, might result in the unfolding and exposing of the hydrophobic bi-
layer. Moreover, it is suggested that CO, dragged quercetin during the process. Notwithstand-
ing, /E of 57 + 10 % (n=3) was obtained. The incorporated quercetin along with the aerody-
namic performance of the dry powders shows that Quer_Lip-DPFs present aerodynamic prop-
erties required for effective pulmonary liposomal delivery of the drug. For a better understand-
ing related to toxicity and quercetin’s antioxidant activity after SASD and from powders, /n vitro
cellular assays will be performed in the future. Moreover, future research to obtain a deep
knowledge of how quercetin interacts with lipids under supercritical conditions will be crucial

to optimize the obtained results.
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CONCLUSION AND FUTURE PERSPECTIVES
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7.1 Final overview

At the beginning of this dissertation, the major aims were pointed out towards the develop-
ment of a green integrated manufacturing process to produce liposomal dry powder formula-
tions (Lip-DPFs) for encapsulation of high-and-low molecular weight anti-inflammatory drugs
for the treatment of lung inflammatory diseases. It was proposed to produce solid dosage
forms of SOD and quercetin using green methodologies, combining microfluidics coupled to
supercritical CO,-assisted spray-drying (SASD) continuous production, with optimized process
parameters using the quality-by-design approach. In this way, at the end of Chapter 1, several
questions related to this work were proposed as follows:

1. Is it possible to process a biopharmaceutical using microfluidics, while the conforma-
tional structure and enzymatic activity are preserved?

2. lIs it possible to obtain empty Lip-DPFs using SASD? Does their structure remain? What
are the variables that must be considered?

3. Can hydrophilic molecules with high and low molecular weight present similar encap-
sulation efficiency?

4. Can Lip-DPFs keep liposomes and hydrophilic molecules stable upon storage?

5. Is it possible to process liposomal dry powder formulations with hydrophilic and hy-
drophobic loaded molecules, while keeping their size, encapsulation/incorporation ef-
ficiency, and activity retention?

Throughout this doctoral dissertation, a synergy between pharmaceutical technology and
chemical engineering was essential to achieve most of the established goals, answering all the
questions that were settled. Thereby, the first question was addressed in Chapter 3, where pro-
teins with different molecular weights were encapsulated into liposomes, using microfluidics.
The first step was to assemble a glass-capillary microfluidic device and optimize microfluidic
process parameters in terms of flow rate ratio, total flow rate, and lipid composition. The opti-
mization was performed considering the desired liposomes’ size and polydispersity index (Pdl),
and encapsulation efficiency (££) of protein. For this reason, the first work was performed using
insulin as a model protein. Thereby, insulin-loaded liposomes (InsLip) with an ££0of 91 + 4 %
were obtained. Facing the potential application of the results, the studies were pursued, and
nano-in-microparticles were produced for oral protein delivery. In this way, InsLip were coated
with chitosan and then, through a microfluidic glass-capillary-based double-emulsion, coated

by an enteric polymer to confer total protection from the harsh gastric conditions. Insulin
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permeability and circular dichroism studies showed a strong improvement in insulin permea-
tion across the intestinal epithelium without compromising its activity, respectively. Moreover,
the low cytotoxicity of the nano-in-microparticles in the intestinal cells was observed. After
obtaining interesting results with insulin, the studies were pursued considering Cu, Zn- super-
oxide dismutase (SOD), an enzyme weighing 32.5 kDa. Small adaptations in the microfluidic
device were performed. SOD was efficiently encapsulated (59+6 %) in liposomes with pre-
served enzymatic activity (82 + 3 %). /n vivo experiments to test the anti-inflammatory proper-
ties of SOD_Lip showed the inhibition of 65 + 8 % for animals treated with SOD_Lip adminis-
tered i.v. The histopathological studies also showed the effectiveness of the administration of

the SOD_Lip, compared to the SOD administered in its free form.

After successful SOD_Lip production using microfluidics, the work was conducted towards the
supercritical CO;-assisted spray-drying (SASD) optimization considering the liposomal struc-
ture maintenance during and after the process (Chapter 4), where the questions ii) to iv) were
addressed. To monitor the dynamic behavior of the liposomes during drying, a model hydro-
philic drug, 5(6)-carboxyfluorescein (CF), was used to mark their internal space. CF-loaded lip-
osomal dry powder formulations CF_Lip-DPFs were produced using SASD. A quality-by-design
approach followed by the design of experiments showed that leucine, ethanol, and their inter-
actions have a significant impact not only on the morphological properties of the CF_Lip-DPFs
but also on the liposomes structure and encapsulation efficiency of CF. It was observed that
leucine had a more significant effect on liposome size, Pdl, lipid yield, and powders’ span. The
SASD yield was shown to be significantly influenced by leucine and ethanol. From the com-
bined analysis of the ANOVA results it was concluded that the liposome structure would be
successfully retained with a casting solution composed of 10 % of leucine and 15 % of ethanol.
Considering these observations, CF_Lip-DPFs suitable for inhalation were produced. Thus, after
excipients removal, liposome structure was maintained as well as the dye encapsulation effi-
ciency (EE > 95 %). Powders' stability studies showed that CF_Lip-DPFs maintained liposomes
stability when stored at relative humidities of 4 % and 50 % at 20 °C. The aerodynamic perfor-
mance of the dry powders showed that CF_Lip-DPFs stored at relative humidities of 4 % and
50 %, for 30 days, kept those aerodynamic properties required for effective pulmonary liposo-

mal delivery.
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In Chapter 5, in which questions iii) to v) were addressed, it was hypothesized that the same
optimized percentages of trehalose and leucine could produce SOD-loaded liposomal dry
powder formulations (SOD_Lip-DPFs). Thereby, considering the optimized percentages, SOD
was encapsulated into PEGylated liposomes and successfully dried in SASD (£E£ > 95 %). After
resuspension, reconstituted liposomes from dry powder formulations were revealed to have
maintained both their structure and integrity, while preserving the enzymatic activity (80-100
%). Aerodynamic characterizations of SOD_Lip-DPFs showed an MMAD of 1.6 + 0.4 um and an
FPF of 65 + 5 %, indicating that particles can achieve deposition in the lower respiratory tract,
reaching stage 5 which represents the terminal bronchi. Finally, storage stability assays were
conducted at a relative humidity of 40 %, for 50 days. SOD_Lip-DPFs have shown to be effective
in maintaining both liposomal and enzyme stability. However, the MMAD increased from 1.6
+ 04 uym to 4 = 1 ym and FPF fell from 65 =+ 5 % to 28 + 5 %. From the work developed
in Chapters 4 and 5, it was possible to confirm that independent of the molecular weight of
the encapsulated molecule, its encapsulation efficiency will be kept. The works suggested that
the drying process and the casting solution composition might be the key critical process pa-

rameters to control the final liposome structure.

Finally, the outputs from the Chapter 4 were considered and in Chapter 6 quercetin-loaded
liposomal dry powder formulations (Quer_Lip-DPFs) were produced. Quercetin is a flavonoid
and is classified as a class IV drug in the BC system. The major challenge of this study was to
keep the liposomes’ structure and the incorporation efficiency over 80 %, after the drying pro-
cess. For this, different compositions of liposome membranes (anionic and neutral lipids and
stearylamine) and the ratio quercetin/lipid were studied considering the increase of the incor-
poration efficiency (/£). Prelaminar studies showed that liposomes with stearylamine (positively
charged liposomes) showed higher /£ (/E of 69 % over 32 % of neutral and 13 % of anionic
liposomes). Besides, a cationic surface might promote better interaction with cells. Quer_Lip-
DPFs with an /£ of 57 + 10 % (n=3) were obtained. Yet, after resuspension, reconstituted lipo-
somes showed an increase in size from 153 + 10 nm to 316 + 29 nm, suggesting a change in
the fluidity and packing density at the surface of the liposomes. Finally, Quer_Lip-DPFs showed
an MMAD between 1.7 £ 0.1 um and an FPF of 63 + 4 % %, presenting aerodynamic properties

required for effective pulmonary liposomal delivery of the drug.
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Ultimately, the investigation conducted in this thesis and the findings that resulted from it
enabled the successful development of potential liposomal dry powder formulations using
SASD, for lung delivery. Here, different challenges were surpassed resulting in the achievement
of the established goals and bringing new insights for the use of pulmonary delivery in chronic

inflammatory situations.

7.2 Future perspectives

A Ph.D. work is a world full of possibilities and this one is not an exception. Although the main
questions were answered, several side questions were raised. This is why science is so beautiful
and exciting. Thereby, forthcoming works that can arise from this thesis and be implemented
in a near future include:
1. Integration of microfluidics and SASD would result in a continuous process to manu-
facture liposomal dry powder formulations (in fact this was what motivated this work).
2. Study of different amino acids not only as dispersibility enhancers but also as a liposo-
mal stabilizing agent.
3. A deeper understanding of how biopharmaceuticals interact with polar heads of lipo-
somes, using characterization techniques like NMR.
4. In vitro cellular assays with 3D human tissue model of lung inflammation to study the
cytotoxicity of the Quer_Lip and Quer_Lip-DPFs and the quercetin’s antioxidant activity.
5. Computational modeling approaches to study the interaction of hydrophobic mole-
cules and lipidic bilayer under supercritical conditions.
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APPENDIX

The information in this appendix is related to Chapter 3.
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Figure A 1- TEER values, at different time-points, for Caco-2/HT29-MTX mo-
nolayer after incubation, at 37°C and for 3 hours, with insulin-loaded nano-

in-microparticles (Ins@MPs) and free insulin. The results are expressed as

mean + S.D. (n = 3).
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Figure A 2- Circular Dichroism of insulin in its native form at 1.0
mg/mL, in HBSS-HEPES (pH 7.4). The results are expressed as mean +
S.D(n = 3).
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APPENDIX

The information in this appendix is related to Chapter 4.

Table B 1- Mass balance of CF, lipids and casting solution before and after SASD, for the DoE.

Before SASD After SASD
Assay CF/Lip Lip/Exc CF/Lip Lip/Exc
(ug/ umol) (umol/g) (ug/ umol) (umol/q)
Blank Sample - 839 - 3.35
L1_CF_EtOHO 0.444 9.20 0.074 6.03
L1_CF_EtOH15 10.6 0.058 7.75
L1_CF_EtOH30 10.6 0.055 8.46
L2_CF_EtOHO 124 0.054 743
L2_CF_EtOH15 0.099 124 0.086 743
L2_CF_EtOH30 124 0.045 8.46
L3_CF_EtOHO 13.9 0.069 8.10
L3_CF_EtOH15 13.9 0.050 7.64
L3_CF_EtOH30 13.9 0.052 8.80
Blank Sample_R - 9.50 - 5.86
L1_CF_EtOHO_R 9.50 0.068 6.17
L1_CF_EtOH15_R 10.6 0.061 6.70
L1_CF_EtOH30_R 10.6 0.073 7.58
L2_CF_EtOHO_R 0.096 124 0.076 7.64
L2_CF_EtOH15_R 124 0.090 6.40
L2_CF_EtOH30_R 124 0.080 6.40

L3_CF_EtOHO_R 13.9 0.082 7.18
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L3_CF_EtOH15_R
L3_CF_EtOH30_R

13.9
13.9

0.070

0.08

3

6.95
7.64

CF: 5(6)- carboxyfluorescein, Exc: Trehalose and L-Leu, R: Replicate

Table B 2- Liposomal and Lip-DPFs responses obtained for each DoE experiment: liposome size, polydispersity

index (Pdl), lipid yield (nuipid), encapsulation efficiency (EEcr), CF_Lip-DPFs process yield (nsasp), mean volumetric

diameters (Dvsg) and span.

Liposomes Lip-DPFs
characterization characterization
Assays
Size NLipid EEcr NsasD Dvso
(nm) . (%) (%) (%) (Hm) >pan
Blank Sample 236 0.52 40 - 68 13.3 3.31
L1_CF_EtOHO 311 0.76 66 71 65 454 1.04
L1_CF_EtOH15 276 0.28 73 58 65 986 4.1
L1_CF_EtOH30 265 0.44 80 55 67 747 382
L2_CF_EtOHO 116 0.18 60 54 60 769  3.60
L2_CF_EtOH15 117 0.15 60 86 56 9.06 4.00
L2_CF_EtOH30 112 0.16 68 45 58 7.63 345
L3_CF_EtOHO 104 0.16 58 70 58 12.1 5.35
L3_CF_EtOH15 106 0.16 55 51 56 1.3 5.51
L3_CF_EtOH30 101 0.17 63 52 49 1.7 5.61
Blank Sample_R 206 0.44 62 - 76 17.2 2.99
L1_CF_EtOHO_R 313 0.43 65 70 65 7.21 5.65
L1_CF_EtOH15_R 242 0.29 63 63 61 11.1 5.44
L1_CF_EtOH30_R 228 0.41 72 75 58 113 485
L2_CF_EtOHO_R 111 0.18 62 79 61 9.08 450
L2_CF_EtOH15_R 115 0.15 52 93 69 6.89 355
L2_CF_EtOH30_R 112 0.18 52 83 54 6.01 3.13
L3_CF_EtOHO_R 109 0.20 52 85 66 123 5.51
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L3_CF_EtOH15_R 103 0.19 50 73 55 9.08 3.90

L3_CF_EtOH30_R 98 0.20 55 87 47 10.2 461

Table B 3- Mass balance of CF, lipids and casting solution before and after SASD, for the stability assays.

CF/Lip Lip/Exc CF/Exc
Assay
(Mg /umol) (umol/g) (Hg/9)
CF_Lip
0.05 + 0.01 9.8 £ 0.6 0.51 + 0.03
(before SASD)
CF_Lip
0.07 £ 0.01 6.8 + 0.6 0.51 + 0.06
(after SASD)
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Figure B 1- Confocal fluorescence microscope images of CF_Lip localization inside the CF_Lip-DPFs, using a

10x objective (scale bar: 5 um).
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Figure B 2- ACI tests for the powders stored at RH of 78 %, after 7 days, at 20°C.
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Figure B 3- ATR- FTIR analysis of the raw materials, liposomes in suspension form and
CF_Lip-DPFs after SASD and after A) 7 days and B) 30 days.
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APPENDIX

The information in this appendix is related to Chapter 6.

Table C 1 - Physicochemical characterization and incorporation efficiency (/£) of negative, neutral, and cationic

Size P {- potential Lipid (Quer/Lip)t IE

[nm] [mV] [umol/mL] [ug/umol] [%]
Negative* 1005 13714 0.089 + 0.048 -24+2 101+ 6 12+5 92+3
Quer_lip  10:1 147 £ 1 0.114 + 0.017 -28 + 1 100 + 2 3546 89+ 1
Neutrals 1005 150 +5 0.113+0029 -11+£02 95 + 3 19+4 99+15
Querlip 104 15317 0.152 £ 0023  -1.0+0.1 9% +5 34+5 72«5
Cationic¥ 1005 1952 0.093 + 0.016 14 + 1 92 +7 1543  99+5
Quer_Lip 10:1 188 + 10 0.122 + 0.057 14+ 2 100 + 4 28+1 8810

Quer_Lip, before SASD.

The results are expressed as mean + S.D (n = 3).
*Lipesomes components; DMPC: DMPG in a malar ratio of 7:3

$Liposomes components: E-PC:Chol in a molar ratio of 9:1
*Lipesomes components; E-PC.Chol:SA in a melar ratio of 8:1:1
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Table C 2- SASD process parameters.

Yield
Psm IEY Th Tout Water content
Ibar] o] C] C] Process (%]
%]
Negative* 1005 1211 91x4  99:7 66%5 58 6
Quer_Lip 101 120+1 84+10 101+8 665 65 6
Neutral® 10:0.5 121 1 92 +3 93+2 63%+02 66 6
Quer_Lip 101 121+2 83+7 98+4 66+ 5 48 7
Cationic® 1005 120+1 83+7 102+7 68+ 1 65 5
Quer_Lip 10:1 1211 80+5 101+8 66+ 1 56 6
Table C 3- Physicochemical characterization and incorporation efficiency (IE) of resuspended neutral and cationic
liposomes and Quer_Lip, after SASD.
. Z- po- Lipid .
Size ) (Quer/Lip)+ IE
Pdl tential [umol/mL]
[nm] [ug/umol] [%]
[mV]
Negative  10:0.5 117 0.139 7.2 71 09 14
Quer_Lip 10:1 150 0240  -122 65 2.7 13
Neutral  10:05 146 0.240 -2.7 45 13 37
Quer_Lip 10:1 293 0.401 =21 38 22 32
Cationic  10:0.5 240 0376 4.1 60 9 28
Quer_Lip 10:1 276 0.490 7.7 43 8 69
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