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Abstract 

 

 

Over the last decades, inhalation of compounds has gained new attention since it holds the 

potential to deliver drugs, namely biopharmaceuticals, for both local and systemic action to 

treat a variety of diseases. Despite being extensively studied to formulate hydrophobic drugs, 

polymeric micelles present characteristics poorly exploited towards the systemic 

administration of biopharmaceuticals by inhalation. In particular, polymeric micelles might 

protect proteins against thermal denaturation, or avoid phagocytosis by alveolar 

macrophages due to small size. Thus, this work aims to explore the use of polymeric micelles 

in the development of powders as vehicles for pulmonary delivery of therapeutic peptides and 

proteins, using insulin as a model protein. 

Different amphiphilic polymers (Soluplus®, Pluronic® F68, Pluronic® F108 and Pluronic® F127) 

were used to produce lyophilized nanocomposites for inhalation. The development of 

glucose-sensitive formulations was also attempted with the addition of phenylboronic acid 

(PBA) to the micelles. 

Results showed that size and polydispersity of micelles were dependent on the amphiphilic 

polymer used, being all lower than 300 nm in size, while all the formulations displayed 

spherical shape and surface charge close to neutrality. Association efficiency (AE) and 

loading capacity (LC) ranging from 49.3% to 94.6% and from 5.6% to 8.6%, respectively, 

were obtained. X-ray photoelectron spectroscopy (XPS) analysis confirmed that insulin was 

partially present at the hydrophilic shell of the micelles, while PBA in its hydrophobic inner 

core, as expected taking into account their water solubility. Despite influencing the in vitro 

release of insulin from micelles, PBA did not confer glucose-sensitive properties to 

formulations. 

Upon lyophilization, micelle formulations retained their physical characteristics, further 

providing easily dispersion when in contact to aqueous medium. The native-like conformation 

of insulin was highly maintained after lyophilization as indicated by Fourier transform infrared 

spectroscopy (FTIR) and far-ultraviolet circular dichroism (far-UV CD). Moreover, differential 

scanning calorimetry (DSC) and Raman spectroscopy did not evidence significant 

interactions among the formulation components. 
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Amorphous state formulations showed to be physically stable upon storage up to 6 months 

both at room-temperature (20 ºC) and fridge (4ºC), with only a slight loss (maximum of 15%) 

of the secondary structure of the protein.  

The aerosolization and aerodynamic properties of nanocomposites varied according to the 

formulation, presenting aerodynamic diameters lower than 6.6 µm and fine particle fraction 

(FPF) up to 48 % of the administered dose, predicting good deposition pattern of particles in 

the lungs. 

Solid formulations showed to be compatible with the respiratory tract owing to the absence of 

in vitro toxicity for epithelial respiratory cell lines (A549 and Calu-3) and macrophages (Raw 

264.7). Additionally, some formulations, in particular Pluronic® F127-based formulations, 

enhanced the permeation of insulin through pulmonary epithelial models and underwent 

minimal in vitro internalization by macrophages, as evaluated by confocal microscopy and 

flow cytometry. 

The efficacy and safety of formulations were assessed in vivo using a streptozotocin-induced 

diabetic rat model. Endotracheally instilled powders have shown a faster onset of action than 

subcutaneous administration of insulin at a dose of 10 IU/kg, with pharmacological 

availabilities up to 32.5% of those achieved by subcutaneous route. A significant 

improvement of hypoglycemic effect following inhaled insulin was observed when associated 

to polymeric micelles as compared to its free solution form. In a 14-day sub-acute toxicity 

study, bronchoalveolar lavage screening for cell count, protein content, lactate 

dehydrogenase (LDH), cytokines, and chemokines revealed no signs of lung inflammation 

and cytotoxicity. Histological analysis of lungs, heart and liver showed the absence of tissue 

damage. 

Overall, powder formulations based on polymeric micelles presenting promising 

characteristics for the delivery of therapeutic peptides and proteins by inhalation were 

achieved. Among the polymers tested, Pluronic® F127 produced the more promising carrier 

formulations for systemic delivery of therapeutic proteins. 

 

 

Keywords: Polymeric micelles, Pulmonary administration, Insulin, Nanocomposites, Dry 

powder inhalers 
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Resumo 

 

Ao longo das últimas décadas a inalação de fármacos, incluindo biofármacos, tem sido alvo 

de atenção por parte de investigadores e indústrias farmacêuticas uma vez que permite a 

administração de compostos com ação local e também sistémica, contribuindo assim para o 

tratamento de várias doenças. Apesar de bastante utilizadas na formulação de fármacos 

hidrófobos, as micelas poliméricas possuem características vantajosas pouco exploradas 

para a administração sistémica de biofármacos por via inalatória. Entre essas vantagens 

encontram-se a proteção térmica conferida pelos polímeros presentes na sua constituição e 

a capacidade de evasão à internalização por macrófagos conferida pelos seus reduzidos 

tamanhos. Desta forma, o presente trabalho explora a utilidade das micelas poliméricas no 

desenvolvimento de pós para administração pulmonar de péptidos e proteínas terapêuticas, 

sendo a insulina utilizada como proteína modelo. 

Diferentes polímeros anfifílicos, nomeadamente Soluplus®, Pluronic® F68, Pluronic® F108 e 

Pluronic® F127 foram utilizados para o desenvolvimento de nanocompósitos obtidos por 

liofilização. O desenvolvimento de formulações glucose-sensitivas foi explorado através da 

adição de ácido fenilborónico ao sistema. Os resultados demonstraram a obtenção de 

micelas esféricas com uma carga superficial perto da neutralidade. O tamanho e 

polidispersão mostraram ser dependentes do polímero utilizado, no entanto obtiveram-se 

sempre micelas com diâmetro inferior a 300 nm. Foram também verificadas eficiências de 

associação variando de 49,3% até 94,6% e capacidade de carga variando de 5,6% até 8,6%. 

Ensaios de espectroscopia fotoelectrónica de raio X confirmaram a presença parcial de 

insulina e ausência de ácido fenilborónico na corona hidrófila das micelas, tal como se 

poderia prever tendo em consideração a solubilidade de ambos compostos. Apesar de 

contribuir para libertação in vitro da insulina associada às micelas, o ácido fenilborónico não 

conferiu às formulações as propriedades glucose-sensitivas desejadas.  

O processo de liofilização não alterou significativamente as propriedades físicas das micelas 

que facilmente se dispersam em contacto com meio aquoso. Após liofilização uma elevada 

percentagem de insulina manteve a sua estrutura secundária, como evidenciado pela análise 

de espectroscopia de infravermelho por transformada de Fourier e dicroismo circular no UV-

longínquo. Adicionalmente, a análise por calorimetria diferencial de varrimento e 

espectroscopia de Raman não evidenciaram a existência de interações significativas entre 

os diferentes componentes da formulação. As formulações liofilizadas em estado amorfo 

mostraram ser fisicamente estáveis durante o período de armazenamento de 6 meses à 
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temperatura ambiente (20 ºC), bem como refrigeradas (4 ºC), apresentando apenas uma 

reduzida perda da estrutura secundária da proteína (máximo 15%). As propriedades 

aerodinâmicas e a capacidade de aerossolização dos nanocompósitos variam de acordo 

com a formulação, apresentando diâmetros aerodinâmicos inferiores a 6,6 µm e fração de 

partículas finas até 48% da dose administrada, prevendo assim um bom perfil de deposição 

das partículas no sistema respiratório após inalação. 

In vitro, as formulações sólidas mostraram ser compatíveis com o sistema respiratório devido 

à ausência de toxicidade significativa em linhas celulares epiteliais respiratórias (A549 e 

Calu-3) e macrófagos (Raw 264.7). Adicionalmente, algumas formulações, em particular as 

baseadas em Pluronic® F127, promoveram a permeação da insulina através de modelos 

epiteliais in vitro e sofreram reduzida internalização por parte de macrófagos como 

determinado por microscopia de confocal e citometria de fluxo. 

A segurança e a eficácia terapêutica das formulações foram também avaliadas in vivo 

através de um modelo murino de diabetes induzido por estreptozotocina. Os pós 

administrados por instilação endotraqueal demonstraram um início de ação mais rápido do 

que a administração subcutânea de insulina a uma dose de 10 IU/kg, obtendo 

disponibilidades farmacológicas até 32,5% relativamente às observadas para a via 

subcutânea. A associação da insulina às micelas conduziu a um aumento significativo do seu 

efeito hipoglicémico relativamente à insulina livre em solução. 

A toxicidade sub-aguda das formulações foi avaliada após administração múltipla durante um 

período de 14 dias. A análise do fluido de lavagem bronco-alveolar no que diz respeito à 

contagem total de células, teor proteico, e níveis de citoquinas e lactato desidrogenase 

revelou a ausência de sinais de inflamação e toxicidade. Adicionalmente, a análise 

histológica não revelou qualquer dano tecidular em órgãos como pulmões, coração e fígado.  

Em suma, foram conseguidas formulações sólidas baseadas em micelas poliméricas que 

apresentam características promissoras para a administração de proteínas por inalação. 

Entre os polímeros usados, o Pluronic® F127 demonstrou dar origem às formulações com as 

melhores características para administração pulmonar de proteínas terapêuticas com ação 

sistémica. 

 

Palavras-chave: Micelas poliméricas, Administração pulmonar, Insulina, Nanocompósitos, 

Pós para inalação 
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1. Drug delivery systems: innovation and technology 

 

The advent of pharmaceutical industry brought the nececity to control the biodistribution of 

drugs, aiming to enhance their therapeutic efficacy. The concept of drug delivery system 

(DDS) that control the release of the drugs and target them to specific locations in the body 

represents a major clinical breakthrough. This concept is in close agreement with those 

predicted by Paul Ehrlich in the early 20th century; however, we still cannot achieve the 

desired 'magic bullet' (1, 2). The pharmacological properties, clinical use, marketability, and 

competitiveness of drugs are highly dependent on the nature and properties of the DDS used. 

Thus, pharmaceutical companies are continuously seeking for new and improved DDS to 

deliver both new and existing drugs, focusing on its effectiveness, safety and market value. 

Since the success of a DDS relies on several aspects related to the route of administration, 

specific drug properties or disease physiopathology, distinct strategies must be applied during 

its rational development according to the desired application. Ideally, a DDS should possess 

characteristics such as (i) appropriate circulation time in the body to promote a therapeutic or 

diagnostic action, (ii) protect the drug from degradation and from premature clearance, (iii) 

organ/tissue selectivity, (iv) therapeutic concentration of the drug at the target anatomical site, 

(v) release the compound in response to specific stimuli, and (vi) improve the therapeutic 

index of the drug (2-4). Although some studies already refer the development of multi-

functional systems (Figure 1.1), the development of the ideal DDS is still in its infancy. 

 

Figure 1.1 Schematic representation of a multi-functional DDS. 
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Passive or active targeting of drugs to specific organs and tissues, enhancing its therapeutic 

efficacy and decreasing the side effects, can be achieved via different mechanisms. By 

increasing the systemic circulation time of drugs through a reduction of their uptake by the 

reticuloendothelial system (RES) (e.g. by conjugating drugs or coating particles with 

poly(ethylene glycol) (PEG), i.e. PEGylation), drugs are more likely to suffer an enhanced 

permeability and retention effect (EPR effect). Thus, there will be a passive targeting to 

tissues with increased vascular permeability such as solid tumors, being this mechanism 

extensively used by DDS of anticancer drugs. It can also occur at infection or inflammation 

sites. On the other hand, active targeting can be achieved using carriers with stimuli-

sensitiveness once several pathological processes are characterized by changes in pH, 

temperature or redox potential. Thus, an active targeting can be achieved by using carriers 

that release drugs only after exposed to certain conditions (stimulus-sensitive). Other 

potential approach for active targeting might be achieved through the use of specific 

antibodies, molecules recognized by certain cell receptors, or receptors for molecules that are 

overexpressed in certain disease states. These include integrins and vascular endothelial 

growth factor (VEGF) presented in vascular cells of various solid tumors, as well as 

transferrin and folate residues, whose receptors are overexpressed on the surface of various 

tumor cells (4-8). 

The translation of this concept to pulmonary administration leads, for instance, to the 

identification and selection of lung epithelial binding peptides (LEBP), namely LEBP-1, LEBP-

2 and LEBP-3 as peptides that bind selectively to receptors of the alveolar epithelium cells, 

therefore promoting a specific alveolar targeting (9). LEBP-binding DNA complexes 

presented higher in vitro transfection efficiency to lung epithelial cells (L2 cell line) when 

compared to the same formulation without LEBP (10). In another study, Jost and co-workers 

identified a peptide with the amino acid sequence Threonine-Histidine-Alanine-Leucine-

Tryptophan-Histidine-Threonine (THALWHT) that selectively binds to airway epithelial cell 

lines and can be used as targeting moiety for gene delivery (11). Several reports on moieties 

explored to achieve active targeting to lungs like surfactant protein A (SP-A) (12), transferrin 

(13), lectin (14), folate (15) or human immunodeficiency virus-transactivator of transcription 

(HIV-TAT) peptide (16) can be found on the literature. Mannose and its derivatives have been 

also proposed to target the mannose receptor present at the surface of alveolar macrophages 

and improve the treatment of intracellular pathogens like Mycobacterium tuberculosis (17, 

18).   
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In the last decades, several studies have been conducted with the aim of developing 

innovative pharmaceutical forms, arising some of the most promising advances from the 

application of nanotechnology to the production of DDS (19-21). 

 

1.1. Nanotechnology in the development of drug delivery systems 

 

The application of nanotechnology in medicine has been capturing growing interest over 

recent years, having emerged the concept of nanomedicine. This is explained by the nano 

and micrometer scale of cellular and subcellular structures (6). The goal of nanomedicine is 

to allow a more accurate and timely diagnosis and to provide the most effective treatment 

without side effects (22). Currently, the main application areas of nanomedicine are imaging 

and cancer therapy. However, studies in various areas such as peptides and proteins 

delivery, vaccination, gene therapy, tissue engineering or production of devices for the 

administration of drugs are also being carried out (6).  

Both pharmacokinetics and pharmacodynamics of a drug are highly dependent on its physical 

and chemical features, and are influenced by the type of formulation and dosage form used to 

deliver it. NanoDDS like nanoparticles, liposomes or micelles can modulate and improve the 

performance of many drugs to an extent not achievable by conventional formulations. For 

example, nanoDDS can be capitalized to encapsulate drugs and thereby (i) increase their 

solubility, (ii) protect them from degradation, (iii) enhance their epithelial absorption, (iv) 

escape from the in vivo defensive systems, thus increasing their blood circulation time, (v) 

target the drugs to specific cells/tissues/organs, releasing them in a controlled manner as a 

response to a specific stimulus, or (vi) enhance their uptake by cells (19, 23). They also allow 

the reduction of the immunogenicity of proteins, thus decreasing the toxicity of the formulation 

(24). In addition, combined nanoDDS can simultaneously detect and treat a disease by 

encompassing both imaging and therapeutic compounds, an emerging field known as 

theranostics (25). In the near future, nanomedicine could play a key role to achieve the so 

desired personalized medicine.  
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Table 1.1 Examples of nanoDDS with market authorization. AmB is Amphotericin B. 

Type of nanocarrier Drug Tradename 

Polymeric nanoparticles 

and polymer conjugates 

Glatiramer acetate Copaxone 

Pegademase bovine Adagen 

Peginterferon α-2a Pegasys 

Peginterferon α-2b PEG-Intron 

Pegaspargase Onscaspar 

Pegaptanib sodium Macugen 

Pegfilgrastim Neulasta 

Pegvisomant Somavert 

Neocarzinostatin (Smancs) Zinostatin Stimalmer 

PEG -epoetin beta Micera 

Peginesatide Omontys 

Pegloticase Krystexxa 

Certolizumab pegol Cimzia 

Liposomes 

AmB Abelcet 

AmB AmBisome 

Beractant Survanta 

Bovactant Alveofact 

Cisplatin Lipoplatin 

Cytarabine DepoCyt 

Daunorubicin Daunoxome 

Doxorubicin Myocet 

Doxorubicin Doxil/Caelyx 

Inactivated surface Influenza virus 

antigen 
Inflexal V 

Inactivated hepatitis A virus Epaxal 

Mitoxantrone Novantrone 

Morfin DepoDur 

Paclitaxel EndoTAG-1 

Poractant α Curosurf 

Verteporfin Visudyne 
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Over the last decades, the usefulness of nanoDDS design and development to overcome a 

variety of pharmaceutical drawbacks in the diagnosis, prevention, immunization and 

treatment of diseases has been intensively explored by a large number of research groups 

and companies worldwide, generating a high number of patents and scientific papers 

published in international scientific journals. However, and despite the fact that nanomedicine 

began as a discipline almost half century ago, only some nanothechnology-based drug 

delivery system (nanoDDS) paved their way to the market (Table 1.1) (26). This phenomenon 

could be explained by the poor financial profitability, consumer distrust and the lack of 

confidence due to poor information/education, ineffective regulation of new and generic 

Type of nanocarrier Drug Tradename 

Liposomes 

Vincristine Marqibo 

Mifamurtide Mepact 

Factor VIII Octocog alfa 

Octafluoropropane Definity 

Micelles Estradiol Estrasorb 

Nanocrystals 

Megestrol acetate Megace ES 

Aprepitant Emend 

Fenofibrate Tricor 

Sirolimus Rapamune 

Fenofibrate Triglide 

Albumin nanoparticles Paclitaxel Abraxane 

Lipidic coloidal dispersion AmB Amphotec 

Antibody or protein-drug 

conjugate 

Gemtuzumab-ozogamicin Mylotarg 

Tositumomab-iodine I131 Bexxar 

Ibritumomab-tiuxetan Zevalin 

Denileukin-diftitox Ontak 

Brentuximab vedotin Adcetris 

Inorganic particles 

Superparamagnetic iron oxide Feridex 

Superparamagnetic iron oxide Endorem 

Superparamagnetic iron oxide GastroMARK 

Superparamagnetic iron oxide Lumirem 

Superparamagnetic iron oxide Resovist 
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products, and weak patent protection (27). At the moment, regulatory agencies are in process 

of developing specific guidelines and regulations regarding nanotechnology-based products 

in order to develop new tools, standards, and approaches to assess the safety, efficacy, 

quality, and performance of such products (28, 29). Nonetheless, the relatively few marketed 

nanoDDS have been successful in their respective therapeutic areas, especially in cancer 

therapy. According to BCC Research, the global nanomedicine market has been growing 

steadily, reaching a value of $72.8 billion in 2011, being expected to increase at annual 

growth rate of 12.5% until 2016 reaching $130.9 billion (30). 

Currently used technologies at both laboratory and industrial level, including high-pressure 

homogenization, emulsification/solvent evaporation, emulsification/solvent diffusion, 

nanoprecipitation/solvent displacement, salting-out, layer-by-layer synthesis, ionic 

complexation/coacervation, ionotropic gelation, thin-film hydration, supercritical fluids 

technology or microfluidics have been reported as effective methods to produce nanoDDS 

(20, 22, 31, 32). 

 

1.1.1. Lipid-based nanoparticles 

 

Liposomes are spherical vesicles composed of bilayers of phospholipids, cholesterol, and/or 

other lipids (22). Lecithin, phosphatidylglycerol, phosphatidylinositol, 

phosphatidylethanolamine, and phosphatidylserine are the mainly used phospholipids (8). 

They can be classified according to their lamellarity as uni, oligo and multilamellar, or by size 

as small, intermediate and large. Due to its structure, they allow the incorporation of 

hydrophilic drugs in the aqueous core, and lipophilic drugs within the lipid bilayer (Figure 1.2) 

(32). Possessing higher core, unilamellar liposomes are preferred for encapsulation of 

hydrophilic drugs, while multilamellar liposomes are especially used to encapsulate 

hydrophobic drugs due to the higher lipid content (33). Depending on the number and 

composition of the bilayers and the presence of coating, it is possible to obtain systems with 

modified release characteristics (34, 35). Although liposomal-based formulations represent 

the higher number of nanoDDS currently available on the market, they were first 

commercialized for cosmetic purposes (35). Besides the marketed formulations, liposomes 

have been suggested for the administration of several drugs, including peptides and 

therapeutic proteins, as well as for gene therapy (8). 
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Stealth liposomes like Doxil/Caelyx®, Novantrone® or Lipoplatin® are a good example of how 

the previously mentioned PEGylation allows the improvement of blood circulation time and 

the therapeutic efficacy of many drugs through the avoidance of opsonization and escape 

from RES (33).   

 

Figure 1.2 Schematic representation of a liposome. 

 

Nanoemulsions are nanometric scale lipid droplets dispersed in water that were initially 

developed for parental nutrition. They possess the advantage of large-scale production 

through the high-pressure homogenization technique, but lack on controlled release 

properties of drugs (32). More recently, self-emulsifying drug delivery systems (SEDDS) 

composed by mixtures of drugs, oils and surfactants that emulsify with the water present on 

the gastrointestinal tract, have been proposed as nanoDDS. They are easy to produce and 

generally stable, but the high percentage of surfactants on its composition arise toxicity 

concerns (32). 

Lipid nanoparticles generally comprise two types of structures, solid lipid nanoparticles (SLN) 

and nanostructured lipid carriers (NLC) (32, 36). They comprise a solid lipid matrix at both 

room and body temperatures, dispersed in aqueous solution and stabilized with a layer of 

emulsifier agent, usually phospholipids (35). Lipid nanoparticles emerged as an alternative to 

liposomes and pharmaceutical emulsions because of the superior stability in biological fluids. 

They are also less toxic than the inorganic and polymeric particles due to its biocompatibility 

and biodegradability (35). Unlike the SLN, the NLC are composed not only of solid lipids, but 

also by a mixture of solid and liquid lipids, resulting in a solid matrix less rigid and ordered. 

This difference will allow NLC to increase the loading capacity of drugs and the stability 

during storage (Figure 1.3) (32, 36). 
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Figure 1.3 Schematic representation of SLN (S) and NLC (B).  

 

1.1.2. Polymer-based nanoparticles 

 

Polymeric nanocarriers have been adopted as the preferred drug delivery systems mostly by 

the fact that they overcome some of the disadvantages presented by liposomes and lipid 

particles, namely low encapsulation efficiency and stability during storage and rapid release 

of encapsulated compounds. They can be obtained through polymerization of monomers or 

polymer dispersion (Figure 1.4) (31, 35). Among polymeric nanocarriers, those containing 

natural polysaccharides, including chitosan, alginate or hyaluronic acid, receive high 

popularity among drug delivery researchers owing its biocompatible, biodegradable, and non-

toxic properties. Moreover, they possess hydrophilic properties, having in general low cost 

production and many sources in nature (37). Among the synthetic polymers, PEG, poly(D,L-

lactide-co-glycolic acid) (PLGA) or poly(ε-caprolactone) (PCL) are some of the most well 

studied and explored. PLGA is accepted by regulatory authorities and widely used in 

biomedical applications due to its biocompatibility, biodegradation and utility in the production 

of modified release formulations (24, 38). 
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Figure 1.4 Schematic representation of a polymeric nanoparticle. 

 

1.1.3. Polymeric micelles 

 

Micelles are spherical nanosized colloidal dispersions having a hydrophobic core coated by a 

hydrophilic shell (Figure 1.5). Normally, they arise from the self-assembly of amphiphilic 

molecules above the critical micelle concentration (CMC) and critical micellization 

temperature (CMT) (5). The amphiphilic molecules used can be composed by graft and block 

copolymers (generally di- and triblock-copolymers) and/or polymers conjugated with lipids (5, 

22) originating polymeric micelles or phospholipids (22), in the case of conventional micelles. 

Recently, most attention has been paid to polymeric micelles as drug delivery systems, 

especially for poorly water-soluble drugs (39, 40). Due to the higher core hydrophobicity and 

viscosity as well as an highly hydrated shell, polymeric micelles are thermodynamically and 

kinetically more stable then surfactant micelles, presenting slower and delayed disintegration 

and drug release in circulation even upon dilution below the CMC value (41). Therefore, they 

present a promising approach to eliminate the use of excipients such as Cremophor EL® 

which has been associated to hypersensitivity reactions, aggregation of erythrocytes, 

peripheral neuropathy, among others (42). By varying the composition of micelles, namely the 

type and size of the polymers, it is possible to modulate their characteristics such as size, 

encapsulation efficiency and release profile. The most common component of micelle surface 

is PEG but it is possible to use other hydrophilic polymers such as chitosan (43-46), polyvinyl 

alcohol (PVA) (47-49), or polyvinylpyrrolidone (PVP) (50, 51). The hydrophobic core is 

constituted by polymers such lactic acid (52, 53), PCL (44, 54, 55), propylene oxide (56, 57), 

aspartic acid (58), or lipids such as phosphatidylethanolamine (59, 60). 
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Polymeric micelles have been developed to modify several major intrinsic characteristics of 

incorporated drugs, i.e. drug aqueous solubility, in vivo stability, release pattern, 

pharmacokinetics and biodistribution (5, 39). They allow the formulation and administration of 

highly hydrophobic drugs that would be withdrawn from development in the stage of drug 

formulation using conventional formulations (61). Despite being especially used to formulate 

hydrophobic drugs, like liposomes, polymeric micelles allow the encapsulation of drugs with 

different polarities. Hydrophobic drugs are incorporated into the micelle core being the 

solubilization capacity of drugs proportional to the hydrophobicity of the micelle core, while 

water-soluble drugs are adsorbed on the micelle shell and/or surface. Drugs with intermediate 

polarity are distributed along the amphiphilic molecules (62, 63). In addition to the higher 

stability compared to liposomes, micelles present low size and high encapsulation efficiency, 

which, together with the possibility of being sterilized by filtration, make these systems an 

interesting alternative to drug delivery (5, 62, 64).  

 

Figure 1.5 Schematic representation of a micelle. 

 

A few polymeric micelles-based formulations are currently in clinical trials (Table 1.2) (65, 66), 

one of them (Genexol-PM®, Samyang Co.) granted a pre-market authorization in Korea for 

the treatment of breast cancer and non-small cell lung cancer (67-69), while SP1049C 

(Surpatek Pharma, Inc.) granted orphan drug designation by US Food and Drug 

Administration (FDA) for the treatment of gastric cancer (70). Besides the formulations that 

are ongoing on clinical trials, polymeric micelles have successfully enhanced the therapeutic 
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index of various drugs from anticancer and anti-inflammatory drugs (71-75), to genetic 

material (76). They are also been proposed as delivery systems for diagnostic agents (77). 

Due to its small size, generally lower than 200 nm, and hydrophilic surface, micelles are 

poorly recognized by RES and present long circulation times in bloodstream suffering the 

EPR effect at solid tumor sites, reason why have been extensively exploited as drug delivery 

systems for anticancer agents (78-80). Promoting drug selective targeting to specific organs 

and tissues can be also achieved either using stimuli-responsive micelles (63, 79, 81, 82), or 

by modulating their surface with active-targeting ligands (79, 83). By sharing some structural 

and functional features with natural transport systems, e.g. virus and lipoproteins, polymeric 

micelles can be a useful strategy to solve the problem of drug resistance (84). Pluronic®-

based micelles have shown to interfere with the activity of P-glycoprotein and multidrug 

resistance–associated protein (MRP), increasing the therapeutic effectiveness of anticancer 

agents in multidrug resistant cancer cell lines (56, 85-87).    

  

Table 1.2 Examples of polymeric micelles-based formulations that enrolled in clinical trials. 

Formulation Polymer Drug Indication 
Clinical 

phase 
Reference 

SP1049C 
Pluronic

®
 L61 

and F127 
Doxorubicin 

Advanced adenocarcinoma 

of the esophagus, 

gastroesophageal junction 

and stomach 

II/III (70) 

Genexol-PM
®
 PEG-PLA Paclitaxel 

Breast cancer, non-small 

cell lung cancer, advanced 

pancreatic cancer, ovarian 

cancer, and head and neck 

cancer 

I/II/III/IV (68, 88-90) 

NK012 
PEG-PGlu-SN-

38 conjugated 
SN-38 

Breast cancer, colorectal 

cancer and small cell lung 

cancer 

I/II (65, 91, 92) 

NK105 PEG-PAsp Paclitaxel 

Advanced or recurrent 

gastric cancer and breast 

cancer 

I/II/III (66, 93) 

NC-4016 
PEG-DACH- 

platin 
Oxaliplatin 

Advanced solid tumors and 

lymphoma 
I (94) 
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Formulation Polymer Drug Indication 
Clinical 

phase 
Reference 

NC-6004 

(Nanoplatin
®
) 

PEG-PGlu-

cisplatin 

conjugated 

Cisplatin 
Solid tumors, breast 

cancer, pancreatic cancer 
I/II/III (95, 96) 

Paxceed
®
 PEG-PLA Paclitaxel 

Rheumatoid arthritis, 

psoriasis 
II (97, 98) 

CRLX101 

Polymer-

cyclodextrin-

camptothecin 

conjugated 

Camptothe

cin 

Advanced solid tumors, 

ovarian cancer 
I/II  

AquADEK
®
 TPGS 

Vitamins 

and 

antioxidants 

Multivitamin supplement in 

cystic fibrosis 
I/II (99, 100) 

BIND-014 
PEG-PLA and 

PLGA-PEG 
Docetaxel 

Non-small cell lung Cancer 

and prostate cancer 
I/II (101-103) 

PEG-DACH-platin – Poly(ethylene glycol)-dichloro(1,2-diaminocyclohexane)platinum(II); PEG-PAsp – 

Poly(ethylene glycol)-poly(aspartic acid); PEG-PGlu – Poly(ethylene glycol)-poly(L-glutamic acid); 

PEG-PLA – Poly(ethylene glycol)-polylactic acid; PLGA-PEG – Poly(D,L-lactide-co-glycolide)-b-

poly(ethylene glycol); TPGS – D-alpha-tocopheryl-co-PEG 1000 succinate  

 

1.2. The role of amphiphilic polymers in the development of drug delivery systems 

 

Amphiphilic copolymers are heterogeneous compounds composed by both hydrophilic and 

hydrophobic units disposed in sequential blocks (generally di- and triblock-copolymers) or 

grafts. By varying either the type or the chain length of the units, it is possible to modulate the 

polymer properties (41, 104). It is their versatility that makes them suitable for industrial and 

pharmaceutical applications. Regarding the last one, they have been used for a long time in 

different pharmaceutical dosage forms as excipients like emulsifiers, wetting, thickening or 

gel forming agents, and stabilizing agents of suspensions and colloidal dispersions. Still, they 

gained an increased interest in the last decades in the development of new DDS driven by 

the progresses seen in the pharmaceutical sciences and nanomedicine field (41, 105). 

Amphiphilic polymers are used in the development of different types of DDS, such as tablets, 

capsules, gels, microparticles, with emphasis in nanoDDS, namely polymeric micelles. Table 

1.3 presents examples of DDS in development using amphiphilic polymers. 
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Table 1.3 Examples of DDS in development using amphiphilic polymers. 

Type of DDS Polymer Drug Reference 

Micelles 

CSO-SA Doxorubicin, paclitaxel and AmB (106-108) 

DSPE-PEG Calcitonin (59) 

HA-C18 Paclitaxel (109) 

mPEG-b-PVL Camptothecin (110) 

PCL-PEG-PCL Rifampicin (111, 112) 

PEG-b-PAA Mitoxantrone and doxorubicin (113) 

PEG-b-(PLL-IM) siRNA (114) 

PEG-b-PBC Paclitaxel (115) 

PEG-b-PCL 

Paclitaxel, indomethacin, 

curcumin, plumbagin and 

etoposide 

(61, 115) 

PEG-Phis Doxorubicin (116, 117) 

PEG-chitosan Methotrexate (118) 

PEG-g-PAE Doxorubicin (119) 

PEG-PAsp Lysozyme, irinotecan (120, 121) 

PEG-PEI DNA (122) 

PEG-PLA Paclitaxel and CsA 
(53, 123, 

124) 

PHEA-g-PDTC Prednisone and tegafur (125) 

PLA-b-PEG-b-Phis Doxorubicin (126) 

PLGA-PEG-PLGA Curcumin, DNA (127, 128) 

Pluronic
®
 F68, F127, L61 

and P85 
DNA 

(76, 128-

130) 

Pluronic
®
 P105 and 

P105/L101 mix and 

Pluronic
®
 P105/PCL mix 

Paclitaxel 
(131, 132) 

(133) 

Poly(sodium N-acryloyl-L-

aminoacidate-co-

alkylacrylamide)s 

Griseofulvin and non-steroidal 

anti-inflammatory drugs 
(134-136) 

PVA-acyl chains Doxorubicin (137) 

Cylindrical 

brushes 
PLLF-g-(PLF-b-PLG) Doxorubicin (138) 
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Type of DDS Polymer Drug Reference 

Microparticles 
PEG-PLA BSA (139) 

Pluronic
®
 F68 BSA (140) 

Nanoparticles 

H40-PCL-PEG 
5-fluorouracil and 

Paclitaxel 
(141) 

HPAE-co-PLA/DPPE Paclitaxel (142) 

HPESO and Pluronic
®
 

F68 
Doxorubicin and mitomycin C (143, 144) 

PDEAEMA-PAEMA siRNA and proteins (145) 

PEG-PBCA Docetaxel (146) 

PEG-PLA Paclitaxel, DNA (147, 148) 

Hydrogels 

MBCP-2 DNA (149) 

P(MAA-g-EG) Insulin, interferon β and calcitonin (150-152) 

PEG-chitosan BSA (153) 

PLGA-PEG-PLGA Dexamethasone and calcitonin (154, 155) 

Pluronic
®
 F127 

Deslorelin, GnRH, Vitamin B12 

and naproxen 
(156-158) 

Patches SIS 
Methyl salicylate, capsaicin, and 

diphenhydramine hydrochloride 
(159) 

Capsules PEG-MOG 

Risperidone, ketoconazole, 

indomethacin, hydrocortisone 

and CsA 

(160) 

Solid solutions 

(Extrudates) 
Soluplus

®
 

Danazol, fenofibrate and 

itraconazole 
(161) 

Tablets 
Soluplus

®
, Pluronic

®
 and 

Vitamin E-TPGS
®
 

Amine drugs like donepezil, 

olanzapine or tamsulosin 
(162) 

AmB - Amphotericin B; BSA – Bovine serum albumin; CsA – Cyclosporin A; CSO-SA – Chitosan 

oligosaccharide-stearic acid; DSPE-PEG – 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-

methoxy(poly(ethylene glycol); GnRH – Gonadotropin-releasing hormone; H40-PCL-PEG – 

Hyperbranched aliphatic polyester Boltorn H40-poly(ε-caprolactone)-poly(ethylene glycol); HA-C18 – 

Hyaluronic acid-g-octadecyl; HPAE-co-PLA/DPPE – Poly[(amine-ester)-co-(D,L-lactide)]/1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine; HPESO – Hydrolyzed polymers of epoxidized soybean 

oil; MBCP-2 – Pluronic P104-b-di(ethylene glycol) divinyl ether; mPEG-b-PVL – Methoxy poly(ethylene 

glycol)-b-poly(valerolactone); P(MAA-g-EG) – Poly(methacrylic acid-grafted-poly(ethylene glycol)); PCL 

– Poly(ε-caprolactone); PCL-PEG-PCL – Poly(ε-caprolactone)-b-poly(ethylene glycol)-b-poly(ε-

caprolactone); PDEAEMA-PAEMA – Poly(diethylaminoethyl methacrylate)-poly(aminoethyl 

methacrylate); PEG-b-(PLL-IM) – Iminothiolane-modified poly(ethylene glycol)-b-poly(L-lysine); PEG-b-
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PAA – Poly(ethylene glycol)-b-polyacrylic acid; PEG-b-PBC – Poly(ethylene glycol)-b-poly(α-benzyl 

carboxylate- ε-caprolactone); PEG-b-PCL – Poly(ethylene glycol)-b-poly(ε-caprolactone); PEG-

chitosan - Poly(ethylene glycol)-chitosan; PEG-g-PAE – Poly(ethylene glycol)-g-poly(b-amino ester); 

PEG-MOG – Poly(ethylene glycol)-monooleylglyceride; PEG-PAsp – Poly(ethylene glycol)-

poly(aspartic acid); PEG-PBCA – Poly(ethylene glycol)-poly(n-butylcyano acrylate); PEG-PEI – 

Poly(ethylene glycol)-poly(ethylene imine); PEG-PHis – Poly(ethylene glycol)-poly(L-histidine); PEG-

PLA – Poly(ethylene glycol)–polylactic acid; PHEA-g-PDTC – Poly-a,b-[N-(2-hydroxyethyl)-L-

aspartamide]-g-poly(2,2-dimethyltrimethylene carbonate); PLA-b-PEG-b-PHis – Poly(L-lactic acid)-b-

poly(ethylene glycol)-b-poly(L-histidine); PLGA-PEG-PLGA – Poly(D,L-lactide-co-glycolide)-b-

poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide); PLLF-g-(PLF-b-PLG) – Poly(l-lysine-co-l-

phenylalanine)-g-poly(l-phenylalanine)-b-poly(l-glutamic acid); PVA-acyl chains – Polyvinyl alcohol-

modified with acyl chains; SIS – Styrene-isoprene-styrene. 

 

Among the different structures available, the most extensively explored for the production of 

DDS are composed of PEG as hydrophilic block and (i) polypropylene oxide (PPO); (ii) 

poly(ester)s like PCL or PLGA; (iii) poly(amino acid)s such as poly(L-aspartic acid) and 

poly(L-glutamic acid); or (iv) lipids like phosphatidylethanolamine (PE) as hydrophobic block 

(5). Particular interest has been given to poly(ethylene glycol)-b-polypropylene oxide-b-

poly(ethylene glycol) (PEG-PPO-PEG) block copolymers (poloxamers and poloxamines) 

(163, 164), mainly due to their commercial accessibility in a wide range of compositions and 

molecular weight (MW) (Pluronic®/Lutrol®/Kolliphor P® and Tetronic®).  

  

1.2.1. Synthesis of copolymers 

 

Due to environmental concerns, the synthesis of these polymers has evolved in the last 

decades, in order to achieve a cleaner production, in the scope of the ''green-chemistry''. 

Among the different methods, reversible addition-fragmentation chain transfer (RAFT) 

polymerization and ring-opening polymerization (ROP) of lactones, lactides and cyclic 

anhydrides are extensively used, mainly due to its ability to prepare both homo- and 

copolymers of different MW and architectures with well-defined structures or end-groups 

(165-167). Enzyme-catalyzed ROP has also been used to eliminate the use of organometallic 

catalysts, but only low MW polymers can be obtained using this method (168, 169). The ROP 

can be performed either as a bulk polymerization, in solution, emulsion or dispersion (166), 

while RAFT is commonly performed in emulsions (167). Copolymers can be produced by the 

sequential addition of monomers or by the conjugation of the preformed homopolymers, e.g. 

by reactive extrusion using transesterifcation at high temperature (166). For example, 
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poloxamers are synthesized using anionic polymerization in the presence of an alkaline 

catalyst, generally sodium or potassium hydroxide. The PPO central unit is formed by the 

polymerization of propylene oxide monomers followed by the addition of ethylene glycol to the 

PPO end-groups (105). 

 

1.2.2. Characteristics of copolymers and copolymer-based structures 

 

1.2.2.1. Stimuli-responsiveness 

 

These polymers present some characteristics that make them suitable for human 

administration, namely their water-solubility, biodegradability, biocompatibility and low 

immunogenicity. Among all characteristics presented by some amphiphilic polymers for the 

development of advanced controlled nanoDDS, one of the most interesting is the stimuli-

responsiveness (170, 171). Stimuli-responsive polymers are a class of “smart” polymers that 

undergo physical or chemical changes as response to a specific stimulus, e.g. temperature, 

pH, redox potential, magnetic field or light (172, 173). Monomers of N-alkyl substituted 

acrylamides and acrylate/methacrylate derivatives are commonly used in the development of 

thermo-responsive and pH-responsive copolymers, respectively (171, 174). pH-responsive 

hydrogels were able to protect proteins from the harsh gastric environment, promoting their 

release only at distal parts of intestine. At acidic pH the existence of intermolecular polymer 

complexes lead to the formation of compact gels that swells just at basic pH (150, 152). Due 

to their properties, the hydrogels enhanced the in vivo intestinal absorption and hypoglycemic 

effects of oral insulin (152).  

 

1.2.2.2. Self-assembly: the crucial phenomenon  

 

Amphiphilic copolymers are able to form nanoscopic structures with different morphologies, 

e.g. polymersomes, nanocapsules, nanospheres, nanogels or dendrimers, although 

polymeric micelles are the most commonly used and studied (105, 175, 176). Polymeric 

micelles are supramolecular structures formed by self-assembly of amphiphilic copolymers 

into spherical nanosized particles with a hydrophilic corona and hydrophobic core. The self-

assembly or micellization occurs at or above a threshold level of concentration (CMC) and 

temperature (CMT), which are specific for the polymer (Figure 1.6) (5).  
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Figure 1.6 Schematic representation of micellization. 

 

In water, this process is driven by an increase in entropy of the solvent molecules in contact 

to the hydrophobic units and a consequent decrease of free energy in the system as the 

hydrophobic components are withdrawn from the aqueous media to form the micelle core (39, 

177). Two forces are involved in the micelle formation, an attractive force that leads to the 

association of molecules and a repulsive force that prevents unlimited growth of the micelles 

(178). The free energy of the micellization process, Δ°Gm, is given by the follow Equation 1.1. 

 

∆°𝐺𝑚 = 𝑅𝑇 ln 𝐶𝑀𝐶                                                                                                  Equation 1.1 

 

where R is the gas constant and T is the temperature of the system. 

 

MW, molecular architecture, temperature, solvent-polymer interactions or salt concentration 

are parameters that influence the self-assembly of polymers. Increasing temperature of the 

system, the solvency of hydrophilic unit as well as the CMC value will decrease, promoting 

the micellization. Similarly, this phenomena is favored when the attractive hydrophobic 

interactions increases as a result of a gain in the MW of the hydrophobic domain (179). For 

example, poly(ethylene glycol)-b-poly(3-hydroxyoctanoate-co-3-hydroxyhexanoate) (PEG-b-

PHOHH) copolymers present a CMC value of 5.50 and 0.93 mg/L for poly(3-

hydroxyoctanoate-co-3-hydroxyhexanoate) (PHOHH) segments with 1500 and 7700 g/mol, 

respectively (180). During the development of amphiphilic copolymers for DDS is imperative 

to determine the CMC value, which is generally estimated by a steady-state fluorescence 

method using pyrene as a probe. In Table 1.4 are presented estimated CMC values of some 

amphiphilic copolymers. 
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Table 1.4 Estimated critical micelle concentration (CMC) values for some amphiphilic copolymers. 

CopolymerMw (g/mol) or mol% CMC (mg/L or mM) Reference 

CSO-SA 140 (106) 

HA-C18* 10-37.3 (109) 

HPESO4866 0.075-0.080 (181) 

HPSO3800 0.055 (181) 

mPEG-b-PVL2000-10000 0.01-0.1 (110) 

PAGE-b-PLA 60-160 (182) 

PCL1050-7850-PEG6000-20000-

PCL1050-7850 
2.2.10

-3
-39.10

-3
 (111) 

PEG5000-b-PHOHH1500-7700 5.50-0.93 (180) 

PEG-MOG5-10 300-4000 (160) 

PEG-PPS 0.0076-0.027 (183) 

PEG-PPS-PEG 0.0015-0.015 (183) 

PLGA-PEG-PLGA 5 (128) 

Pluronic
®
 F108 3.08 (184) 

Pluronic
®
 F127 0.56 (184) 

Pluronic
®
 P103 0.14 (184) 

Pluronic
®
 P105 0.46 (184) 

Pluronic
®
 P123 0.05 (184) 

PPEGMEA-g-PMOMMA 1.63 (185) 

PVP-b-PDLLA27 or 38 4.3 and 2.6 (186) 

SAGly-DA16 2.9 (134) 

SALeu-DA16 0.4 (134) 

SAPhe-DA16 1.5 (134) 

SAVal-DA9 or 16 0.9 and 4.5 (187) 

SAVal-OA16 22 (136) 

CSO-SA – Chitosan oligosaccharide-stearic acid; HA-C18 – Hyaluronic acid-g-octadecyl (* Octadecyl 

moiety with various substitution degrees); HPESO – Hydrolyzed polymers of epoxidized soybean oil; 

HPSO – Hydrolyzed polymers of soybean oil; mPEG-b-PVL – Methoxy poly(ethylene glycol)-b-

poly(valerolactone); PAGE-b-PLA – Poly(allyl glycidyl ether)-b-polylactide; PCL-PEG-PCL – Poly(ε-

caprolactone)-b-poly(ethylene glycol)-b-poly(ε-caprolactone); PEG-b-PHOHH – Poly(ethylene glycol)-

b-poly(3-hydroxyoctanoate-co-3-hydroxyhexanoate); PEG-MOG – Poly(ethylene glycol)-

monooleylglyceride; PEG-PPS – Poly(ethylene glycol)-b-poly(propylene sulfide); PEG-PPS-PEG – 
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Poly(ethylene glycol)-b-poly(propylene sulfide)-b-poly(ethylene glycol); PLGA-PEG-PLGA – Poly(D,L-

lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide); PPEGMEA-g-PMOMMA – 

Poly[poly(ethylene glycol) methyl ether acrylate]-g-poly(methacrylate acid); PVP-b-PDLLA – Poly(N-

vinyl-2-pyrrolidone)-b-poly(D,L-lactide); SAGly-DA – Poly[(sodium N-acryloyl-L- glycinate)-co-(N-

dodecylacrylamide)]; SALeu-DA – Poly[(sodium N-acryloyl-L- leucinate)-co-(N-dodecylacrylamide)]; 

SAPhe-DA – Poly[(sodium N-acryloyl-L- phenylalaninate)-co-(N-dodecylacrylamide)]; SAVal-DA – 

Poly[(sodium N-acryloyl-L-valinate)-co-(N-dodecylacrylamide)]; SAVal-OA – Poly[(sodium N-acryloyl-L-

valinate)-co-(N-octylacrylamide)]. 

 

1.2.2.3. Hydrophilic surface: stability and functional role 

 

While the hydrophobic core of micelles, in addition to the solubilization and protection of 

drugs, provides appropriate mechanical properties for the desired application, hydrophilic 

shell masks the particle from the biological environment, reducing the protein absorption and 

cellular adhesion, thereby enhancing the particle stability (188, 189). 

Opsonin proteins present in the blood serum promptly bind to particles, allowing their 

recognition by macrophages that will quickly remove the encapsulated drugs from 

bloodstream (190). The presence of hydrophilic layer on the surface of particles (stealth 

particles) will reduce or delay the opsonization via steric repulsion forces, thus increasing the 

plasma circulation time of particles and the half-life time (t1/2) of drugs (190, 191). PEG and 

poloxamers are generally used as hydrophilic polymers to cover the surface of many 

nanoDDS (146). Although PEGylation presents advantages, may not always be necessary. 

Indeed, unnecessary or excessive PEGylation could lead to a non-desirable increase in the 

particle size. Additionally, an increase in the cost of the final product could also be noticed. 

Thus, the quantification of hydrophilic groups at the surface of particles must be performed 

using techniques like XPS or secondary ion mass spectroscopy (SIMS) (192, 193) in order to 

assess the convenience of PEGylation (or other method to increase hydrophilicity) and to 

predict the nanoDDS behavior in vivo.   

From the technological point of view, the importance of the hydrophilic surface on nanoDDS 

relies not only in the stealth properties but also in their functionalization potential by chemical 

modification or bioconjugation. The functionalization is mainly used to bind targeting moieties 

to the particles surface that allows the biodistribution control of nanoDDS (194) and different 

ligands can be used accordingly to the required application (195), as referred before. The 

conjugation of folate at the surface of hyperbranched aliphatic polyester Boltorn H40-poly(ε-

caprolactone)-poly(ethylene glycol) (H40-PCL-PEG) nanoparticles enhances the in vitro drug 
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uptake and therapeutic efficacy of anticancer agents in Hela and A549 cells. The presence of 

acid folic in the media reduces the particles uptake by receptor saturation, proving the 

effectiveness of folate in the targeting of tumor cells (141). Similarly, Arginine-Glycine-

Aspartic acid (RGD) peptide and transferrin improved the cytotoxicity of paclitaxel-loaded 

micelles against αvβ3 integrin and transferrin over-expressed human cells, respectively (115, 

142). 

 

1.3. Safety of nanocarriers 

 

The growing development of nanotechnology in the last decades is intensifying the use of 

materials whose security profile is not completely clarified. Although some of the materials 

possess toxicological data, their chemical, physical and biological properties can suffer 

changes when at the nanometric scale. Some studies suggest the development of side 

effects to health derivate from the occupational or environmental exposure to nanomaterials 

(196, 197). Despite the advantages presented by nanocarriers, their small size provides high 

surface area and possible higher reactivity with celular components. In vitro and in vivo 

studies showed induction of inflamatory responses and damage to the pulmonary epitelium, 

as well as extrapulmonary effects like increase in the blood coagulation and oxidative stress 

derived from the translocation of inhaled nanoparticles to the circulation and accumulation in 

other organs (197-200). These could result in alterations of respiratory, cardiovascular and 

immune systems. However, such studies are based on high doses of nanoparticles, not 

corresponding to the normal doses of exposition (198), yet the possibility of deleterious 

effects for health due to inhalation of nanocarriers should not be overlooked, requiring further 

detailed studies. Also, some researchers mention the urgent need for the development of 

standardized procedures for the analysis of biological samples of people exposed to 

nanoparticles, with a view to characterizing their safety profile (197). 

Regardless of all the potential of nanotechnology in various areas of health, the euphoria 

observed must give way to conscious and carefull decisions regarding its safety based in 

evidence. During the development of new nanomaterials the health side effects and the 

environmental impact resultant from secondary production and disposal might be considered 

(196, 201). Thus, a risk assessment should be carried out before the marketing of such 

materials, as well as a review and monitoring of long-term effects of whose already on the 

market. 
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2. Therapeutic peptides and proteins 

 

2.1. Properties 

 

Biopharmaceuticals, including therapeutic peptides and proteins have emerged as useful and 

promising drugs in the treatment of various diseases such as diabetes, cancer or 

autoimmune diseases (202). The first biotechnologically derived product approved for market 

was recombinant human insulin (Humulin®, Eli Lilly) in 1982 (203) and since then, many 

efforts and investment have been located to the research of biopharmaceuticals. In 2013, 

around 900 biopharmaceuticals targeting more than 100 diseases were under development 

by American’s research companies (204). This is explained by the overall improvement in 

quality of life and reduced burden of complex and challenging diseases achieved by these 

specific and selective medicines in an extent sometimes not reached by conventional drugs 

(205). Consequently, many biopharmaceutical products have granted market authorization 

over the years (206) and gain an increased share in global pharmaceutical market year-by-

year (207). For example, peptides, proteins, enzymes and monoclonal antibodies together 

account for 26% of the total approved medicines by FDA between 2009 and 2011 (208). This 

is due to the development of molecular biology that allowed the understanding of the role of 

biopharmaceuticals in pathophysiological processes as well as the growing development of 

biotechnology, bioengineering and recombinant DNA technology, which allowed their large-

scale production. Despite the tendency to classify peptides and proteins as new therapeutic 

agents, insulin extracted from animal’s pancreas was produced at industrial level for the first 

time in 1923 by the company E. Lilly (209). 

Sequences with fewer than 50 amino acids (< 5 kDa) are considered to originate peptides, 

while proteins are composed by bigger amino acid sequences (> 5 kDa). By that, both 

peptides and proteins by far exceed the 500 Da of MW cutoff of molecules generally 

assumed to be orally absorbed (210). Thus, and 

regardless of all the therapeutic potential associated with peptides and proteins, they have 

physicochemical characteristics that limit their therapeutic applications. Due to their high MW 

and general hydrophilicity, peptides and proteins have limited ability to cross biological 

membranes and consequently reduced permeability and bioavailability (211). Also, they 

complex structure makes difficult its formulation and administration in the active conformation 

as discussed below. 
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2.2. Stability and formulation challenges 

 

Due to its complex structure, peptides and proteins have limited chemical stability in vivo, 

undergoing aggregation, degradation and proteolytic cleavage, being further removed from 

the bloodstream, thus presenting reduced systemic t1/2. Apart from the above characteristics 

that determine its pharmacokinetics and pharmacodynamics, they also present in vitro 

barriers to their stability during the pharmaceutical development. The reactivity of some 

aminoacids results in degradation reactions such as deamination, racemization, oxidation or 

hydrolysis, that are dependent of production and storage condition such as pH, temperature, 

agitation, ionic strength, shear stress, light exposure, presence of metal ions, surfactants or 

solvents. This could lead to changes in the primary, secondary and tertiary structure of the 

molecules, originating a loss of their activity. When unstable, they tend to undergo 

aggregation with possible precipitation, adsorption and denaturation, which will limit its 

concentration and therapeutic levels after administration, and could present safety problems 

(209, 211, 212). 

The problems of in vitro and in vivo instability of proteins can be solved with the addition of 

excipients that act as stabilizers by different mechanisms. Examples are sugars and salts that 

increase the thermal stability of proteins, the non-ionic surfactants that reduce its 

aggregation, metal chelators and enzyme inhibitors that reduce the ability of various 

proteolytic enzymes (211, 213). Attention should be paid to the addition of sugars, since 

glycation of the peptides and proteins could occasionally occur by reaction of the sugars with 

the amino groups of the amino acids (214). In addition to the referred excipients, the drying of 

the final product using techniques like lyophilization and spray-freeze-drying reduce the 

instability mechanisms occurring in liquid medium. Also, chemical modification of proteins 

such as conjugation with PEG or Fc fusion protein, glycosylation or acylation has shown to 

decrease the immunogenicity of peptides and proteins, and improve their stability and the t1/2 

by increasing their resistance to proteolysis by conformational restriction in vivo (211, 213).   

 

2.3. Administration routes of therapeutic peptides and proteins  

 

Parenteral administration can overcome the problem of reduced bioavailability of peptides 

and proteins through biological membranes, being its usual route of administration. However, 

it does not eliminate the instability in the bloodstream (211). Moreover, this is an invasive 
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route, which can lead to a reduced acceptance by patients and, consequently, increased 

costs of therapy, especially when it required a prolonged or chronic treatment. Besides, there 

is a need for sterilization and cold chain transport and storage of various formulations of 

peptide drugs, as well as the need for specialized personnel for its administration (215, 216).  

The problems associated with parenteral administration boosted industrial and academic 

researchers to seek for needle-free and user-friendly formulations for non-invasive 

administration of peptides and proteins. Among the different non-invasive routes of 

administration appears oral, buccal, pulmonary, nasal, transdermal, ocular, rectal or vaginal 

(211). Oral administration is considered the most attractive route for drug administration and 

the preferred/accepted by patients due of its ease and convenience of administration. 

However, the harsh gastric environment (acidic pH and proteolysis) and the intestinal 

epithelia arise as strong barriers to efficient delivery of macromolecules (217). The 

bioavailability of proteins and peptides after oral administration is very low due to its instability 

in the gastrointestinal tract and low permeability through the intestinal mucosa (218, 219). 

Actually several studies are focused on oral administration of proteins, many of them using 

nanotechnology to increase their bioavailability. 

Parallel to the oral, inhalation is seen as an effective way to deliver peptides and proteins and 

appears as an alternative route to parenteral administration, as demonstrated by the several 

experimental and clinical assays proposed so far (213, 220) and mentioned in the section 4 of 

the present chapter. 

 

3. Pulmonary administration as non-invasive route for systemic delivery of 

therapeutic peptides and proteins 

 

3.1. Brief history of inhalation 

 

Inhalation of compounds as a means to treat diseases is used since ancient times. The oldest 

reports came from China and India around 2000 BC and are related to the inhalation of 

smoke from burned herbal preparations based on Ephedra sinica, Atropa belladonna or 

Datura stramonium to treat throat and chest diseases like asthma (221-224). Pedanus 

Discorides (40-90 AD) the Greek physician, surgeon, pharmacologist, botanist and author of 

De Materia Medica (considered the first pharmacopeia) as well as Aelius Galenus (129-

199/217 AD) prescribed inhaled sulfur vapors to their patients (225). Although the word 
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“inhaler” was used for the first time by the English physician John Mudge in 1778 to describe 

his invention, the first therapeutic inhalation device is attributed to Hippocrates (460–377 BC) 

(221, 222). Through the years, many compounds and mixtures were proposed and used to 

treat distinct diseases using various methods for inhalation, from ceramic inhalers, to 

combustible powders, burning papers and liquid atomizers. A very curious and popular way to 

inhale compounds in the 19th and 20th centuries was based on the use of asthma cigarettes, 

which were withdrawn from the market in 1992 (221, 225). The inhalation of vapor from 

solutions of picric acid, tar, iodine or sulfuric acid was very popular in the 20th century to treat 

tuberculosis and other infections, especially in spa’s (225). The first mentions regarding 

inhalation of antibiotics such as penicillin by nebulization to treat pulmonary infections were 

published in the 1940s (225-229). Nowadays, inhaled drugs are preferentially administered 

via dry powder inhaler (DPI) and pressurized metered-dose inhaler (pMDI), being also used 

nebulizers in hospitals.  

Despite inhalation started as a route to treat diseases confined to the respiratory tract, with 

the observed scientific and technology advances, a change in paradigm took place over the 

years, and inhalation has been evaluated and used to treat both local and systemic diseases 

(230) such as asthma (231), tuberculosis (232), other bacterial infections (233), influenza 

virus infection (234), fungal infections (235), cystic fibrosis (236), chronic obstructive 

pulmonary disease (237), diabetes (238) or cancer (239, 240). Moreover, inhalation has been 

also tested as a non-invasive vaccination platform (241-243). 

 

3.2. Anatomo-physiological characteristics of lungs and airways 

 

Over the past 20 years, the research focus on inhalation shifted from the almost exclusive 

local treatment to include drugs with systemic action. However, the understanding and 

characterization of pulmonary administration of drugs is a complex task that involves not only 

the release of the drug from inhalation devices, but also the mechanisms of drug deposition 

and absorption, which are related to the physiology of the respiratory system (244). 

The respiratory system consists in the upper and lower airways and lungs. The upper airways 

consist on the nose, mouth, pharynx and larynx. The trachea follows the larynx and branch 

into two bronchi. The bronchi divide consecutively in bronchioles which branch into alveolar 

ducts and terminate in alveolar sacs (245). The gas exchange with blood occurs through 

approximately 300 million alveoli (246), occupying a surface area of 75-150 m2 (245, 247), 
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which corresponds to approximately 98% of the adult lungs (248). These begin to emerge in 

smaller bronchioles, which are called respiratory bronchioles. The lower airways are divided 

into conduction zone and the respiratory zone. The respiratory zone is comprised by the 

respiratory bronchioles and the alveolar ducts and sacs (246). 

 

Figure 1.7 Schematic representation of the bronchial epithelium. 

 

The airways, with the exception of the alveoli, possess a pseudostratified epithelium 

composed of ciliated cells, basal cells and mucus-producing cells (goblet cells and Clara 

cells) (246) (Figure 1.7). The alveolar wall consists of three tissue components: epithelium 

(around 0.3 µm of thickness), supporting tissue/basement membrane (around 1.2 µm of 

thickness) and blood capillaries (endothelium with around 0.4 µm of thickness) (249). The 

epithelium is composed of two types of cells called pneumocytes (Figure 1.8). The alveolar 

type I pneumocytes occupy most of the alveolar surface and have the function of barrier while 

type II pneumocytes, interspersed with type I, are responsible for secreting surfactant. This 

consists of phospholipids (90%) and protein (10%), forming a 0.1-0.2 µm thick film that is 

responsible for the decrease in surface tension existing in the alveoli, thereby preventing its 

collapse. In several areas of the alveolar wall, the tissue support is absent allowing the fusion 

of the basement membrane with the alveolar capillary endothelium of the extensive blood 

capillaries plexus surrounding alveoli. Thus, a very low thickness barrier separates the 

alveolar air from the bloodstream (245, 246, 250). 
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The epithelium of the respiratory system has also lymphoid tissue called mucosa-associated 

lymphoid tissue (MALT) that is responsible for its immunological activity. The lymphoid 

follicles present in the airways (nasal-associated lymphoid tissue (NALT) and bronchus-

associated lymphoid tissue (BALT)) have many immune cells such as dendritic cells and T 

and B lymphocytes. The epithelium covering the lymphoid follicles called follicle associated 

epithelium (FAE) possesses M cells that are involved in uptake, transport and presentation of 

antigens in the respiratory lumen (216). 

 

Figure 1.8 Schematic representation of the alveolar epithelium. 

 

Taking into account the physiological characteristics of the respiratory system, it becomes 

clear that this route provides a non-invasive alternative presenting a large surface area, a thin 

epithelial barrier, extensive blood supply (flow 5 L/min), and lower enzymatic activity and 

efflux systems compared to other organs and tissues (e.g., gastrointestinal tract). Moreover, 

the reduced volume of fluid allows high concentrations of drug near the bloodstream, and the 

first-pass metabolism is avoided by pulmonary administration, which is especially useful for 

drugs that suffer high hepatic metabolism (251). These features are the reason for the higher 

bioavailability of inhaled peptides and proteins (10-200 times higher) compared with other 

non-invasive routes (84, 252).  

 

3.3. Pulmonary biodistribution of inhaled peptides and proteins 

 

After inhalation, particles will undergo lung deposition and be subjected to the existing 

clearance mechanisms of the respiratory system. Being the place of gas exchange and 

constant contact with the exterior ambient, respiratory system developed complex and not 
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fully clarified defense mechanisms working as barrier for foreign particles that could impair 

the efficient delivery of drugs (248). The complex geometry and humidity of the airways 

hampers the passage of the larger particles to the deep lung, and the movement of the 

bronchial cilia, known as mucociliary escalator, transports the particles trapped in the mucus 

layer to the gastrointestinal tract. Particles/compounds capable of evade the mentioned 

barriers and reach the deep lung have to face other defense mechanisms like phagocytosis 

by alveolar macrophages, alveolar lining fluid, intra- and extra-cellular catabolism, and the 

epithelium to attain the bloodstream (253, 254). Phagocytized compounds can be transported 

through the alveolar surface, undergo translocation to the lymphatic system or degradation by 

the intracellular enzymatic lysosomal system (69). 

In some studies, the rate of protein clearance did not significantly change in the presence or 

absence of an endotracheal tube, suggesting a reduced role of mucociliary escalator in the 

lung’s protein clearance (255). Also, demonstrate that only small amounts of proteins are 

found in macrophages (255). Despite the higher phagocytic capacity of macrophages 

compared to the endocytic capacity of pneumocytes, the first ones do not play an important 

role in clearance of proteins before 48 hours after exposure (254, 255). In addition, several 

large-sized proteins reach the circulation in intact form after instillation, suggesting a lower 

impact of catabolism in lung protein clearance (248, 254). However, degradation by 

proteolysis is relevant for proteins with small MW (< 3 kDa) (256). The use of enzyme 

inhibitors such as bacitracin, chymostatin, leupeptin or nafmostato mesylate reduces 

proteolysis and, thereby, increase the bioavailability of proteins prone to suffer high 

catabolism (8).  

In addition to the mechanisms/barriers described above and able to influence the permeability 

of compounds from the respiratory tract to the bloodstream and their bioavailability, the 

alveolar and airway epithelium arise as a major barrier to absorption of drugs. The absorption 

of macromolecules through the respiratory tract is a complex and enigmatic process that 

involves various mechanisms that are not yet well characterized, being apparently dependent 

on the hydrophilicity and the size of macromolecules (257-259). Different studies suggest that 

the rate of absorption is inversely proportional to the MW of the macromolecule. This 

influence not only the percentage of drug absorbed, but also the time necessary to the 

absorption occurs. For example, the t1/2 of the alveolar absorption of macromolecules 

increases with their MW (inulin with MW: 5250 Da and t1/2: 225 min; dextran with MW: 20000 

Da and t1/2: 688 min; dextran with MW: 75000 Da and t1/2: 1670 min) (260).  
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Two major mechanisms were proposed to characterize pulmonary absorption of proteins: 

paracellular diffusion and transcytosis (Figure 1.9). Transcytosis may further be classified into 

vesicular endocytosis or pinocytosis, and receptor dependent transcytosis. Proteins with 

small MW are apparently absorbed by the paracellular route, diffusing through the tight 

junctions, while molecules with higher MW seem to suffer endocytosis (248). Peptides can be 

absorbed by receptor mediated transcytosis using the high-affinity peptide transporter 2 

(247), while immunoglobulins are absorbed by a conjugation of pinocytosis with receptor 

mediated transcytosis. After suffer endocytosis, immunoglobulins bind with the fragment 

crystallizable (Fc) receptors that prevent the fusion with lysosomes and are release in the 

basolateral side of epithelial cells (261). This immunoglobulin transport pathway is used to 

deliver proteins by conjugation of the therapeutic macromolecule with Fc regions of 

immunoglobulins (261, 262). Other strategy proposed to enhance the pulmonary absorption 

of proteins is their coupling with specific peptidic sequences that not alter the biologic activity 

but promote their translocation through the epithelium probably by receptor mediated 

transport (263).  

 

Figure 1.9 Schematic representation of absorption routes. 

 

3.4. Formulation requirements for pulmonary delivery of drugs 

 

Different aspects related to the formulation, inhalation device, and patient influence the 

aerosolization and deposition of drugs and, consequently, their therapeutic efficacy. The 

airways geometry, respiratory capacity (tidal volume, inspiratory flow rate and breathing 
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frequency), inhaler handling, smoking, and pathologies affecting the lungs will be responsible 

for therapeutic inter-individual variations.  

Formulation plays an important role in the inhaled drugs performance, in terms of stability, 

deposition and absorption. It should maintain the drug in the active state and deliver it to a 

specific site of action to be absorbed or released for systemic or local action, respectively. 

Additionally, the formulation must be stable upon storage. Since proteins are labile drugs, 

suitable to lose their activity through physical and chemical instability, maintenance of the 

active conformation is a challenge and a series of considerations should be taken into 

account during their production and storage. Temperature, pH, agitation, ionic strength or 

presence of surfactants needs to be controlled in order to avoid aggregation, degradation or 

conformation lost (264, 265). The stability of proteins and their therapeutic performance can 

be improved through the incorporation of some excipients to the formulation as detailed in the 

section 3.4.2. 

 

3.4.1. Aerodynamic properties of particles 

 

Among the different formulation characteristics, aerodynamic diameter (dae) plays a key role 

in the deposition pattern and therapeutic efficiency of the aerosolized particles. Aerodynamic 

diameter is the diameter of a unit density sphere that has the same terminal settling velocity 

in still air as the particle in consideration (266) and is defined by the following Equation 1.2. 

 

d𝑎𝑒 = d𝑒𝑞√
ρ𝑝

ρ𝑜𝜒
                                                                                                       Equation 1.2  

 

where deq is the geometric diameter of an equivalent volume sphere of unit density, ρp and 

ρo are particle and unit densities, respectively, and χ is the dynamic shape factor. 

When determined based on the mass size of particles through methods like aerosolization 

using impactors, dae receives the denomination of mass median aerodynamic diameter 

(MMAD). 
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Figure 1.10 Deposition profile of particles on the different areas of the respiratory system according to 

their aerodynamic diameter. 

 

After inhalation, depending on dae or MMAD, particles will move through the airways and 

deposit in different parts of the respiratory track or be exhaled. For deposition at the lower 

regions of lungs, particles in the range of 1–100 nm and 0.5–5 µm are required. Particles 

larger than 5 µm will impact in the throat and be swallowed, while the middle sized particles 

will be essentially exhaled (Figure 1.10) (198, 267). Different forces, namely inertial 

impaction, sedimentation, diffusion and interception, will govern the particles fate and are 

related to the aerodynamic and hydrophilic properties of particles and shape of airways (253, 

268, 269). By manipulating the particle size, is possible to target specific regions of the 

respiratory tract (more than 50% of deposition). For systemic delivery, alveolar deposition is 

needed, while for local action, delivery at bronchial level is preferred. As referred before, 

although alveolar macrophages are part of the respiratory defense system, they are 

sometimes the therapeutic target, for example in the treatment of tuberculosis. Targeting of 

alveolar macrophages could be achieved by surface-decoration with ligands of the lectin-like 

receptors present at the membrane of macrophages (17), or by deliver particles with a size 

that promote their phagocytosis (270, 271). 
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Formulations based on peptides and proteins loaded into nano- or microparticles have been 

widely proposed in the last years as strategies to overcome the limitations of conventional 

formulations. Since a wide range of the developed nanoparticles falls within the particle’s size 

range liable to suffer exhalation, the agglomeration of nanoparticles into micron-sized 

particles (nanocomposites) with proper aerodynamic characteristics that disaggregate after 

deposition have been exploited (34, 272). One possible advantage of use agglomerates of 

nanoparticles instead of microparticles relies on the capacity of nanoparticles to easily evade 

mucociliary clearance and phagocytosis by alveolar macrophages. Some studies show that 

smaller particles are internalized at a lower extent than particles higher in size (273, 274). 

 

3.4.2. Excipients used in the development of inhalatory formulations 

 

Besides drugs, pharmaceutical excipients constitute an integral part of pharmaceutical 

formulations. They provide physical, chemical or microbiological stability, bulk properties that 

improve handling and metering, while controlling the mechanical and pharmaceutical 

properties of formulations such as release and permeation (267, 275). At the moment, only a 

small number of excipients are authorized for pulmonary delivery, but a variety of new 

excipients is under evaluation. Since lungs have limited buffer capacity, only compounds that 

are biocompatible or endogenous to the lung and that are easily metabolized or cleared can 

be used in inhaled formulations (275). 

Since formulations for nebulization are liquid solutions or suspensions, the common 

excipients used are salts (e.g., NaCl) to adjust the osmolarity (300 mosmol/L), HCl, NaOH, 

phosphates to adjust the pH to neutrality, and surfactants such as polysorbates, sorbitan 

monostearate, oleic acid, and soya lecithin to facilitate the formation of liquid droplets. 

Ethanol can be used as co-solvent and permeation enhancer only in small concentration due 

to its irritation potential. Preservatives such as parabens and benzalkonium chloride, 

antioxidants like ascorbic acid or chelating agents such as ethylenediaminetetraacetic acid 

(EDTA) can also be used to enhance stability (267). 

The excipients used in pMDI are similar to those found in preparations for nebulization 

excepting the gas propellants. The most widely excipient used as propellant in pMDI is 

hydrofluoroalkane, a non-toxic, non-flammable, and chemically stable gas without 

carcinogenic or mutagenic effects. Due to the absence of ozone-depleting properties, 

hydrofluoroalkane have been replacing chlorofluorocarbon-based propellants (276). DPI were 
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developed as a response to the limitations regarding stability and environmental aspects of 

pMDI and nebulizers (275). 

DPI are considered the most advantageous devices for inhalation regarding long-term 

stability of formulation, absence of gas propellants and patient convenience since are breath-

actuated and easy to use without the need of hand-lung inhalation co-ordination (277, 278). 

However, the development of particles with a narrow particle-size distribution and good 

flowability, suitable for aerosolization and lung deposition of peptides and proteins in the 

active state is challenging and depends on the appropriate use of powder technology and 

particle engineering. Techniques like microcrystallization, micronization by jet- or ball-milling, 

lyophilization, spray-drying, spray-freeze-drying or supercritical fluid technology can be used 

to produce solid particles (267, 279). All the methods present advantages and disadvantages, 

and should be chosen according to the effect on the stability of the proteins, the 

characteristics of particles required to a specific formulation, scale-up, cost-effectiveness and 

safety issues (279). As stated before, the capacity to produce an aerosol with a narrow 

particle-size distribution will influence the deposition pattern of the drugs. Taking this in 

consideration, it is crucial to produce powders with good dispersibility. Solid particles are 

subject to cohesive and adhesive interactions with the surrounding environment, that need to 

be break during the aerosolization. Different forces are involved in particle’s interactions and 

include electrostatic and van der Waals forces, capillary forces from to the presence of 

residual water at the surface of particles, and mechanical interlocking due to surface 

roughness (275). Distinct aerosolization properties could be obtained playing with these 

forces by specific particle engineering. For example, an efficient drying of the particles needs 

to be provided by the production method to reduce moisture and capillary forces, but extra 

drying should be avoided due to the formation of charges at the surface of particles that 

promote electrostatic interactions. One of the main factors affecting the particle’s interactions 

is their surface area. The larger surface area, the greater will be the interactions between 

particles, and lower will be the flowability. Surface area is dependent on size, shape and 

morphology of particles (269, 275). Particles in the size range suitable for inhalation possess 

high surface areas and are generally mixed with larger coarse carrier particles of excipients to 

improve their flow properties. In DPI, the coarse carrier particle is the major component of the 

formulation (>95%, w/w). It provides bulk properties and reduces the cohesion forces 

between drug particles, facilitating the aerosol dispersion and defining deposition pattern 

(280). Lactose is the main excipient used as coarse and larger carrier particles and, to a 

lower extent, as cryoprotectant when particles are prepared using lyophilization (281). There 
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are commercially available a variety of inhalation grade lactose with different characteristics 

and narrow particle size distribution (Flowlac®, Granulac®, Respitose®, Lactohale®, Inhalac®, 

etc.) that should be carefully selected during the development of the formulation (282, 283). 

Other sugars such as glucose, trehalose and mannitol are also used as cryoprotectants and 

coarse carriers (267). Magnesium stearate is approved for inhalation to protect drug from 

moisture and to reduce the cohesion and adhesion between particles (284). The 

characteristics of the carriers and the adhesive forces between carrier and drug particles 

influence the performance of the formulation and need to be assessed and optimized. 

Blending of drugs with coarse carriers is a critical point during the development of a DPI and 

also object of optimization (285-289).       

Regarding inhaled nanoDDS, most of the components are generally not approved for 

inhalation. In this case, new excipients proposed for inhalatory formulations need to pass 

through the entire process of safety evaluation, including complete in vitro toxicological 

evaluation and in vivo assessment of non-clinical and clinical safety prior to licensing. 

Unfortunately, there is a lack of specific regulatory guidance regarding the toxicological 

assessment of excipients for inhalation (290-292). Excipients generally recognized as safe 

(GRAS) or those approved for other routes of administration need a more limited number of 

experiments for safety evaluation, being its acceptance by regulatory agencies usually easier. 

This is the case of phosphatidylcholine (PC), a lipid surfactant and one of the constituents of 

lung surfactant that is commonly used in the production of liposomes. Studies show that PC-

based liposomes do not affect or slightly decrease the viability of human A549 alveolar cells 

after 24h of exposure. The effects on cell viability are dependent on the PC derivate and the 

concentration used (293). Other compounds used in the development of nanoDDS such as 

dextran, alginate, carrageenan or gelatin also possess GRAS status. It should be mentioned 

that those regulations apply not only to the material itself but also to its source. For example, 

contrary to what happen with shrimp-derived chitosan, chitosan obtained from Aspergillus 

niger is in the process to obtain GRAS status (294). Chitosan does not present significant 

toxicity to pulmonary tissue and cell lines after inhalation (295, 296). In fact, some studies 

showed some protective effect against oxidative stress (295). PLGA is another biodegradable 

polymer extensively used in the production of nanoDDS and present in various approved 

medicines including Trelstar® Depot (Pfizer), Risperidal® Consta (Johnson & Johnson), 

Sandostatin LAR® Depot (Novartis), Suprecur® MP (Aventis) or Lupron Depot® (TAP). The 

cytotoxicity of PLGA nanoparticles with different coatings and surface charges was assessed. 

Results showed that the cytotoxicity of the nanoparticles to human bronchial Calu-3 cells was 
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very limited, with the absence of inflammatory response (297). Cyclodextrins have been 

tested as complexing agent and excipient of inhalatory formulations. Various approved 

formulations containing cyclodextrins such as Voltaren® (Novartis), Clorocil® (Laboratório 

Edol), Brexin® (Chiesi Farmaceutici) or Vfend® (Pfizer), are daily used in the clinical practice 

for administration routes other than inhalation (298).  

Recently, carrier-free formulations that presented good aerosolization properties and 

deposition patterns have been developed and proposed as promising inhalatory formulations 

(299, 300). This “carrierless” strategy prevented the need of long and expensive safety 

studies, facilitating the authorization by regulatory agencies. Some engineered drug particles 

alone fulfill the requirements for inhalation, which is possible by the development of large 

porous/hollow particles (301-303). Due to its small density, particles with high geometric size 

and, consequently, reduced cohesive forces, present appropriate aerodynamic diameters. 

For example, salbutamol particles prepared by thermal ink-jet spray-freeze-drying with mean 

geometric diameter of 35 µm and mean aerodynamic diameter lower than 8.7 µm, present a 

percentage of FPF comparable to a salbutamol commercial formulation (302). At the moment, 

there are commercially available carrier-free DPI composed by agglomerates of pure 

terbutalin and budesonide particles, namely Bricanyl Turbohaler® (AstraZeneca) and 

Pulmicort Turbohaler ® (AstraZeneca), respectively. 

 

3.4.3. Inhalation devices 

 

Apart from the characteristics of particles, pulmonary administration demands an inhaler 

device that produces an appropriate aerosol. There are numerous devices available with 

distinct properties and specifications that are more appropriate for each type of formulation – 

nebulizer for liquids, pMDI for liquids and powders, and DPI for powders (280, 304, 305). 

Since the device greatly influences the particle aerosolization and deposition pattern, the 

choice of the right inhaler for a specific formulation is one of the most time-consuming and 

challenging stages during the development of inhalable medicines, and it is imperative to 

ensure the appropriate drug efficacy (280, 306). For example, Alexander and co-workers 

tested the aerosolization efficacy of Ambisome® (Gilead Sciences) using different nebulizers 

and they found differences among all of them (307). The ideal inhaler should generate an 

aerosol with a FPF and reproducible drug dosage, guaranty protection and stability of the 

product during storage, be accurate, small, easy to handle, discrete, and user friendly in order 

to be accepted. One of the claimed reasons for the market failure of Exubera® (Pfizer) was 
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the low patient compliance partially due to the complex inhaler device (308). Owing to the 

great therapeutic potential of this alternative administration route, the last decades witnessed 

the development of devices with greater FPF and lung deposition patterns of approximately 

40–50% of the nominal dose as compared with the low levels between 10 and 15% verified in 

the past (276).  

However, it is worth mentioning that this is a growing and dynamic field and innovative 

technologies are emerging. For example, power-assisted devices activated by vibration (309, 

310) or pneumatic technology (311), called active inhalers, have been developed for the 

delivery of systemically proteins and active drugs that have narrow therapeutic windows as 

well as for inhalatory nanoDDS (275). Examples of such devices are the AERx® from 

Aradigm, Respimat® from Boehringer or AeroDose® from Aerogen Inc (8). Also, the 

development of adjusted inhalers that present specific inhalation patterns that are useful for 

the treatment of certain pulmonary diseases can be faced (276). It is also important to 

consider the cost relative to the production of the device and its impact on the final product 

price. A balanced price/therapeutic efficacy relationship is a crucial factor that can limit the 

clinical application of a certain product. 

 

3.5. Limitations of pulmonary administration 

 

The main limitation faced by pulmonary administration of drugs relates to the reproducibility of 

the dose. From the delivery device until be absorbed in the lungs, the drug undergoes 

consecutive losses during aerosolization and deposition. Thus, the absorbed dose is usually 

lower than the dose present in the delivery device. 

As stated before, the deposition of particles at the lower respiratory tract is a complex 

phenomenon and its efficiency depends on several factors like the type of formulation, 

delivery device used and their capacity to produce the aerosol (250, 277, 312, 313). 

Unfortunately, there is no inhaler device producing only particles within the size limits 

appropriate to the lung deposition which results in a very low rate of dose emitted (277). 

Another issue of relevance arises from the fact that more than 50% of patients improperly 

uses the delivery device, leading to non-reproducibility (312). Thus, an intensive education of 

patients by health care professionals is required to an increase the effectiveness of the 

treatment (277). 

The respiratory capacity of patients also plays an important role on the delivery efficiency of 

particles, being reduced in patients with lower respiratory capacity like children, elderly 
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persons or adults with certain disease conditions that compromises the lungs functions, 

resulting in non-reproducible pharmacokinetics and pharmacodynamic responses (314). 

 

4. State-of-art on therapeutic peptides and proteins for inhalation 

 

In 1993 the FDA approved the first protein administered via inhalation, a highly purified 

solution of recombinant human desoxyribonuclease I (rhDNase), also known as dornase 

alpha (Pulmozyme® from Genentech), for treatment of cystic fibrosis (315). Despite the 

promise and advantages presented by pulmonary delivery, only Pulmozyme® and, more 

recently, Afrezza® (insulin DPI from MannKind) granted market authorization. This could be 

attributed to the formulation and delivery challenges of inhalable drugs referred previously. 

However, the rational design of particles with appropriate characteristics for inhalation 

enabled the development of many formulations some of which already entered in clinical 

evaluation. 

Insulin has branded the history of the development of inhaled protein therapeutics with cycles 

of hope and disappointment. Attempts to develop an inhaled insulin formulation to substitute 

the current treatment of diabetes by subcutaneous injection have been made by dozens of 

researchers and companies all over the world during decades. The apogee of inhaled insulin 

was reached in 2006 when FDA and European Medicines Agency (EMA) granted market 

authorization to Exubera® (Pfizer/Nektar), a spray-dried mixture of insulin, sodium citrate 

(dihydrate), sodium hydroxide, mannitol and glycine (308, 316). During clinical trials, patients 

treated with Exubera® presented similar postprandial glycemic control and values of glycated 

hemoglobin (HbA1c), faster onset of action, lower weight gain, lower incidence and severity 

of hypoglycaemia and greater satisfaction (higher comfort and convenience) compared with 

patients receiving subcutaneous injection of regular insulin (238, 317-319). However, less 

than two years later, the product was withdrawn without achieving the excepted market 

success (308). This decision had as casualty the development’s interruption of AERx iDMS® 

(Novo Nordisk/Aradigm) and AIR® (Eli Lilly/Alkermes) both at phase III clinical trials, few 

months after Pfizer decision (320). Because of its short-term action, there was the necessity 

to inject a long-acting insulin for overnight glycemic control (24, 321). Moreover, Exubera® 

showed a bioavailability of only 10-20% compared to subcutaneous injection. The big size of 

the inhaler device and its complex handling also contribute to the low acceptance of the 

product by both patients and clinicians (215, 322). Although Pfizer argued that the decision 

was due to a commercial failure related to limitations of the formulation and the inhaler device 
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hampering the acceptance of the product; the development of serum insulin autoantibodies 

and the emergence of lung cancer cases in patients treated with Exubera® raised questions 

regarding the immunological effects and safety of inhaled proteins (238, 319, 323). Pfizer 

stated that patients that developed lung cancer had a history of smoking. It could be related 

to vasodilator and growth promoting capacities of insulin (238). However, due to the low 

number of cases was not possible to establish a causal relationship between the emergence 

of lung cancer and the use of Exubera®. Nonetheless, some companies continued the 

development of their products with different and improved technologies, hoping to succeed 

were Exubera® failed.  

Afrezza® (MannKind), a DPI based on Technosphere® technology (324) using a next-

generation inhaler device (Dreamboat®) recently granted FDA approval. The change of the 

inhaler device from MedTone® to Dreamboat® over of the clinical studies raised concerns by 

FDA about the equivalence of the two devices, which delayed the product approval. 

Technosphere® technology is based on fumaryl diketopiperazine large porous particles with a 

MMAD of 2-2.5 µm, suitable for delivery at deep lung, where small proteins can be absorbed 

onto the surface. Pharmacodynamic and pharmacokinetic analysis of Afrezza® showed a 

rapid absorption (time of maximum concentration observed (tmax) = 12–14 min), short onset of 

action (20–30 min) and action duration time (2–3 hours) that mimic the physiological insulin 

requirements to cover prandial glucose absorption in type 2 diabetic patients (325). In a pilot 

study an optimal dose of inhaled insulin was able to control the postprandial glycemic levels 

of type 2 diabetes patients regardless the meal carbohydrate content (326). In addition, the 

absorption and pharmacokinetics of insulin after inhalation was not significantly altered in 

patients with mild-to-moderate chronic obstructive pulmonary disease (COPD) (maximum 

concentration observed (Cmax) = 34.7 µU/mL and area under the curve (AUC) = 

2037 µU/mL·min) compared to healthy patients (Cmax = 39.5 µU/mL and AUC = 

2279 µU/mL·min) (327). Concerning safety, in a 2-years study, Afrezza® showed to be well 

tolerated, promoting slightly changes in lung function, comparable to the usual treatment and 

mild, transient cough after inhalation (328). However, the results of the study should be 

analyzed carefully, since a high percentage of treatment discontinuation owing to adverse 

events was higher in the Afrezza® treated group. 

Other inhalable insulin products are under clinical stage such as Aerodose (phase II), Abbott 

Labs’ inhaled insulin (phase II), QDose (phase I), Alveair® (phase I), BioAir® (phase I) or 

ProMaxx® (phase I) (320). Insulin is commonly used as drug model in the development of 
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formulations for delivery of proteins, which explains the high number of studies at preclinical 

stage published (34, 322, 329-337). 

Besides Afrezza®, MannKind is also developing a glucagon-like peptide 1 (GLP-1)-based 

product to treat type 2 diabetes by inhalation based on the same Technosphere® system. The 

product (MKC253) is currently at phase I stage and, so far, proved to be able to stimulate the 

insulin secretion and, consequently, reduce the postprandial glycemic levels. Also, the 

gastrointestinal adverse effects usually observed with the subcutaneous or oral administration 

of GLP-1 and its analogs used in clinical practice are absent with this inhaled formulation 

(338). 

Aerovance is a biopharmaceutical company that is also exploiting the potential of 

biopharmaceuticals’ inhalation to treat local diseases. Presently, two DPI are at phase II 

clinical studies for the treatment of asthma (pitrakinra) and cystic fibrosis and COPD 

(bikunin). Pitrakinra is a recombinant human interleukin 4(IL-4) variant that efficiently inhibits 

both IL-4 and interleukin 13 (IL-13) activity, reducing the inflammation in asthma and eczema 

(339, 340). At the first studies both liquid and powder formulations were tested, but the last 

news available are related to a DPI (Aerovant®) formulation to treat exacerbations in patients 

with eosinophilic asthma. Bikunin is a truncated human SPINT2 serine protease inhibitor that 

presents the capacity to reduce the airway epithelial sodium ion channels activity, thereby 

reducing sodium hyper absorption in cystic fibrosis patients and COPD (341). Is currently 

under development with the name Aerolytic® and Pulmolytic®.  

Inhalable proteins to treat viral infections have also been proposed. DAS181 is a recombinant 

sialidase fusion protein that inactivates viral receptors on the cells of the human respiratory 

tract, thus preventing and treating infection by various influenza virus subtypes, including 

H5N1, and parainfluenza (342-344). In a phase II clinical trial, DAS181 was able to reduce 

the lung viral load in patients infected with influenza B, H3N2 and H1N1 without significant 

side effects (342). DAS181 was formulated using TOSAP® technology into dry powder 

microspheres for pulmonary delivery (Fludase®).  

In Table 1.5 are presented examples of formulations and products proposed for inhalation of 

therapeutic peptides and proteins that are currently in clinical trials. 
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Table 1.5 Formulations for pulmonary administration of therapeutic peptides and proteins ongoing 

clinical trials. 

 

Peptide/protein 
Therapeutic 

indication 
Name/System 

Inhalation 

mode 

Clinical 

phase 
Reference 

Bikunin 
Cystic fibrosis 

and COPD 
Aerolytic and Pulmolytic 

Nebulizer 

and DPI 
phase II (345) 

CsA 

Lung 

transplant 

rejection 

Liquid solution Nebulizer phase III (346) 

CsA 

Lung 

transplant 

rejection 

Sugar-based particles DPI phase 0 (347) 

DAS181 
Influenza virus 

infection 
Fludase/TOSAP DPI phase II (342) 

GLP-1 
Diabetes 

mellitus 
MKC253/Technosphere DPI phase I (338) 

INF-γ 
Cystic fibrosis, 

lung infection 
Liquid solution Nebulizer phase II (348, 349) 

Insulin 
Diabetes 

mellitus 
Aerodose/liquid solution Nebulizer phase II (350, 351) 

Insulin 
Diabetes 

mellitus 
Dry crystals pMDI phase II (352) 

Insulin 
Diabetes 

mellitus 
QDose DPI phase I (353) 

Insulin 
Diabetes 

mellitus 
Alveair/liquid solution Nebulizer phase I (238) 

Insulin 
Diabetes 

mellitus 

BioAir/pegylated calcium 

phosphate nanoparticles 
DPI phase I (354) 

Insulin 
Diabetes 

mellitus 
ProMaxx/microspheres DPI phase I (355) 

IL-2 

Metastatic or 

unresectable 

solid tumors 

Liquid solution Nebulizer phase I (356) 

Pitrakinra Asthma Aerovant DPI phase II (340) 
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Peptide/protein 
Therapeutic 

indication 
Name/System 

Inhalation 

mode 

Clinical 

phase 
Reference 

Sargramostin 

Metastatic 

cancer, 

sarcoma 

Liquid solution Nebulizer phase II (357) 

α1-antitrypsin Cystic fibrosis Liquid solution Nebulizer phase I (358) 

COPD – Chronic obstructive pulmonary disease; CsA – Cyclosporin A; DPI – Dry powder inhaler; GLP-

1 – Glucagon-like peptide 1; INF- γ – Interferon-γ; IL-2 – Interleukin 2; pMDI – Pressurized metered-

dose inhaler. 

 

 

A variety of formulations for inhalation of therapeutic peptides and proteins have been 

developed at preclinical stage. Some examples include calcitonin (359-361), parathyroid 

hormone (362), detirelix (363, 364), erythropoietin (262), interferon-α (INF-α) (365), follicle-

stimulating hormone (366), glucagon (367), among others. 

 

4.1. The new era of pulmonary administration: nanomedicine-based formulations 

 

Driven by the progresses in the nanomedicine field, many researchers have consolidated the 

concept of pulmonary delivery of drugs using nanoDDS by developing innovative formulations 

with improved biopharmaceutical features (23, 368). For example, mucoadhesive (369) and 

mucus-penetrating particulates (370, 371) showed to increase the residence time of drugs 

into the lungs and improve their absorption and/or therapeutic efficacy. The last approach 

could have great impact in the pulmonary delivery of drugs to treat diseases with high mucus 

production like cystic fibrosis (372, 373). Preliminary results are promising and it is expected 

that the clinical relevance of such products could be proven in clinical trials (19, 84, 240). In 

this context, a new door has been opened in the field of inhalation therapy and new advances 

could be expected in the near future. Still, several issues such as large scale production, 

batch-to-batch reproducibility, variable lung deposition pattern, or cost- effectiveness balance 

of the treatment need to be addressed and optimized in order to ensure the bench-to-bedside 

translation of inhalatory nanoDDS. 
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4.1.1. Lipid-based formulations 

 

From the lipid-based nanoDDS for inhalation, liposomes appear as the preference of 

researchers owing to its interaction with endogenous surfactant phospholipids, promoting an 

increased retention of drugs in the lungs. Furthermore, the use of phospholipids similar to the 

surfactant promotes the absorption of the incorporated drugs, although the mechanism 

underlying the permeation enhancing is not yet clear (34). 

As discussed above, insulin is the most studied protein for pulmonary delivery. Several 

formulations containing nanocarriers have been developed for pulmonary delivery of insulin in 

order to overcome the problems associated with conventional formulations (238, 319). Huang 

and co-workers produced liposomes using the membrane destabilization/dialysis method with 

an average diameter of 200 nm and encapsulation efficiency of 52% (335). In vivo studies 

demonstrate a homogeneous deposition of liposomes in alveoli with reduction of systemic 

levels of glucose and absence of immunoreaction of lung tissue (335). In another study, the 

liposomes obtained using the reverse phase evaporation technique possessing an average 

diameter of 295 nm and an encapsulation efficiency of 43%, were subjected to spray 

congealing before solvent evaporation (336). The formulation proved to be stable after three 

months of storage, promoting a decrease in systemic levels of glucose for 12 hours when 

compared with solutions for pulmonary administration of insulin and subcutaneous injection 

(336). Chono and co-workers produced liposomes containing different derivatives of 

phosphatidylcholine by hydration of lipid film technique (337). In vivo studies using rats as an 

animal model showed a greater reduction of serum glucose after intratracheal administration 

of insulin encapsulated in liposomes as compared to insulin solution. However, this reduction 

was only significant for liposomes containing the derivative dipalmitoylphosphatidylcholine. In 

this study it was also assessed the influence of the size of liposomes in the absorption of 

insulin. There was a greater reduction in levels of plasma glucose and increased serum 

insulin after administration of liposomes with an average diameter of 100 nm. In the case of 

liposomes of 1000 nm, it was observed an increased retention by macrophages. In vitro tests 

performed in cell cultures of Calu-3 showed the existence of an absorption promoting effect of 

liposomes, possibly by opening of tight junctions (337). 

Leuprolide, also called leuprorrelin, is a highly hydrophilic luteinizing-hormone-releasing 

hormone (LHRH) agonist peptide with a MW of 1.2 kDa, used in treatment of prostate cancer, 

endometriosis, and precocious puberty (374). In order to develop a DPI for pulmonary 

administration of leuprolide, Shahiwala and co-workers produced liposomes by reverse phase 
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evaporation technique followed by lyophilization (374). The diameter of the aggregates of 

liposomes obtained lies within the limits compatible with alveolar deposition of particles from 

3.5 to 4.3 µm possessing high encapsulation efficiency (66-72%). After intratracheal 

instillation in rats, liposomes promoted higher serum luteinizing hormone levels than the 

solution of leuprolide and an increased t1/2 when compared to solutions for pulmonary and 

subcutaneous administration. However, the bioavailability of liposomes was only 50% 

compared with subcutaneous injection and it is necessary to change the formulation in order 

to increase the bioavailability of leuprolide (374). 

Liposomal inhaled cyclosporin A (CsA) to treat rejection of lung transplants was also 

proposed.. Pulmonary administration to dogs resulted in higher concentration of CsA in the 

lungs instead of the liver, kidneys, spleen, heart and blood compartment. However, three 

hours after administration, there was some accumulation of CsA in the kidney and spleen, so 

the effects on the kidney should be studied (375). In another study, pulmonary delivery of 

liposome-encapsulated CsA promoted an accumulation of CsA in the lungs. The formulation 

was stable after nebulization and maintains the immunosuppressive activity of CsA after 

encapsulation (376). Gilbert and co-workers administered liposomal CsA by inhalation to 

healthy humans and found a preferential deposition of the particles in the alveolar region 

(70% of inhaled dose) (377). When the formulation was administered via a mouth-only face 

mask for 45 minutes, no changes were observed in pulmonary function. In contrast, the 

administration using a nebulizer mouthpiece has proved troublesome, leading to coughing 

and throat irritation and a slight decrease in lung function. This may be due to the fact of 

particles, when administered by a nebulizer mouthpiece suffer greater impaction in the throat. 

The observed differences do not appear to be due to the formulation, because in both cases 

were used the same formula, with the same particle size at the same dose (377).  

In an in vivo study conducted by Khanna and co-workers in healthy dogs, the pulmonary 

administration of interleukin 2 (IL-2)-loaded liposomes led to an activation of the immune 

response by a significant increase in leukocyte levels in the lung and serum mononuclear 

cells (378). This response was more efficient compared to inhaled free IL-2. The observed 

differences may be due to increased cellular uptake or decreased clearance of liposomal IL-

2. In vitro studies showed that activation of pulmonary leukocytes leads to inhibition of 

proliferation of tumor cells (378). Another study of the same researchers conducted in dogs 

with primary lung carcinoma or lung metastasis of other carcinomas, has shown that there is 

no significant toxicity associated with pulmonary administration of liposomal IL-2 (379). It was 

also found that liposomal Il-2 stimulates the immune system after inhalation. Moreover, in 
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some animals it was observed the complete regression of metastasis and the non-

progression of primary lung carcinoma in another animal. Most significantly results were 

observed in treating pulmonary metastasis from osteosarcoma (379). In a phase I clinical 

trial, the pulmonary delivery of liposomes containing IL-2 to patients with various carcinomas 

affecting the lungs (pulmonary sarcoma, renal cell carcinoma, melanoma and metastatic 

osteosarcoma) was well tolerated and there was no significant toxicity observed at doses that 

may possess therapeutic effect (380). However, in this study it was not determined the 

clinical efficacy of the formulation. In another phase I clinical trial was studied the utility of 

inhaled lipossomal IL-2 in patients with common variable immunodeficiency (381). IL-2 

retained its biological activity after encapsulation. No changes were observed in pulmonary 

function or significant side effects during treatment. Although the patients treated with IL-2 

liposome declare sense of improving their condition was not detected alterations of the 

immune response within the blood compartment. Such lack of response evidence may be 

due to low specificity of the markers used in the study (381). 

Superoxide dismutase (SOD) is an antioxidant enzyme, kidnapper of free radicals, ubiquitous 

in mammalian cells. It causes a decrease of reactive oxygen species responsible for oxidative 

stress, involved in phenomena such as carcinogenesis, inflammation and neurodegeneration 

(382). Studies demonstrate the success of the use of SOD in the treatment of rheumatoid 

arthritis and ischemia-reperfusion injury. However, after intravenous and oral administration, 

the SOD has a reduced circulation t1/2 and a high-level gastrointestinal degradation, 

respectively. With the aim of developing a non-invasive formulation that promotes an 

increased t1/2 of SOD, Kaipel and co-workers produced liposomes for pulmonary 

administration (382). In vivo studies conducted in pigs showed a prolonged release of SOD 

into the systemic circulation and an increase in its t1/2. There were no side effects such as 

irritation or inflammation in the lung, as well as changes in pH and plasmatic O2 and CO2 

pressure (382). 

Different liposomal formulations were developed for aerosol delivery of a cationic α-helical 

peptide called CM3 with antimicrobial and antiendotoxin activity (383). The pulmonary 

delivery of CM3 allows the treatment of local infections and reduction of systemic effects. Of 

the several formulations developed, the best results in terms of the encapsulation and 

nebulization efficiencies and maintenance of liposomal integrity during nebulization were 

achieved with the combination of dimyristoyl phosphatidylcholine and dimyristoyl 

phosphatidylglycerol with a 3:1 molar ratio. With this formulation liposomes with diameter of 

262 nm were obtained, presenting an encapsulation efficiency of 73%. Using a mathematical 
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model it was possible to predict the deposition profile and distribution in lungs of liposomes in 

adults and children of different ages. Data showed a pulmonary deposition in the all lungs, 

particularly in the tracheobronchial region. In this region, the minimum inhibitory levels of 

CM3 can be reached in the adult model, and can be exceeded in pediatric model subjects 

(383). 

SLN have been proposed for pulmonary administration of insulin. Examples are the 

nanoparticles of lecithin obtained by emulsification method with an average diameter of 300 

nm, and alveolar deposition of 45% (w/w) of the dose delivered after lyophilization. It was 

confirmed the retention of the primary, secondary and tertiary structure of insulin after 

processing (322). In another study, Liu and co-workers produced SLN containing micelles 

inside by double emulsion with an average diameter 115 nm and an encapsulation efficiency 

of 98% (329). In vitro studies showed prolonged release of insulin. It was also demonstrated 

to retain the integrity of insulin after encapsulation and stability of the formulation after 6 

months of preparation at 4 °C (329). 

  

4.1.2. Polymeric nanoparticles 

 

A variety of polymeric nanocarriers have been explored for the pulmonary administration of 

proteins. A study compared six different types of nanocarriers composed by gelatin, chitosan, 

alginate, PLGA, poly(D,L-lactide-co-glycolic acid)-chitosan (PLGA-chitosan), and Poly(D,L-

lactide-co-glycolide)-b-poly(ethylene glycol) (PLGA-PEG), as DDS for inhalation of proteins 

using bovine serum albumin (BSA) and erythropoietin as model proteins (384). Excepting 

those of PLGA-PEG and alginate, particles presented a mean diameter lower than 300 nm. 

Gelatin and PLGA nanoparticles presented the best in vitro cytocompatibility and uptake by 

human type I alveolar epithelial cells. Additional in vivo studies in rats, showed that inhalation 

of these systems led to the release and retention of the proteins in lung tissue up to 10 days 

(384). Thus, these systems could be explored for the pulmonary administration of proteins 

with local therapeutic activity. In another study, powders for inhalation based on poly(glycerol 

adipate-co-ω-pentadecalactone) (PGA-co-PDL) nanoparticles co-spray with L-leucine were 

assessed (385). Powder presenting high FPF (> 75%) and a MMAD compatible to deep lung 

deposition (1.21 ± 0.67 μm) had shown to be compatible with pulmonary cell lines (A549 and 

16HBE14o-). Also, the primary and secondary structure of the encapsulated BSA was 

maintained (385). The same research group developed a similar system based on 

poly(ethylene glycol)-co-poly(glycerol adipate-co-ω-pentadecalactone) (PEG-co-(PGA-co-
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PDL)) for pulmonary administration of α-chymotrypsin and DNase I. The obtained powders 

maintain the activity of both enzymes and presented characteristics compatible with good 

lung deposition after inhalation (386).        

Inhalation of insulin encapsulated in polymeric nanoDDS has also been proposed. Huang and 

co-workers have developed nanoparticles of low MW chitosan using the 

emulsification/solvent evaporation technique (330). The resulting particles have a spherical 

shape with average diameter of approximately 400 nm, zeta potential of about +42 mV and 

encapsulation efficiency of 96%. The release profile of insulin was characterized by a burst 

effect followed by prolonged release for 24 hours. When administered to diabetic rats, the 

formulation has demonstrated a hypoglycemic effect similar to subcutaneous administration 

of insulin solution but prolonged in time (330). In a series of studies, Grenha and co-workers 

produced chitosan nanoparticles with and without lipid coating obtained by ionic gelation and 

then spray-dried to obtain nanocomposites. The nanoparticles obtained had an average 

diameter between 380 and 450 nm and encapsulation efficiency between 65 and 81%, while 

the spray-dried powder particles a dae of 2.5 – 2.8 µm (34, 272, 333). In vitro studies 

demonstrate a rapid release of insulin in the case of lipid nanoparticles without coating and a 

prolonged release in formulation containing lipid coating (34, 333). Additionally, formulations 

showed to be compatible with the epithelial respiratory A549 and Calu-3 cell lines (296). In 

vivo studies in rats show that after intratracheal administration, uncoated lipid nanoparticles 

reach the alveolar region and promote a greater reduction of systemic levels of glucose, 

compared to insulin solution (272, 387). Kawashima and co-workers obtained PLGA 

nanoparticles with average diameter of 400 nm, and alveolar deposition of 75% (w/w) using 

the modified emulsification/solvent evaporation method (332). In vitro dissolution tests 

showed an insulin release profile characterized by an initial burst effect followed by extended 

release. In vivo studies show a significant reduction in systemic levels of glucose which lasts 

for a period exceeding 48 hours, compared with an aqueous solution of insulin for inhalation 

(332). This biphasic release of insulin can mimic the marketed injectable insulin mixtures of 

short and long duration of action. In another study, PLGA nanoparticles were produced using 

the emulsification/solvent evaporation technique followed by granulation (331). In vitro and in 

vivo showed an alveolar deposition of approximately 45% (w/w) of emitted dose and 

pharmacological effect of prolonged over 12 hours when compared with solutions of insulin 

administered intratracheally and intravenously (331). Poly(n-butyl cyanoacrylate) 

(PBCA)/dextran nanoparticles obtained by Zhang and co-workers using the in situ 

polymerization method have a diameter of 255 nm and an encapsulation efficiency of 79% 
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(334). In vitro assays demonstrate an insulin release profile characterized by an initial burst 

effect followed by prolonged release. In vivo studies are characterized by a prolonged 

therapeutic effect over time when compared to insulin solution administered intratracheally 

and a bioavailability of 57% compared with subcutaneous administration (334). 

PLGA nanoparticles coated with chitosan obtained by the emulsion and solvent diffusion 

technique have been proposed to administer calcitonin by pulmonary route (388). Due to the 

mucoadhesion promoted by chitosan, coated nanoparticles were eliminated more slowly from 

the lung compared to those not coated. Moreover, the opening of tight junctions also 

promoted by chitosan led to an increased absorption of calcitonin and a decreased in in vivo 

systemic levels of calcium (388). The pharmacological effect was prolonged for 24 hours after 

inhalation. The particles with a diameter of 650 nm and were nebulized with success and the 

release profile of calcitonin is characterized by a burst effect followed by prolonged release 

over time (388). Based in the previous study and to enjoy the advantages of solid calcitonin 

formulations for inhalation over the liquid ones (389), chitosan-modified PLGA 

nanocomposites were produced by spray drying fluidized bed granulation (Agglomaster®) and 

dry powder coating technique (Mechanofusion®) (390). Powders obtained with the 

Agglomaster® showed improved redispersibility of powders in liquid media and higher in vivo 

lung retention and hypocalcemic effect, which could be explained by the lower strong 

aggregation of particles using the spray drying fluidized bed granulation technique (390). 

Chitosan nanoparticles co-sprayed with mannitol as powders for inhalation of calcitonin were 

also proposed by other research group, presenting appropriate aerodynamic properties and 

good absorption to the systemic circulation after pulmonary administration to rats (391). 

 

5. State-of-art of micelles as drug delivery systems by inhalation 

 

In the last two decades, pulmonary administration of nanoDDS has been a growing topic of 

interest among researchers (278, 384, 392). However, micelles as platforms for inhalation of 

drugs have been poorly explored. Numerous examples of liposomes intended for inhalation 

have been proposed over the years presenting good results (393, 394), with at least two 

formulations enrolling clinical trials Arikace® (Insmed at phase I/II) (395) and Pulmaquin® 

(Aradigm at phase III) (396). Since polymeric micelles presented advantages over liposomes, 

like higher stability and high capacity of solubilization of hydrophobic drugs, as described 

before, they possess the potential for pulmonary delivery of drugs. Additionally, the capacity 

demonstrated by some micelles to overcome multidrug resistance (56, 397) and enhance the 
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transfection of genetic material to cells (130), make them promising vehicles for local delivery 

of anticancer drugs to treat lung cancer, and genetic material to target cells. Also, the small 

size of micelles confers them the opportunity to escape easily from phagocytosis by alveolar 

macrophages and allow the delivery and absorption of drugs with systemic action through an 

epithelium with high surface area and reduced enzymatic activity. Thus, the feasibility of 

micelles as DDS for pulmonary administration of drugs has been explored in the last years 

with some studies reviewed in this section. Taking into account the results so far, is expected 

an increase in the upcoming years of the studies using formulations based on polymeric 

micelles as inhaled DDS. As referred before, a careful and detailed assessment of the safety 

of such formulations should be performed, especially in the case of the ones expected to be 

chronically administered. 

 

5.1. Lipid-polymer micelles 

 

As referred previously, lipid-polymer micelles are composed by polymers conjugated with 

phospholipids or long-chain fatty acids. Several combinations of polymers and 

lipids/phospholipids have been tested for the preparation and application of micelles. 

Chitosan oligosaccharide-stearic acid (CSO-SA) micelles were developed by Gilani and co-

workers, for the pulmonary administration of amphotericin B (AmB) to treat invasive 

pulmonary fungal infections in some patients receiving immune suppressive treatments (108). 

Local administration avoids the systemic side effects of AmB and improves their 

bioavailability (398). After encapsulation into micelles, AmB presented the same antifungal 

activity of Fungizone® but lower toxicity (108), a phenomenon intimately related to its 

aggregation state (399). The micelles possessed positive charges with mean diameters 

between 100-250 nm, and were efficiently nebulized using an Air-jet nebulizer to particles 

with FPF up to 52%, making them suitable for pulmonary delivery of AmB (108). The same 

research group developed chitosan-stearic acid micelles encapsulating itraconazole for 

pulmonary delivery (400). Positively charged micelles with mean diameters inferior to 200 nm 

were efficiently and stably nebulized presenting FPF up to 48%. The antifungal activity of 

itraconazole against C. albicans, A. fumegatus, and A. niger was maintained after its 

encapsulation into micelles (400). Thus, the solubilization of hydrophobic itraconazole into 

polymeric micelles could be an effective approach to deliver the drugs by inhalation in order 

to treat pulmonary fungal infections.     
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Different research groups have been studying the administration of drugs to treat tuberculosis 

using polymeric micelles. Stearic acid-branched polyethyleneimine (SA-BPEI) micelles 

encapsulating rifampicin were spray-dried and powders with a drug content of 48%, a MMAD 

lower than 2.5 µm, and FPF of 67% obtained. Moreover, micelles showed in vitro 

biocompatibility up to 75 μg/mL concentration and taken up by THP-1 cells differentiated to 

macrophages (401). Thus this system could be explored to target alveolar macrophages, the 

reservoir of Mycobacterium tuberculosis. Methoxy poly(ethylene oxide)-b-distearoyl 

phosphatidyl-ethanolamine (mPEG–DSPE) micelles where also proposed as carriers for 

rifampicin, although its therapeutic efficacy was not assessed (60). Rifampicin was entrapped 

with high encapsulation efficiency into these micelles that sustained its release over 3 days in 

vitro. Formulations presented a fraction of fine particles of approximately 40% after 

nebulization (60). 

The potential of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(poly(ethylene 

glycol)) (DSPE-PEG) as pulmonary DDS was evaluated. Paclitaxel was successfully 

encapsulated in DSPE-PEG micelles with an encapsulation efficiency of 95% and was slowly 

released in simulated surfactant lung fluid, reaching 90% of drug release after 8 hours. 

Additionally, micelles showed to be stable in water during 3 months of storage. After 

intratracheal administration of paclitaxel-loaded micelles in rats, the lung concentration of 

paclitaxel was significantly higher as compared to intravenous administration of micelles and 

intratracheal administration of Taxol®. While paclitaxel is mainly accumulated in organs such 

liver and spleen and rapidly cleared from lungs after intravenous administration of micelles 

and intratracheal administration of Taxol®, respectively, around 50% of the paclitaxel 

concentration remains in lungs 12 hours after intratracheal administration of paclitaxel-loaded 

micelles. These results show that pulmonary administration of paclitaxel leave to low 

systemic exposure, resulting in localized chemotherapy to the lungs and avoiding the 

unwanted side effects to other tissues (402). In another study, inhaled DSPE-PEG micelles of 

16 nm in size encapsulating doxorubicin showed higher accumulation in the lungs and lower 

distribution in non-target organs compared to its intravenous administration (403). These 

results reinforce the usefulness of local administration of anticancer drugs through inhalation 

to treat lung cancer. In addition, micelles showed a strongest tendency to be accumulated 

to the lungs for the longer periods of time compared to mesoporous silica nanoparticles, 

dendrimers, and quantum dots (403), demonstrating the feasibility of micelles as nanoDDS 

for inhalations of drugs. 
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DSPE-PEG micelles have also been proposed for pulmonary delivery of anti-inflammatory 

drugs like beclomethasone dipropionate (404, 405) or budesonide (406). Gaber and co-

workers developed micelles of 22 nm diameter and a high encapsulation efficiency (> 96%) 

presenting a sustained release profile and a FPF suitable for pulmonary delivery, with lower 

deposition of particles in the throat (404). In another study DSPE-PEG was conjugated with 

α,β-poly(N-2-hydroxyethyl)-DL-aspartamide (PHEA) in order to further improve the pulmonary 

delivery of corticosteroids to treat bronchial inflammatory diseases (407). Beclomethasone 

dipropionate was efficiently encapsulated in 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-methoxy(poly(ethylene glycol))-α,β-poly(N-2-hydroxyethyl)-DL-

aspartamide (DSPE-PEG-PHEA) micelles presenting a sustained release in vitro with less 

than 30% of the drug being released after 48 hours. The obtained micelles showed to be 

biocompatible with human bronchial epithelial cells (16HBE14o-) and enhanced the drug 

uptake by the same cell line after 48 hours of incubation (407).  

Due to its cationic nature, chitosan can be complexed with negatively charged DNA and be 

used as non-viral vector for gene therapy. Hu and co-workers synthesized CSO-SA in order 

to produce polymeric micelles to delivery pEGFP-C1 (408). The CSO-SA/DNA micelles 

efficiently protected the condensed DNA from enzymatic degradation by DNase I, presented 

lower cytotoxicity and comparable transfection efficiency in A549 cells compared to 

Lipofectamine® 2000 (408), making these micelles a promising gene delivery system in the 

treatment of pulmonary diseases. The same research group developed CSO-SA micelles for 

the delivery of drugs like paclitaxel (107) or doxorubicin (106, 409). The encapsulation of 

doxorubicin in CSO-SA micelles resulted in higher uptake and accumulation by A549 cells 

and a decreasing in the half maximal inhibitory concentration (IC50) value (45). Although the 

promising results, the feasibility of such formulations as inhaled or intravenous delivery 

systems needs to be confirmed with in vivo studies. 

 

5.2. Copolymer-based micelles 

 

As referred previously, besides the use of lipids as hydrophobic segment of polymeric 

micelles, is possible to produce this kind of micelles with amphiphilic copolymers composed 

by segments with different water affinity nature, being ones hydrophilic and others 

hydrophobic. 
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Laouini and co-workers developed different systems, namely polymeric micelles, liposomes, 

SLN and nano-emulsions, intended for pulmonary administration of vitamin E and assess 

their aerodynamic properties using different techniques (410). PEG-b-PCL micelles of 154 nm 

in size, low PdI (0.09) and high AE (87.4%) (411), presented a dae of 5.8 µm and a FPF of 

29% as determined by laser diffraction analysis of the nebulized micelles dispersion (410). 

On the other hand, a MMAD of 3.2 µm and a FPF of 78% were obtained when the 

formulations were assessed by cascade impaction. Additionally, an in silico prediction of the 

aerodynamic behavior of nebulized micelles using the multiple-path particle dosimetry, 

resulted in ~52% of lung deposition (410). These results evidence the importance of multiple 

technique assessment of the aerodynamic properties of inhaled formulations, in order to 

better predict its in vivo behavior. The incorporation of a hydrazone bond between the PEG 

and PCL blocks allowed the development of pH-sensitive micelles (411), that could be 

explored for the targeting of drugs to cancer or inflammation tissues.   

As referred previously, polymeric micelles have been proposed as platforms for the inhalation 

of antitubercular drugs. Wu and co-workers synthesized and characterized polylactide-

chitosan (PLA-chitosan) copolymers with different molar ratios for delivery of rifampicin (412). 

As polylactide (PLA) molar ratio increased, the micelle size and drug-loading content 

increased with a decreasing in rifampicin release rate (412). In another study, enantiomeric 

poly(ethylene glycol)–polylactic acid (PEG-PLA) stereocomplex micelles composed by a 

equimolar mixture of enantiomeric poly(ethylene glycol)–poly(l-lactide) (PEG-PLLA) and 

poly(ethylene glycol)–poly(d-lactide) (PEG-PDLA) were developed to sustained release of 

rifampicin (413). The stereocomplex micelles presented lower CMC and mean diameter, 

higher stability in water and encapsulation efficiency than those observed with the single 

enantiomeric micelles. In vitro drug delivery release was characterized by an initial burst 

release followed by a sustained release until 48 hours (413). Silva and co-workers evaluated 

the feasibility of poly(ethylene glycol)-poly(aspartic acid) (PEG-Pasp) micelles as delivery 

system for tuberculostatic agents. The conjugation of isoniazid and pyrazinamide with PEG-

Pasp improved the activity against Mycobacterium tuberculosis by reducing the minimal 

inhibitory concentration (MIC) of the drug (58, 414). Poly(ε-caprolactone)-b-poly(ethylene 

glycol)-b-poly(ε-caprolactone) (PCL-PEG-PCL) micelles surface modified with chitosan and 

galatomannan were also proposed as nanoDDS for delivery of rifampicin. The presence of 

galatomannan increased the uptake by macrophages, being these micelles proposed for 

improved therapy of tuberculosis by targeting alveolar macrophages (18). 
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For the treatment of fungal infections, in a 12 days study in mice, the inhalation of 

itraconazole:polysorbate 80:F127 nanostructured aggregates triggered higher lung 

concentrations and lung-to-serum ratios of itraconazole, improved survival of infected animals 

while decreasing toxicity compared with orally administered itraconazole formulations (415-

418). No signs of lung inflammation or changes in pulmonary histology were detected (419). It 

is worth stressing that a lower drug dose was required to achieve lung and serum therapeutic 

levels using inhaled formulation comparing to oral administration (416). 

Liu and co-workers developed an tri-block copolymer consisting of Poly(epsilon-

caprolactone)-b-chitooligosaccharide-b-poly(ethylene glycol) (PCL-b-COS-b-PEG) for 

delivery of doxorubicin (420). The obtained polymer presents the capacity to form micelles 

with encapsulation efficiency of doxorubicin close to 50%. Genipin post-crosslinking did not 

affect the macroscopic characteristics of the micelles but delayed the in vitro release of 

doxorubicin from the micellar reservoir (420). Similar results were obtained by Chen and co-

workers using chitosan-poly(ε-caprolactone)-poly(ethylene glycol) to encapsulate paclitaxel 

and rutin with glutaraldehyde post-crosslinking (44). In another study, Kontoyianni and co-

workers synthesized a new type of amphiphilic polymer based on the PEGylation of a 

hyperbranched aliphatic polyester (BH40-PEG polymer) (421). The polymer produces 

micelles presenting 20 nm of mean diameter that could encapsulate paclitaxel. Paclitaxel 

water solubility significantly increased after encapsulation into micelles, and the polymer 

showed to be non-toxic to A549 cells up to a concentration of 1.75 mg/mL, while the median 

lethal dose (LD50) was 3.5 mg/mL (421). The obtained results make these systems promising 

for administration of anticancer agents, however, further studies are required in order to 

assess their feasibility as inhaled drug delivery systems. 

Besides the conventional chemotherapy, it is possible resort to photodynamic therapy (PDT) 

to treat lung cancer. PDT consists in the administration of photosensitizer agents that 

generate reactive oxygen species after activation of the system by light exposure at the 

targeted tissues. Pluronic L122 was used by Yang and co-workers to encapsulate 

hematoporphyrin for pulmonary delivery. Micelles with 98% of encapsulation efficiency 

exhibited higher cellular uptake and cytotoxicity against A549 cells as compared to the free 

drug. In addition, micelles were efficiently incorporated into lactose microparticles with ~2 μm 

by spray-drying, making the system a suitable DPI for pulmonary administration (422). 

Gene therapy aiming to treat pulmonary pathologies was also explored. An amphiphilic 

polyethylenimine (PEI) derivative was synthesized by Roesler and co-workers (423). 

Although PEI is one of the most effective polycations for gene delivery due to is high-density 
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charge, it presents short t1/2 and systemic cytotoxicity due to adherence to cell membranes 

and aggregation with blood components. PEGylation of PEI reduces their cytotoxicity and 

improves their stability. In addition, the micelles produced efficiently condensed the DNA and 

presented higher transfection efficiency of PEI/DNA complexes after intratracheally instillation 

in mice (423). Chao and co-workers study the feasibility of PEG-PPO-PEG micelles as 

inhaled gene delivery systems (424). DNA was efficiently encapsulated into micelles and their 

degradation by DNase I was delayed. Significant gene expression in mice lungs was detected 

48 hours after the inhalation of DNA-micelles co-formulated with 10% ethanol as permeation 

enhancer. After 6 doses, gene expression was also detected in other tissues such trachea, 

stomach and duodenum (424). 
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Chapter 2 
 

Aims and Goals 
 

 

Recent advances in biotechnology and genetic engineering have resulted in the promotion of 

peptides and proteins as an important class of therapeutic agents. Despite the emergence of 

several peptides and proteins with therapeutic potential, their administration in the active 

conformation has been shown to be an enormous challenge for the pharmaceutical industry. 

There are several limitations that are imposed as low bioavailability, physical or chemical 

instability and side effects (425). Currently, due to instability and reduced permeability of 

proteins through biomembranes, the parenteral route is the most used for the administration 

of such drugs. However, this is an invasive route, which can lead to a reduced acceptance by 

patients and, consequently, increased costs of therapy, especially when is required a 

prolonged or chronic treatment (215, 216). Alternative routes for administration of proteins 

have been the focus of many research groups, being respiratory system receiving special 

attention due to its physiological characteristics (19). Several formulations for inhalation of 

peptides and proteins are currently under development and in clinical trials. Some of them 

showed positive results. However, conventional formulations have some limitations, namely 

reduced bioavailability (215, 322).  

Polymers such as gums, cellulose derivatives, acrylates or PVP have been used from 

decades in the development of conventional DDS, in order to control the release pattern of 

drugs from the polymeric matrix (170, 426). With the advent of new technologies applied to 

health, namely nanomedicine, and the progresses seen in chemical and surface engineering, 

new and improved polymers have been produced and the older ones have gained new 

functionalities (7). Controlling the size and molecular architecture of polymers is possible to 

obtain formulations with distinct properties. The incorporation or conjugation of therapeutic or 

imaging agents with polymers modifies their pharmacokinetics and pharmacodynamics (127, 

426, 427). Characteristics of drugs such as hydrophilicity, release and degradation profile, 
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stability, transport across biological membranes, plasma circulation time, and biodistribution 

can be tailored to specific needs (428, 429). In addition, recent DDS have been designed as 

responsive and recognitive systems that can target drugs to specific sites and deliver them in 

response to a stimulus (35, 430). Among polymers, those possessing amphiphilic properties 

have been rediscovered in the last years and used in the development of intelligent and 

advanced systems in the field of nanomedicine (79, 431). 

 

 

Figure 2.1 General structure of Soluplus
®
 (A) and Pluronic

®
 (B). 

 

In this thesis we explore the utility of amphiphilic polymers in the development of solid 

formulations for pulmonary administration of proteins, using insulin as model drug. The 

system comprised polymeric micelles composed by polyvinyl caprolactam-polyvinyl acetate-

poly(ethylene glycol) graft copolymer (Soluplus® (SOL), Figure 2.1) or PEG-PPO-PEG 

(Pluronic® F68 (F68), Pluronic® F108 (F108), and Pluronic® F127 (F127)) (Figure 2.1 and 

Table 2.1) in which insulin was encapsulated. 

 

Table 2.1 Poly(ethylene glycol) (a) and polypropylene oxide (b) units of the different Pluronic
®
 used 

(according to the manufacturer). 

Type of Pluronic® a b 

F68 80 27 

F108 141 44 

F127 101 56 
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The main objectives undertaken on the present thesis were: 

 

i) Develop polymeric micelles as delivery systems for insulin, as model therapeutic 

protein. Different polymers, production conditions and polymer:protein ratio were 

tested; 

ii) Explore the possibility of develop stimuli-sensitive formulations. For that, PBA was 

added to the system, since boronic acid derivatives have been proposed as 

excipients to control the release of insulin from formulations as response to 

glucose concentration; 

iii) Develop solid formulations presenting appropriate characteristics for inhalation. 

Lyophilization was used as technique for the production of nanocomposites based 

on polymeric micelles and its effect on the conformation of insulin evaluated; 

iv) Assess the biological efficiency and biocompatibility of formulations. Pulmonary 

cell lines and macrophages were used to study the toxicity, pulmonary 

permeability and phagocytosis of formulations; 

v) Evaluate the in vivo efficacy and safety of the insulin-loaded polymeric micelles. 

Thereunto, powders were administered by intratracheal instillation to diabetic 

murine models.   
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Chapter 3 

 

Design and characterization of self-assembled 

micelles for insulin delivery 
 

 

 

 

The information presented in this chapter was partially published in the following publication: 

 

Fernanda Andrade, Pedro Fonte, Mireia Oliva, Mafalda Videira, Domingos Ferreira, Bruno 

Sarmento, Solid state formulations composed by amphiphilic polymers for delivery of 

proteins: characterization and stability, International Journal of Pharmaceutics, 2015, 

486:195-206 
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1. Introduction 

 

In the last decades, the use of polymers in the development of drug delivery systems has 

gained a new breath as consequence of the progresses seen in the fields of polymer 

engineering and nanotechnology applied to health. Among them, amphiphilic polymers have 

emerged as platforms for advanced delivery of a variety of drugs (41). A multitude of 

monomers and polymers can be conjugated in order to obtain amphiphilic polymers with 

modulated characteristics (136). The most commonly used are poloxamers, triblock 

copolymers of polyoxyethylene and polyoxypropylene, commercially known as Pluronic® 

(164). However, PLGA-PEG, poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-b-PCL) as 

well as their derivatives (18, 127) are also commonly used. 

Nanotechnology-based delivery systems have been explored to solve the drawbacks of 

conventional formulations such as instability and degradation, reduced permeation through 

biomembranes and bioavailability (25, 428). Polymeric micelles are spherical shape nano-

sized structures composed by amphiphilic polymers or polymers conjugated with lipids that 

are suitable as drug delivery systems. The inner core of micelles presents the capacity to 

encapsulate hydrophobic drugs, while the shell can associate the hydrophilic ones (79). Due 

to its small size, micelles generally escape from the reticulo-endothelial system, presenting 

higher bloodstream circulation time (40). Also, some studies suggest the capacity of 

polymeric micelles to inhibit the drug efflux mechanisms and consequently multidrug 

resistance (113, 397). In addition, as liposomes, the surface of polymeric micelles can be 

easily tailored with specific ligands for targeted delivery (141). Nevertheless, micelles present 

the advantage of being more stable than liposomes (63). The versatility of micelles explains 

why they have been proposed as vehicles for solubilization and delivery of a variety of drugs 

like doxorubicin (119), paclitaxel (66, 68), rifampicin (18), calcitonin (59), CsA (124) among 

others, being some formulations in clinical trials (66, 68). 

Due to the development noted in the biotechnology field, biopharmaceuticals have emerged 

as an alternative to conventional drugs in the treatment of many diseases. Since the 

commercialization of insulin obtained by biotechnology processes in 1982, 

biopharmaceuticals have gained an increased share in the global pharmaceutical market 

(207). Despite their well-known therapeutic efficacy, the major drawback of biopharmaceutical 

drugs is the difficulty of administration via non-invasive routes in their active conformation. 

Among the different non-invasive routes of administration, inhalation appears as a promise 

one due to the physiological characteristics of lungs and airways resulting in higher 
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bioavailability than for other non-invasive routes (213). In addition, inhalation of insulin 

presented better therapeutic results when compared to the oral administration. As a result, an 

insulin-based formulation (Exubera®) achieved market authorization from FDA and EMA. 

However, the product was withdrawn due to commercial and financial reasons, being also 

reported cases of adverse effects and lung cancer after the use of this product (238). More 

recently, FDA approved a new and improved powder formulation for insulin inhalation 

(Afrezza®). 

In this chapter the production of micelles with characteristics appropriated to pulmonary 

delivery and the association of insulin to the system was explored.     

 

2. Experimental 

  

2.1. Materials 

 

SOL, F68, F108 and F127 were kindly provided by BASF (Ludwigshafen, Germany). 

Lyophilized human insulin, PBA and phosphate buffer saline pH 7.4 (PBS) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). The other reagents used were methanol and 

ethanol absolute from analytical grade; acetonitrile and trifluoroacetic acid (TFA) from high-

performance liquid chromatography (HPLC) grade (Merck, Germany) and Type 1 ultrapure 

water (18.2 MΩ.cm at 25 ºC, Milli-Q®, Billerica, MA, USA). 

 

2.2. Production of micelles 

 

Micelles were prepared using the thin-film hydration technique. Briefly, each polymer was 

individually weight and dissolved in methanol or a mixture of methanol:ethanol (1:1). Then, 

the solvent was removed under vacuum and the film was left to dry overnight at room-

temperature to eliminate any remained solvent. The film was then hydrated with Type I 

ultrapure water or PBS at 37 ºC in order to obtain a 1 % (w/v) solution and vortexed for 5 min. 

The obtained dispersion was filtered through a 0.22 µm syringe filter to remove possible dust 

and aggregates. PBA containing micelles were prepared by dissolving PBA with the polymers 

in the solvents prior to the production of the film at a ratio of 10:1 (polymer:PBA). Insulin 

formulations were prepared by adding different amounts of insulin in the form of solution in 

PBS during the film hydration, to obtain polymer:insulin ratios ranging from 10:0.1 to 10:1 
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(w/w). The other steps were the same as for plain formulations. After preparation, the pH of 

all formulations was measured, ranging between 6.1 and 7.1. 

 

2.3. Determination of size, zeta potential, association efficiency, and osmolality 

of formulations  

 

Particle mean hydrodynamic diameter and polydispersity index (PdI) were measured without 

previous sample dilution by dynamic light scattering (DLS) at both 25 °C and 37 °C using a 

detection angle of 173° and zeta potential by laser doppler micro-electrophoresis using a 

NanoZS (Malvern Instruments, UK). For each type of formulation were produced and 

analyzed at least three replicates. The osmolality of formulations was determined at room 

temperature using a Micro-Osmometer M3320 (Advanced Instruments, Inc., MA, USA). 

Triplicates of each formulation were analyzed. 

AE, i.e. the amount of insulin associated with the micelles, and the LC, i.e. the mass 

percentage of insulin of the total mass of the particles was calculated according to the 

Equation 3.1 and 3.2, respectively. The free insulin in filtrate was recovered after filtration of 

the formulations by centrifugation for 10 min at 10,000 rpm at 37 ºC, using a 30k pore filter 

(Nanosep® Centrifugal Devices, Pall Corporation, Spain). A previously validated HPLC 

method was used to quantify the insulin (432). Briefly, the mobile phase consists of 

acetonitrile:0.1% (v/v) TFA aqueous solution initially set to a ratio of 30:70 (v/v), which was 

linearly changed to 40:60 (v/v) over 5 min. From 5 to 10 min the ratio was kept constant at 

40:60 (v/v). The mobile phase was pumped at a constant flow rate of 1 ml/min, the injection 

volume was 20 µl and the detection wavelength used was 214 nm. The HPLC (UltiMate® 

3000 UHPLC+ focused, Dionex, USA) system was equipped with a Purospher® STAR RP-

18e (5µm) LiChroCART® 250-4.6 (Merck, Germany) and a LiChrospher® 100 RP-18 (5 µm) 

LiChroCART® 4-4 guard column (Merck, Germany). All experiments were performed at 20 ºC 

and the total area of the peak was used to quantify insulin. For each type of formulation were 

analyzed at least three replicates. 

 

AE= 
total amount of insulin – free insulin in filtrate

total amount of insulin
 × 100                                                        Equation 3.1     

 

LC= 
total amount of insulin – free insulin in filtrate

total weight of micelles
 × 100                                                         Equation 3.2 
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2.4. Morphological characterization of micelles 

 

Different microscopic techniques, namely atomic force microscopy (AFM), field emission 

scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM), were 

used to characterize the morphology of the micelles. 

AFM imaging was performed using a MultiMode VIII microscope (Bruker AXS Inc., Madison, 

WI, USA) with a NanoScope V controller (Veeco Instruments Inc., Plainview, NY, USA). One 

drop of formulation was placed on top of freshly cleaved highly oriented pyrolytic graphite and 

left for 15 min before being removed and replaced with PBS, with no drying step in between. 

Analysis was conducted under fluid tapping mode using sharp silicon tips on nitride levers 

(model SLN-10 A, Bruker AFM Probes) with pyramidal shape and nominal tip radius of 2 nm 

and nominal spring constant 0.35 N.m-1. 

For FE-SEM performed in a Hitachi H-4100FE (Hitachi Ltd., Tokyo, Japan), a drop of 

formulation was placed on top of freshly cleaved highly oriented pyrolytic graphite and dried 

in a desiccator overnight prior to carbon coating. 

Regarding TEM, samples were placed on a grid, treated with uranil acetate and then 

observed in a JEM-1400 Transmission Electron Microscope (JEOL Ltd., Tokyo, Japan). 

 

2.5. Statistical analysis 

 

One-way ANOVA was used to investigate the differences between formulations. Post hoc 

comparisons were performed according to Tukey’s HSD test (p0.05 was accepted as 

significant different) using Prism 6.02 software (GraphPad Software, Inc., CA, USA). 

 

3. Results 

 

3.1. Size, surface charge and association efficiency of micelles 

 

For the production of micelles, a first screening with different combinations of polymers (SOL, 

F68, F108 and F127) evaporation solvents, namely methanol and a mixture of methanol and 

ethanol (1:1), and hydration solvent (H2O or PBS) were tested and the characteristics of the 

micelles are presented in Table 3.1. No significant differences were observed in respect to 

the evaporation and hydration solvents used. Thus, in order to control the pH of formulations 



Self-assembled polymeric micelles as powders for pulmonary administration of insulin 

__________________________________________________________________________ 

64 
 

and reduce the percentage of methanol used, the combination of methanol:ethanol (1:1) and 

PBS was chosen for further studies. Also, a filtration step after the hydration of the polymeric 

film was added to the production protocol to eliminate the aggregates observed for Pluronic®-

based micelles. 

 

Table 3.1 Mean hydrodynamic diameter, polydispersity index (PdI) and zeta potential of micelles 

produced with different evaporation and hydration solvents. Samples were analyzed at 25 ºC. The 

results are expressed as mean values ± SD, n≥3. 

Polymer 
Evaporation 

Solvent 

Hydration 

Solvent 

Hydrodynamic 

Diameter (nm) 
PdI 

Zeta Potential 

(mV) 

SOL 

Methanol 
H2O 53.6±11.4 0.031±0.007 -4.9±15.1 

PBS 43.0±1.9 0.063±0.042 -7.8±8.3 

Methanol: 

Ethanol 

H2O 50.4±2.5 0.022±0.001 -2.7±1.0 

PBS 50.9±6.6 0.038±0.015 -8.9±11.3 

F68 

Methanol 
H2O 56.4±20.8 0.566±0.161 -5.7±7.4 

PBS 337.9±219.5 0.364±0.060 -9.2±2.1 

Methanol: 

Ethanol 

H2O 148.3±39.1 0.203±0.036 -20.1±4.7 

PBS 87.0±21.6 0.294±0.122 -4.3±4.8 

F108 

Methanol 
H2O 417.1±98.3 0.279±0.387 -22.5±22.9 

PBS 400.8±312.2 0.680±0.267 -2.3±2.3 

Methanol: 

Ethanol 

H2O 550.6±268.0 0.406±0.029 -16.9±30.9 

PBS 455.6±105.3 0.345±0.148 0.2±3.6 

F127 

Methanol 
H2O 283.6±112.7 0.144±0.081 -2.6±2.5 

PBS 165.1±118.2 0.360±0.100 -4.2±3.4 

Methanol: 

Ethanol 

H2O 268.4±159.1 0.254±0.308 -9.1±22.0 

PBS 131.6±76.3 0.356±0.070 -1.9±6.2 

 

The results regarding the characterization of the selected micelles in terms of size and 

surface charge are presented in Figure 3.1. Empty micelles of SOL presented a mean 

hydrodynamic diameter of 55.10 ± 7.72 nm and 288.80 ± 37.35 nm, and a PdI of 0.026 ± 

0.015 and 0.298 ±0.115 at 25 ºC and 37 ºC, respectively, showing a clear temperature 

dependence behavior (p<0.05). The incorporation of insulin at different ratios up to 10:1 

reduced the size of micelles although no statistical differences were observed (p>0.05). In the 
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same way, the incorporation of PBA to micelles did not produce significant differences 

compared to the plain micelles (p>0.05). All micelles presented higher mean diameters and 

PdI at 37 ºC compared to 25 ºC (p<0.05). Regarding the surface charge, particles showed 

negative zeta potential values near zero without significant differences among formulations 

(p>0.05). 

 

 

Figure 3.1 Mean hydrodynamic diameter, polydispersity index (PdI) and zeta potential of SOL (black 

bars and squares) (A), F68 (grey bars and triangles) (A), F108 (black bars and squares) (B) and F127 

(grey bars and triangles) (B) empty micelles, containing just PBA micelles (empty:PBA), insulin-loaded 

micelles with different polymer:insulin ratio (10:0.1, 10:0.2, 10:0.3, 10:0.4, 10:0.5, 10:0.75 and 10:1) 

and insulin-loaded containing PBA micelles with 10:1 polymer:insulin ratio (10:1:PBA) after production 

(mean ± SD, n≥3). 

 

Pluronic®-based micelles presented different results depending of the polymer used. The 

mean diameter and PdI of empty micelles at 25 ºC was 92.47 ± 21.46 nm and 0.233 ± 0.087 

for F68; 53.19 ± 29.91 nm and 0.575 ± 0.176 for F108; and 29.54 ± 10.09 nm and 0.202 ± 

0.060 for F127. At 37 ºC the micelles were somewhat larger in size, presenting higher 

polydispersity, being the differences not significant (p>0.05) for the majority of formulations. 

The incorporation of insulin up to 10:1 increased the diameter of micelles prepared by F68 

(p<0.05), and did not promote significant changes in micelles prepared by F108 and F127 
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(p>0.05). On the other hand, the incorporation of PBA did not significantly alter the 

characteristics of F68, F108 and F127 micelles (p>0.05). Pluronic®-based micelles also 

presented a surface charge slightly negative and close to neutrality without significant 

differences among the formulations (p>0.05).  

Micelles composed by 10:1 polymer:insulin ratio were chosen to proceed with the production 

and characterization, since they showed to possess similar values of size, PdI and surface 

charge of the ones containing lower insulin payloads.   

The AE and LC were determined for micelles with a polymer:insulin ratio of 10:1. As seen in 

Table 3.2, excepting for F68, all the formulations presented an AE higher than 80% and LC of 

at least 7%. The presence of PBA didn´t affect the values of AE and LC (p>0.05). 

 

Table 3.2 Association efficiency (AE), loading capacity (LC) and osmolality of the different insulin-

loaded formulations. Results are presented as mean values ± SD (n≥3). 

Sample AE (%) LC (%) 
Osmolality 

(mOsm/Kg) 

SOL:Ins 94.63±3.24 8.60±0.29 397±15 

SOL:Ins:PBA 84.03±5.14 7.31±0.45 402±6 

F68:Ins 76.22±14.56 6.93±1.32 325±12 

F68:Ins:PBA 49.31±36.80 5.60±3.13 314±9 

F108:Ins 87.28±11.57 7.93±1.05 316±10 

F108:Ins:PBA 87.63±3.63 7.62±0.32 330±14 

F127:Ins 80.90±14.92 7.35±1.36 325±18 

F127:Ins:PBA 83.15±10.05 7.23±0.87 322±10 

 

The osmolality of formulations was superior to 300 mOsm/Kg, being SOL-based samples 

similar between them (p>0.05) and different from the Pluronic®-based micelles (p<0.05). No 

differences were observed between the different Pluronic®-based formulations (p>0.05). 
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3.2. Morphological characterization 

 

The morphology of micelles was analyzed with different microscopy techniques. FE-SEM 

images are presented in Figure 3.2, while TEM images presented in Figure 3.3 and 3.4, and 

AFM images depicted in Figure 3.5 and 3.6. All the microscopy techniques used showed that 

the micelles of the different polymers are mainly spherical in shape. 

 

 

Figure 3.2 FE-SEM micrographs of SOL (A), F68 (B), F108 (C) and F127 (D) insulin-loaded micelles. 

 

It also revealed the presence of some aggregates of smaller particles. FE-SEM analysis 

revealed a higher degree of aggregation compared to TEM and AFM due to the dried state of 

samples during the analysis. No visible differences between empty, insulin-loaded micelles 

and micelles containing PBA were observed. 
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Figure 3.3 TEM images of SOL (A-C) and F68 (B-D) empty micelles (A-B) and insulin-loaded micelles 

(C-D). 

 

Figure 3.4 TEM images of F108 (A-C) and F127 (B-D) empty micelles (A-B) and insulin-loaded 

micelles (C-D). 
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Figure 3.5 AFM images of SOL (A-B) and F68 (C-D) insulin-loaded micelles (A-C) and insulin-loaded 

micelles containing PBA (B-D). 
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Figure 3.6 AFM images of F108 (A-B) and F127 (C-D) insulin-loaded micelles (A-C) and insulin-loaded 

micelles containing PBA (B-D). 

 

4. Discussion 

 

This study aimed to develop nanoformulations for the pulmonary administration of insulin, 

based on polymeric micelles. Different polymers with amphiphilic nature were tested namely 

SOL, F68, F08 and F127. The MW and CMC values of the polymers are summarized in 

Table 3.3. Although SOL possesses higher MW, is the one that present lower CMC value, 

which could be explained by the lower percentage of hydrophilic content: 13% of PEG against 
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the ~70% in F127, and ~80% in F68 and F108. For Pluronic® copolymers, F127 possess the 

higher number PPO units and lower percentage of PEG and, consequently, lower CMC and 

hydrophilic-lipophilic balance (HLB), whereas F68 presents the smaller number of PPO units 

and higher CMC. 

 

Table 3.3 Molecular weight (MW) and critical micelle concentration (CMC) values of the polymers used 

(according to the manufacturer). 

Type of polymer 
Average MW of the polymer 

(g/mol) 
CMC (M) 

Approximate MW of 

PEG chains (g/mol) 

Pluronic
®
 F68 7,680 – 9,510 4.8x10

-4
 4000 

Pluronic
®
 F108 12,700 – 17,400 2.2x10

-5
 7000 

Pluronic
®
 F127 9,840 – 14,600 2.8x10

-6
 5000 

Soluplus
®
 90,000 – 140,000 6.4x10

-8
 6000 

 

In these work, PBA was added to micelles to provide them with glucose-sensitive properties. 

Boronic acid derivatives have been proposed as excipients to control the release of drugs, 

including insulin, from formulations as response to glucose concentration (433-436). Neutral 

boronic moieties convert to anionic boronate esters upon reaction with the diol group of 

sugars, increasing the hydrophilicity of the system. Many hydrogels containing boronic acid 

derivatives have been shown to swallow and release insulin as response to the increase in 

the hydrophilicity (433). At pH of 7.4, PBA (pKa ~9) will present predominantly neutral 

moieties to react with glucose and is expected that the differences in hydrophilicity of the 

micelles as a response to the glucose concentration, may control the release of insulin.  

Micelles were produced using the thin-film hydration technique, previously described for the 

production of both liposomes and micelles (164, 437). The organic solvents generally used to 

prepare the films are chloroform and dichloromethane. However, according to the guideline 

from International Conference on Harmonization (ICH) “Impurities: Guideline for Residual 

Solvents Q3C (R5)”, the use of these solvents (class 2) in the production of pharmaceutical 

products should be limited due to its toxicity. The permitted daily exposure (PDE) and 

residual concentration limit are 0.6 mg/day and 60 ppm for chloroform and 6.0 mg/day and 

600 ppm for dichloromethane, respectively (438). In order to substitute these solvents, 

ethanol was proposed since it is a class 3 solvent, with low toxic potential. Unfortunately, the 

polymers showed to be insoluble in pure ethanol, but soluble in ethanol:methanol (1:1) 
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mixture and methanol alone. By that methanol, a class 2 solvent with higher PDE (30 mg/day) 

and residual concentration limits (3000 ppm) compared to chloroform and dichloromethane 

(438) was used to prepare the films in pure form or as a mixture with ethanol. 

Since particles produced using methanol presented similar mean hydrodynamic diameter and 

PdI values of those prepared using the methanol:ethanol mixture (Table 3.1), the mixture of 

solvents was selected. This decision was related to the objective of reduce the amount of 

class 2 solvents used in the production of particles. Also, similar results were obtained when 

water (Table 3.1) or PBS were used to produce empty micelles. For this reason, and in order 

to have a higher control in the pH of formulations, PBS was used to produce the insulin-

loaded micelles. 

Micellization of amphiphilic polymers in aqueous solution occurs at concentrations higher 

than the CMC, and since is an entropic process, namely for Pluronic®, is favored at 

temperatures higher than the CMT at a fixed concentration. As the CMT values of 1 wt. % 

solutions of F68, F108 and F127 are 54-56.21 ºC, 30-34.55 ºC (439) and 24 ºC (440), 

respectively, it was decided to hydrate the films with solutions at 37 ºC. This body 

temperature, although lower than the CMT of F68, is expected to favor the micellization of the 

polymers without promote significant loss of insulin conformation.       

Two different temperatures, 25 and 37 ºC, were selected for the determination of the 

hydrodynamic diameter of particles, with the objective of study the influence of temperature in 

the characteristics of micelles and also to determine its size at body temperature. The 

obtained micelles presented different hydrodynamic diameters and PdI, according to the 

polymer used (Figure 3.1). The size of micelles composed by Pluronic® seems to be directly 

related to the CMC and CMT values of the copolymer used, since F127 presented the lower 

CMC and CMT values and the smaller micelles, whereas F68 presented the higher CMC and 

CMT values and micelles bigger in size. As the temperature increase above the CMT, 

Pluronic® copolymers tend to present a reduced surface tension and be more hydrophobic, 

aggregating with the consequent formation of micelles. Both 25 ºC and 37 ºC are above the 

CMT of F127, explaining its small size of micelles. Also, the small changes observed when 

the temperature increase from 25 ºC to 37 ºC can be explained by the effect of small 

concentrations of NaCl (presented in the PBS at 0.14 M) in reducing the influence of 

temperature in the size of F127 micelles (441). In the case of F108, is possible to observe a 

slightly increase in mean hydrodynamic diameter and reduction in PdI from 25 ºC to 37 ºC, as 

a consequence of the aggregation of unimers with small size and the formation of higher 

amount of micelles or aggregates as the temperature goes above the CMT. For F68, since 
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both 25 ºC and 37 ºC are below its CMT value and is the polymer that presents higher 

surface tension and lower viscosity when in solution, the system will be composed by 

unimers, aggregates and some micelles less hydrophobic, and consequently, less compact 

than the ones obtained by the other two copolymers used, resulting in micelles of higher size 

and PdI. Although the presence of salts such NaCl is known to reduce the CMT values of 

many Pluronic® copolymers, the effect of the NaCl concentration used is not enough to 

decrease the CMT values of F68 below 37 ºC, since a reduction of 20 ºC in CMT is observed 

only for NaCl concentrations of 1 M (442). The mean hydrodynamic diameters obtained for 

F108 and F127-based micelles were in agreement of those described by others (10-100 nm) 

(178, 443). The high PdI values observed are related to the fact that above CMC and CMT 

both unimers and micelles co-exist at different percentages since both values are the mean of 

a range of values, due to the copolymer polydispersity and the existence of some diblocks 

copolymers in the composition of the final product (441, 444). 

SOL is a recently commercial available polymer that has been proposed as enhancer of the 

aqueous solubility of hydrophobic drugs in solid dispersions (161). Due to its amphiphilic 

nature it was studied its usefulness in the development of micelles to deliver proteins. To our 

knowledge these is the first work regarding the use of SOL as vehicle for biopharmaceutical 

drugs. SOL produces micelles of small and uniform size at 25 ºC, as seen by the low PdI 

values (Figure 3.1). At 37 ºC is possible to observe an increase in the opacity of formulations 

accompanied by an increase in the size and polydispersity of micelles, which is due to a 

reduction in the viscosity of the polymer with the temperature increase. However, the PdI 

values still remain lower than the ones observed for Pluronic®-based micelles, which is 

explained by the low CMC and high glass transition temperature of SOL (around 70 ºC as 

determined by DSC, Figure 4.2, Chapter 4), resulting in more compact and stable particles 

even at body temperature. 

The different polymers produced micelles with surface charge close to neutrality. The near 

neutral charge is expected since is well documented by many authors that PEG confers 

hydrophilic and neutral charge to particles when at its surface (190, 445). Also, the polymers 

used do not present major ionic species at the work pH, as estimated in silico using the 

Marvin Suite software (ChemAxon, Hungary). The hydrophilic surface of particles confers 

them stealth properties, predicting that they should not suffer significant uptake by alveolar 

macrophages after inhalation (190). In addition, PEGylation of particles was reported to 

increase the retention and bioavailability of inhaled drugs in lungs by promoting their uptake 

by alveolar type II cells and increasing its penetration through surfactant and mucus layer 
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(371, 446). The high observed standard deviation of zeta potential values could be 

consequence of the difficulty on the equipment in determines neutral charges with precision. 

Excepting for F68-based micelles, all the formulations presented high AE values (>80%) 

(Table 3.1). The smaller MW of F68 and the less compact micelles can be the reason to its 

lower capacity to load the protein between the PEG chains. In addition the protein presented 

at the surface of the micelles, as evidenced by XPS (Table 4.2, Chapter 4), can be easily 

released during the filtration by centrifugation step used to determine both AE and LC. Some 

anionic moieties of PBA could be competing with insulin for the spaces in the PEG shell, 

resulting in a reduced protein association and loading capacity in PBA-containing 

formulations. 

The osmolality values of formulations were slightly hyper-osmolal with blood plasma, 

although within the range of tolerable values for inhaled formulations (447), thus, no changes 

on the osmolality of lung fluids derived from inhalation of these formulations are expected. 

Microscopic imaging of micelles (Figure 3.2 – 3.6) showed general spherical shape and 

demonstrated that, mainly for Pluronic®-based formulations, some bigger particles are, in fact, 

aggregates of smaller ones, which can results is values of mean hydrodynamic diameters 

determined by DLS bigger than the reality. Also, this aggregation, in addition to the co-

existence of unimers and micelles already referred, explains the high PdI values observed. 

Micelles composed by SOL presented a uniform size and lower polydispersity, which is in 

accordance with the values of PdI from DLS measurements. FE-SEM images showed higher 

aggregation of particles owing to the drying overnight step used in the preparation of samples 

prior to analysis (Figure 3.2). Since TEM and AFM images were taken using liquid samples, 

they are more appropriate to conclude about the aggregation of micelles.  

 

5. Conclusions 

 

Polymeric micelles containing insulin composed with different amphiphilic polymers were 

prepared using thin film hydration technique. The incorporation of PBA and insulin up to a 

polymer:protein ratio of 10:1 didn’t affect the size of micelles. Neutral charged and spherical 

micelles with sizes in general smaller than 200 nm were obtained. In addition, high 

association of insulin to the system and osmolalities compatible with pulmonary 

administration were achieved. These interesting characteristics triggered further development 

and characterization of formulations for insulin inhalation. 
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1. Introduction 

 

Inhalation of compounds has been performed since ancient cultures to treat diseases mainly 

affecting the respiratory system like asthma. However, a change in the paradigm is occurring 

and pulmonary administration of drugs with systemic action has been proposed (84, 448). 

Recently, a large extent of research has been performed regarding the development of 

formulations for inhalation and improved delivery devices, especially dry powder inhalers, due 

to their advantages over liquid formulations, namely long-term stability and patients 

convenience (449). The efficacy of an inhaled drug is dependent on its deposition pattern in 

the respiratory system, which is affected by several factors related to the properties of the 

formulation and the inhaler device, as well as physiologic characteristics of patients. Particles 

with a MMAD lower than 5 μm are assumed to deposit in the lungs and reach the alveoli if 

MMAD is below 3 μm, therefore becoming available to either exert a local effect or to undergo 

systemic absorption (275, 277, 449, 450). It was already demonstrated that the in vitro 

particle size and aerosolization profiles correlate in an acceptable way with in vivo lung 

deposition pattern (451), reason why the regulatory agencies require in vitro data regarding 

particle size distribution and aerosolization properties of the inhalable formulations before 

approval. Accordingly, FPF (particles < 5 µm), defined as the percentage of particles from the 

total emitted dose that are able to reach and deposit in the airways and deep lung, is used as 

an indicator for formulation efficiency. Compendial devices like the eight-stage Andersen non-

viable Cascade Impactor are commonly used to assess the deposition profile of inhaled 

formulations. 

In this chapter it is described the development and characterization of powders through the 

lyophilization of the insulin-loaded micelles described in the Chapter 3.  

 

2. Experimental 

 

2.1. Materials 

 

SOL, F68, F108 and F127 were kindly provided by BASF (Ludwigshafen, Germany). 

Lyophilized human insulin, PBA, PBS, and D-glucose were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). The other reagents used were acetonitrile and TFA from HPLC grade 

(Merck, Germany) and Type 1 ultrapure water (18.2 MΩ.cm at 25 ºC, Milli-Q®, Billerica, MA, 

USA). 
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2.2. Production of micelles and lyophilization 

 

Micelles were prepared using the thin-film hydration technique. Briefly, each polymer was 

individually weight and dissolved in a mixture of methanol:ethanol (1:1). Then, the solvent 

was removed under vacuum and the film was left to dry overnight at room-temperature to 

eliminate any remained solvent. The film was then hydrated with PBS at 37 ºC in order to 

obtain a 1 % (w/v) solution and vortexed for 5 min. The obtained dispersion was filtered 

through a 0.22 µm syringe filter to remove possible dust and aggregates. 

PBA containing micelles were prepared by dissolving PBA with the polymers in the solvents 

prior to the production of the film at a ratio of 10:1 (w/w) (polymer:PBA). Insulin-loaded 

micelles were prepared by hydrating the polymeric films with an insulin solution in PBS to 

obtain polymer:insulin ratios of 10:1 (w/w). The other steps were the same as for plain 

formulations. 

After production micelles were lyophilized in an AdVantage 2.0 BenchTop Freeze Dryer (SP 

Scientific, Warminster, PA, USA). The cycle used was the follow: the samples were frozen at 

-30 ˚C and the temperature maintained for 60 min, the primary drying was set at 20 ˚C for 480 

min at 150 mTorr and the secondary drying for another 480 min at 30 ˚C and 100 mTorr. 

 

2.3. Determination of size and zeta potential of formulations  

 

Particle mean hydrodynamic diameter and PdI was measured without dilution of the samples 

by DLS at both 25 °C and 37 °C using a detection angle of 173° and zeta potential by laser 

doppler micro-electrophoresis using a NanoZS (Malvern Instruments, UK). For each type of 

formulation were produced and analyzed at least three replicates. 

 

2.4. Thermal analysis 

 

The thermal behavior of the pure compounds, physical mixtures (1:1) and lyophilized 

formulations was assessed by DSC. Thermograms were obtained using a Shimadzu DSC-60 

system (Shimadzu, Kyoto, Japan). 5 mg of each powder sample in an aluminum crimp was 

exposed to a controlled thermal treatment, specifically heated from 30 to 300ºC at a rate of 

10ºC/min under constant purging of nitrogen at 40 mL/min, and the heat flow measured. 
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2.5. X-ray diffraction (XRD) experiments 

 

Crystallization properties of powder samples were analyzed by XRD. Spectra were acquired 

using X’Pert PRO MPD / powder diffractometer of 240 mm of radius (PANalytical B.V., 

Almelo, Netherlands) in a configuration of convergent beam with a focalizing mirror and a 

transmission geometry. Samples were sandwiched between films of polyester of 3.6 µm of 

thickness and scanned at 45 kV, 40 mA using Cu Kα1 radiation (λ = 1.5418 Å) at the range 

2/ scans from 2 to 60 º2 with a step size of 0.026 º2 and a measuring time of 400 s per 

step. 

 

2.6. Raman spectroscopy 

 

The micro-Raman spectra of powder formulations were acquired using dispersive high 

resolution micro Raman spectrometer (Jobin-Yvon LabRam HR 800) coupled with an optic 

microscope (Olympus BXFM) with a 50X objective. A laser of 532 nm wavelength and 2.5 

mW of potency and a charge coupled device detector cooled at -70 ºC were used. The 

spectra were acquired and analyzed with the software LabSpec 5 (Horiba, Kyoto, Japan). 

 

2.7. Surface analysis 

 

The elemental composition of the surface of particles in powder state was analyzed by XPS. 

XPS experiments were performed in a PHI 5500 Multitechnique System (Physical 

Electronics, MN, USA) equipped with a monochromatic X-ray source (Aluminium Kalfa line of 

1486.6 eV energy and 350 W), placed perpendicular to the analyzer axis and calibrated using 

the 3d5/2 line of Ag with a full width at half maximum of 0.8 eV. The analyzed area was a 

circle of 0.8 mm diameter, and the selected resolution for the survey spectra was 187.85 eV 

of pass energy and 0.8 eV/step. A low energy electron gun (less than 10 eV) was used in 

order to discharge the surface when necessary. All measurements were made in an ultra-

high vacuum chamber with a pressure between 5x10-9 and 2x10-8 torr. The spectra were 

acquired, analyzed, and the atomic concentration of the elements quantified using the 

MultiPak 6 software (Physical Electronics, MN, USA). 
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2.8. Assessment of insulin conformation 

 

FTIR and far-UV CD were used to analyze the conformation of insulin in the formulations in 

order to assess its stability after lyophilization. 

Infrared spectroscopy analysis was conducted in a FTIR spectrometer ABB MB3000 (ABB, 

Switzerland) equipped with a deuterated triglycine sulphate detector and using a MIRacle 

single reflection horizontal attenuated total reflectance accessory (PIKE Technologies, USA) 

with a diamond/Se crystal plate. All spectra were acquired with 256 scans and 4 cm−1 

resolution in the region of 4000–600 cm−1 using a triplicate set of samples and the related 

blank sample (raw polymer) after a background, and insulin spectra were obtained by a 

double subtraction procedure (452). After subtraction, spectra were derived using a 15 points 

Savitzky–Golay second-derivative and the amide I region (1590–1710 cm−1) was selected. 

The spectra were baseline corrected using a 3–4 point adjustment and area-normalized. All 

spectra treatment was executed using the Horizon MB FTIR software (ABB, Switzerland). 

Quantitative comparison of the overall similarity of the FTIR spectra between native insulin 

and insulin-loaded micelles was assessed by using spectral correlation coefficient (SCC) and 

area of overlap (AO) algorithms (Origin software, OriginLab Corporation, MA, USA) (453). 

The far-UV CD spectra were acquired using a Jasco J-815 spectropolarimeter (JASCO 

International Co., Ltd., Japan) at 20 ºC. In the far-UV region the spectra were recorded in a 1 

cm cell from 250 to 190 nm, using a step size of 0.5 nm, a bandwidth of 1.5 nm and a speed 

of 50 nm/min with the lamp housing purged with nitrogen flow at 10 mL/min to remove 

oxygen. For all spectra and average of 5 scans was obtained. Appropriate references were 

used to subtract the signal of the polymers from the spectra of the protein-loaded. The mean 

residue ellipticity [θ] for insulin was calculated as the CD signal (θ) × mean residual weight 

(MRW) (116 Da for each insulin residue)/[10 × cell pathlength (cm) × insulin concentration 

(g/ml)] (454). 

 

2.9. Scanning electron microscopy 

 

The shape and morphology of lyophilized formulations was observed by scanning electron 

microscopy (SEM) on a FEI ESEM Quanta 200 (FEI, Hillsboro, USA). Samples were 

mounted onto metal stubs and coated with a carbon layer prior to observation.  
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2.10. Powder’s particle size distribution and aerodynamic diameter 

 

The geometrical particle size distribution of the 20 mg samples of lyophilized formulations 

was determined by laser diffraction using a Malvern Mastersizer 2000® laser diffractometer 

equipped with a dry sampling system (Scirocco® 2000, Malvern Instruments, UK) The 

powders were passed through a 840 µm sieve prior to analysis to eliminate possible 

aggregates.  

The volume particle size distribution was characterized by D0.1 (10% of the particles volume 

has a diameter below that value), D0.5 also known as mass median diameter (50% of the 

particles volume has a diameter below that value), and D0.9 (90% of the particles volume has 

a diameter below that value). Values presented are the average of at least three replicates. 

The theoretical dae, Carr’s index, and Hausner ratio were estimated from the geometrical 

particle size and tapped density (ρ, determined by tap density measurements) data according 

to Equation 4.1, 4.2, and 4.3, respectively. 

 

dae = 𝐷0.5√
𝜌

𝜌𝑜𝜒
                                                                                                      Equation 4.1 

 

where D0.5 is assumed as geometrical mean diameter, ρ0 is the reference density of a 1 g/cm3 

sphere, and χ is the dynamic shape factor. 

 

Carr′s index =  
tap density−bulk density

tap density
 × 100                                                             Equation 4.2 

 

 

Hausner ratio =  
tap density

bulk density
                                                                                     Equation 4.3 

 

2.11. In vitro aerosolization and deposition properties 

 

An eight-stage Andersen non-viable Cascade Impactor (ACI, Copley Scientific, UK) was used 

to determine the aerosolization and deposition properties of formulations in vitro. Hard gelatin 

nº 4 capsules were manually filled with the powder formulations sieved through a 300 µm 

sieve, and individually loaded into a Rotahaler® (GlaxoSmithKline, RTP, NC) inhaler device. 
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The experiments were performed at a flow rate of 28.3 L/min and four liters of air passed 

through the system, as recommended by European Pharmacopoeia (2.9.18. Preparations for 

inhalation: aerodynamic assessment of fine particles) (455). The stages were individually 

weighted and the FDF calculated as the amount of the particles deposited in stage 3 or lower 

in the cascade impactor (particles < 4.7 μm) as a percentage of the initial amount of particles. 

MMAD and geometrical standard deviation (GSD) were estimated through the cumulative 

masses of powder deposited in the impactor using a mathematic software (MMADcalculator) 

developed by Dr. Jay Holt (456). Each experiment was run in triplicate. 

 

2.12. Insulin in vitro release study 

 

Insulin-loaded micelles were dispersed in 10.0 mL of PBS with and without D-glucose (1.2 

mmol/L) and incubated at 37°C under magnetic stirring. Samples of 0.5 mL were taken at 

predetermined time intervals of 15, 30, 45 min, 1, 2, 4, 6, 8 and 24 hours and replaced with 

fresh medium maintained at the same temperature. The collected samples were centrifuged 

for 10 min at 10,000 rpm and 37 ºC, using 100k pore filters (Nanosep® Centrifugal Devices, 

Pall Corporation, Spain) and insulin quantified by the HPLC methodology described in 

Chapter 3. All samples were run in triplicate. 

The similarity factor (f2) used for comparison of the different formulations was calculated 

according to the Equation 4.4. 

 

𝑓2 = 50 × log {[1 +  (
1

𝑛
) ∑ (𝑅𝑡 − 𝑇𝑡)𝑛

𝑡=1 ]
−0.5

× 100}                                               Equation 4.4 

 

where n is the number of time-points considered, and Rt and Tt are the percentage of insulin 

released at each time-point (t) for reference and test  

formulations, respectively. Insulin release profiles with values of f2 between 50 and 100 were 

assumed to be similar (457). 

 

2.13. Stability studies 

 

In order to assess the stability of formulations, samples were stored in closed vials and in the 

dark at both 20 ºC and 4 ºC after production and lyophilization. At predetermined times (1, 3 
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and 6 months), formulations were characterized regarding mean hydrodynamic diameter and 

zeta potential after redispersion in liquid, and the insulin structure assessed by FTIR and far-

UV CD as described previously. 

 

2.14. Statistical analysis 

 

One-way ANOVA was used to investigate the differences between the formulations and 

controls. Post hoc comparisons were performed according to Tukey’s HSD test (p0.05 was 

accepted as significant different) using Prism 6.02 software (GraphPad Software, Inc., CA, 

USA). 

 

Figure 4.1 Mean hydrodynamic diameter, polydispersity index (PdI) and zeta potential of SOL (black 

bars and squares), F68 (dark grey bars and triangles), F108 (medium grey bars and squares) and 

F127 (light grey bars and triangles) based empty, containing just PBA (empty:PBA), insulin-loaded 

(Mic:Ins) and insulin-loaded containing PBA (Mic:Ins:PBA) lyophilized micelles after dispersion in water 

(mean ± SD, n≥3). * p<0.05 compared to the liquid micelles. 
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3. Results 

 

3.1. Determination of size and zeta potential of formulations 

 

Nanocomposites were dispersed in water and the size and surface charge of redispersed 

micelles analyzed to study the effect of lyophilization on their characteristics. Results 

expressed in Figure 4.1 showed an increase in the size of micelles, being this increase not 

significant for the majority of formulations. Also, no changes on the surface charge of micelles 

were observed (p>0.05).     

 

3.2. Thermal analysis 

 

DSC thermograms of insulin, polymers, PBA, physical mixtures and micelles with a 

polymer:insulin ratio of 10:1 are presented in Figure 4.2. Insulin thermogram showed a board 

endothermic peak at 94.16 ºC corresponding to the glass transition and denaturation of 

insulin and, at some extent, water lost (218). After 230 ºC a group of peaks can be detected, 

as a result of the degradation of the protein. PBA presented a sharp endothermic peak at 

221.26 ºC, as a result of its melting. SOL presented a board endothermic peak at 69.2 ºC 

corresponding to the glass transition of the polymer. Thermograms of F68, F108 and F127 

presented melting endothermic peaks at 46.89 ºC, 58.33 ºC and 50.84 ºC, respectively. In 

both physical mixtures and micelles the peaks corresponding to insulin glass transition and 

denaturation and melting of PBA are not detected, while the peaks of Pluronic® copolymers 

shifted to 51.43 ºC, 52.38 ºC and 47.62 ºC for F68, 57.3 ºC, 57.12 ºC and 51.77 ºC for F108, 

and 51.51 ºC, 57.62 ºC and 49.23 ºC for F127, in physical mixtures, insulin-loaded micelles 

and insulin-loaded micelles containing PBA, respectively. 
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Figure 4.2 DSC thermograms of raw materials, polymer insulin physical mixture, insulin-loaded 

(polymer:Ins) and insulin-loaded lyophilized micelles containing PBA (polymer:Ins:PBA) of SOL (A), 

F68 (B), F108 (C), and F127 (D). 

 

3.3. XRD analysis  

 

The X-ray diffractograms of the pure compounds and lyophilized micelles with a 

polymer:insulin ratio of 10:1 are depicted in Figure 4.3. All samples presented two small 

peaks at around 2θ of 16.30º and 42.90º derivate from the polystyrene films. The crystalline 

nature of PBA was confirmed by the numerous sharp peaks between 2θ of 10º and 30º. Two 

main peaks at 2θ of 19.13º and 23.27-23.32º also indicated that Pluronic® copolymers 

possess a crystalline nature. On the other hand, the absence of distinct peaks in SOL spectra 

indicates its amorphous nature. Insulin presented few small peaks between 2θ 2-10º 

indicating a low degree of crystallization. Regarding micelles, distinct peaks at 2θ of 27.4º, 

31.7º, 45.54º, 53.9º and 56.5º deriving from the NaCl existent in the PBS used to produce the 

formulations, can be detected. On the contrary, the peaks of PBA as well as the ones 
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respecting insulin disappeared, while the distinct peaks of Pluronic® copolymers presented a 

reduction in intensity compared to the pure polymers. 

 

Figure 4.3 XRD patterns of insulin-loaded lyophilized micelles (Mic:Ins) and insulin-loaded containing 

PBA (Mic:Ins:PBA) lyophilized micelles of SOL (A), F68 (B), F108 (C), and F127 (D). 

 

3.4. Raman spectroscopy 

 

Raman spectroscopy was used to study possible interactions between the components of the 

formulations. The spectra of insulin, PBA, polymers and lyophilized micelles (10:1 

polymer:insulin ratio) are presented in Figure 4.4 and the major peak assignments detailed in 

Table 4.1. In the spectrum of insulin, characteristic peaks related to amide I (1659 and 1673 

cm-1) and the aromatic rings of phenylalanine (1005 and 1606-1612 cm-1) and tyrosine (832 

cm-1) can be identified. The B-O assymetrical stretch (1313-1368 cm-1) and the vibration (994 

cm-1) and stretch (1602 cm-1) of the aromatic ring are characteristic peaks of PBA. The 

characteristic peaks regarding ester C-O stretch (1029-1267 cm-1), C=O stretch of the tertiary 

amide (1631 cm-1) and ester carbonyl stretch (1732 cm-1) can be identified in the SOL 
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spectra. In Pluronic® spectra are presented the characteristic peaks of C-O and C-C stretch 

(1127-1144 cm-1) and CH2 twist (1234-1280 cm-1).    

For frequencies above 2000 cm-1, board and large peaks related to CH, CH2 and CH3 

aliphatic stretching, as well as water molecules can be detected (data not shown). 

The characteristic peaks of insulin are not present in the spectra of insulin-loaded 

formulations, while small peaks related to PBA (1000 and 1602 cm-1) can be detected in the 

spectra of insulin-loaded PBA containing micelles. Neither the appearance of new peaks nor 

the significant shift of the existing peaks is perceived in the spectra of micelles. 

 

Figure 4.4 Raman spectra of insulin-loaded (Mic:Ins) and insulin-loaded containing PBA (Mic:Ins:PBA) 

lyophilized micelles of SOL (A), F68 (B), F108 (C), and F127 (D). 
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Table 4.1 Major peak assignments in the Raman spectra of the insulin, polymers and micelles. 

Frequencies (cm-1) 

Assignments Native 

insulin 
PBA SOL 

SOL: 

Ins 

SOL:Ins

:PBA 
F68 

F68: 

Ins 

F68:Ins

:PBA 
F108 

F108: 

Ins 

F108:Ins 

:PBA 
F127 

F127: 

Ins 

F127:Ins 

:PBA 

832 
             

Tyr 

  

799-

848 

799-

848 
799-848 845 845 845 845 845 845 845 845 845 C-O-C stretch 

1005 994 
  

1000 
  

1000 
  

1000 
  

1000 
Aromatic ring vibration 

(Phe in insulin) 

  

1029-

1264 

1029-

1267 

1029-

1264          
Ester C-O stretch 

     

1127-

1144 

1127-

1141 

1125-

1141 

1125-

1141 

1127-

1144 

1127-

1144 

1125-

1141 

1127-

1144 

1127-

1144 
C-O and C-C stretch 

 

1160-

1180 
 

           

CH3 and CH2 assymetrical 

deformation 

     

1234-

1280 

1231-

1280 

1234-

1280 

1231-

1280 

1234-

1280 

1234-

1280 

1231-

1280 

1234-

1280 

1234-

1280 
CH2 twist 

 

1313-

1368 
 

           
B-O assymetrical stretch 

1450 
 

1449 1447 1449 1482 1482 1479 1482 1482 1482 1482 1482 1482 
O-CH3 and/or CH2 

deformation 

1606-

1612 
1602 

  
1602 

  
1602 

  
1602 

  
1602 

Aromatic ring quadrant 

strech (Phe in insulin) 

  
1631 1634 1632 

         

C=O stretching (tertiary 

amide) 

1657 
             

Amide I - α helix 

1673 
             

Amide I - β sheet 

  
1732 1735 1735 

         
Ester carbonyl stretch 
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3.5. Surface analysis 

 

XPS was used to determine the elemental surface composition of the lyophilized 

formulations from the survey spectra. The atomic concentration of each sample as well as 

the raw materials is presented in Table 4.2. For raw materials, the elements identified are 

in good agreement with its molecular formula, although the atomic concentration can vary 

slightly from the theoretical values due to polymer polydispersion and the presence of 

dimers/conjugates in the case of insulin and PBA.  

 

Table 4.2 Atomic concentration of the powders’ surface.  

Sample C O N Cl Na S B 

Insulin 66.40 18.89 13.68 
  

1.02 
 

PBA 75.27 12.86 
    

11.87 

SOL raw 72.96 20.77 6.27 
    

SOL mic 62.42 22.72 5.24 4.17 5.45 
  

SOL:Ins 63.50 22.76 5.71 3.74 4.30 
  

SOL:PBA 68.56 22.22 3.76 2.64 2.81 
  

SOL:Ins:PBA 69.00 21.41 5.28 1.67 2.65 
  

F68 raw 68.63 31.37 
     

F68 mic 66.67 32.33 
 

0.42 0.58 
  

F68:Ins 67.09 30.95 0.67 0.61 0.69 
  

F68:PBA 67.11 31.18 
 

0.79 0.91 
  

F68:Ins:PBA 68.28 29.52 0.96 0.73 0.52 
  

F108 raw 67.34 32.66 
     

F108 mic 66.06 31.20 
 

1.66 1.07 
  

F108:Ins 70.22 27.91 
 

1.23 0.64 
  

F108:PBA 68.95 28.83 
 

1.18 1.04 
  

F108:Ins:PBA 70.29 28.42 
 

0.70 0.59 
  

F127 raw 69.15 30.85 
     

F127 mic 67.83 29.49 
 

1.59 1.09 
  

F127:Ins 67.70 29.56 0.64 1.36 0.74 
  

F127:PBA 70.42 27.93 
 

0.96 0.69 
  

F127:Ins:PBA 69.41 28.96 0.09 1.07 0.47 
  

The results are expressed as a percentage of the total amount of atoms detected in each sample. 

B – boron; C – carbon; Cl – chlorine; Ins – insulin; mic – empty lyophilized micelles; N – nitrogen; 

Na – sodium; O – oxygen; PBA – phenylboronic acid; raw – raw polymers without processing; S – 

sulphur. 
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Variations in the elemental composition of loaded micelles compared to empty micelles 

and from the last ones to raw materials can be observed. In all formulations is possible to 

identify the presence of chlorine and sodium derived from the PBS used during its 

production. Excepting for F108, all the formulations containing insulin showed the 

presence of nitrogen at the surface. 

 

3.6. Protein conformation 

 

FTIR spectra of the area-normalized second-derivative amide I region of native insulin in 

solution, lyophilized insulin, and lyophilized insulin-loaded micelles are presented in Figure 

4.5. The spectrum of native insulin is dominated by a peak at 1655 cm-1 related to the 

major α-helix content of the protein.  

 

Figure 4.5 Area-normalized second-derivative amide I spectra of insulin solution 30 mg/mL, 

insulin-loaded (polymer:Ins), and insulin-loaded containing PBA (polymer:Ins:PBA) lyophilized 

micelles of SOL (A), F68 (B), F108 (C), and F127 (D). 

 

β-sheet assignments from high-frequency at 1685 cm-1 and low-frequency at 1616 cm-1 

and β-turn (1632 cm-1) minor components are also present (453). Visual comparison of 
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the spectra of Pluronic®-based micelles had showed a narrow and a slight shift of the 

peaks. For SOL-based micelles is possible to observe a shift of the peak of α-helix to 

1637 cm-1, corresponding to a random coil, and the disappearance of the peaks related to 

β-sheet and β-turn. The incorporation of PBA into the micelles did not affect the 

secondary structure of insulin. 

In order to facilitate the comparison of the spectra of native insulin and formulations, AO 

and SCC (indicators of the maintenance of the secondary structure of insulin) were 

calculated and the results obtained are expressed in Table 4.3. SOL-based micelles 

presented AO and SCC values lower than the lyophilized insulin and Pluronic®-based 

micelles (p<0.05). The presence of PBA increased the AO in a significant manner 

(p<0.05), but not the SCC (p>0.05). The differences observed between the AO values of 

Pluronic®-based micelles and lyophilized insulin, and between the three polymers are just 

statistical significant in the absence of PBA (p<0.05). Regarding SCC values, F127 

insulin-loaded micelles differ from lyophilized insulin, F68 and F108 insulin-loaded 

micelles and F127 insulin-loaded micelles containing PBA (p<0.05). For PBA containing 

micelles no differences are observed (p>0.05). 

 

Table 4.3 Area of overlap (AO) and spectral correlation coefficient (SCC) of lyophilized insulin, 

insulin-loaded (polymer:Ins) and insulin-loaded containing PBA (polymer:Ins:PBA) lyophilized 

micelles. Values are expressed as mean values ± SD, n=3. 

Formulation AO SCC 

SOL:Ins 50.09±0.88 49.73±0.90 

F68:Ins 85.16±0.32 96.81±0.11 

F108:Ins 83.01±1.60 95.32±0.49 

F127:Ins 78.77±0.76 93.03±0.35 

SOL:Ins:PBA 53.50±0.13 51.49±0.47 

F68:Ins:PBA 87.39±1.38 97.05±0.49 

F108:Ins:PBA 86.29±0.53 96.51±0.13 

F127:Ins:PBA 86.89±1.53 96.82±0.47 

Lyophilized 

insulin 
87.26±0.28 97.61±0.12 

 

The far-UV CD spectra of standard insulin solution, lyophilized insulin and lyophilized 

formulations showed two minima peaks around 208-209 and 220-222 nm and a maximum 

at 193-195 nm, related to the α-helix and β-sheet, respectively (Figure 4.6). Both 

lyophilized insulin and insulin-loaded micelles present less intense negative and positive 



Chapter 4 I Micelle-based nanocomposites as solid formulations for pulmonary insulin 
delivery: design and characterization 

________________________________________________________________________________ 

91 
 

peaks and a shift in the positive peak, indicating a slight loss in the secondary structure of 

the protein. 

 

Figure 4.6 far-UV CD spectra of insulin-loaded (polymer:Ins) and insulin-loaded containing PBA 

(polymer:Ins:PBA) lyophilized micelles of SOL (A), F68 (B), F108 (C), and F127 (D). 

 

3.7. Morphology and particle size distribution of powders 

 

The shape and morphology of lyophilized formulations was analyzed by SEM. 

Micrographs of formulations are presented in Figure 4.7, evidencing the presence of a 

mixture of needle-shape and plate-shape structures resembling parts of an incomplete 

polymeric network. The incorporation of PBA to the systems did not affect the morphology 

and structure of powders. It can be noted the presence of pores and spherical 

nanocomposites smaller than 5 µm attached to the surface of bigger structures. SOL-

based formulations presented smaller and more needle-shape structures, while F68 

seemed to produce more compact and bigger particles, explaining the differences 

observed in the particle size distribution of powders (Table 4.3).  
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Figure 4.7 SEM micrographs of insulin-loaded formulations composed of SOL (A), F68 (B), F108 

(C), and F127 (D), without (top panel) or with (bottom panel) PBA. Scale bar: 400 µm in 

formulations without PBA and 100 µm in formulations with PBA. 

 

As seen in Table 4.4, all the formulations presented dae smaller than the geometric 

diameter due to their low densities (p < 0.22 g/cm3, data not shown). SOL led to the 

formation of powder particles with lower D0.5 and dae, while F68 and F108-based 
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formulations showed higher amount of larger particles/aggregates (D0.9). Both F68 and 

F108 formulations present higher CMC and size of micelles at 25ºC before lyophilization, 

which could be influencing the final particle size and percentage of aggregates of 

powders. On the other hand, SOL and F127 could be originating more compact and stable 

micelles that suffer lower degree of aggregation during lyophilization. Nevertheless, no 

significant differences were observed between different samples (p>0.05). With the 

exception of F68-based particles, all the formulations presented D0.5 values lower than 

25µm and dae values lower than 6 µm.  

All formulations presented high Carr’s index (≥ 26) and Hausner ratio values (≥ 1.35), 

predicting poor flowability of powders according to European Pharmacopoeia (2.9.36. 

Powder flow) (455). 

 

Table 4.4 Particle size distribution over the volume, aerodynamic diameter, Carr’s index, and 

Hausner ratio of the different insulin-based formulations. Results are presented as mean values ± 

SD (n=3). 

Sample D0.1 (µm) D0.5 (µm) D0.9 (µm) dae (µm) Carr's index 
Hausner 

ratio 

SOL:Ins 4.5±0.6 15.3±0.1 44.3±1.9 3.1±0.2 49.2±11.3 2.03±0.45 

SOL:Ins:PBA 4.6±0.9 16.0±2.6 42.8±6.9 2.9±0.4 51.1±1.9 2.05±0.08 

F68:Ins 9.5±2.3 39.1±11.3 328.9±127.8 13.8±4.6 44.4±19.3 2.00±0.87 

F68:Ins:PBA 8.7±0.3 29.7±0.1 410.9±314.1 8.1±0.3 50.0±7.1 2.03±0.29 

F108:Ins 6.5±0.5 23.4±2.8 358.3±304.5 5.8±0.2 55.7±5.2 2.28±0.25 

F108:Ins:PBA 6.9±0.3 23.3±1.3 235.9±153.0 5.4±0.8 49.2±8.0 2.00±0.29 

F127:Ins 6.7±1.1 21.6±3.6 81.9±31.0 5.6±0.8 51.9±3.2 2.08±0.14 

F127:Ins:PBA 7.4±0.3 24.2±1.3 68.3±7.2 5.5±0.1 47.7±9.3 1.95±0.33 

 

3.8. Deposition profile of formulations 

 

The aerosolization properties of formulations were assessed in vitro following 

pharmacopeial instructions using an ACI impactor and a Rotahaler® as inhaler device and 

are presented in Table 4.5. Powders composed by SOL and F127 presented the higher 

FPF (around 48% and 44%, respectively) while F68 and F108 showed lower FPF (around 

27% and 26%, respectively). Expecting for F108-based powders, the presence of PBA did 

not affect the FPF of powders (p>0.05). All the formulations showed a MMDA lower than 

6.6 µm and GSD under 2.1 µm. 
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Table 4.5 Deposition profile of formulation powders after aerosolization into an Andersen Cascade Impactor via a Rotahaler
®
 and estimation of mass median 

aerodynamic diameter (MMDA) and geometrical standard deviation (GSD). The results of aerosolization profile and fine particle fraction (FPF) are expressed 

as the amount of particles deposited in each stage as a percentage of the initial amount of particles, and the results of MMAD expressed as size in 

micrometers (mean ± SD, n=3). T+C+D is composed by throat, capsule and inhaler device. 

Stage Size (µm) SOL:Ins SOL:Ins: PBA F68: Ins F68:Ins: PBA F108: Ins F108:Ins: PBA F127: Ins F127:Ins: PBA 

T+C+D > 10 6.2±10.7 10.8±9.4 12.7±20.6 8.4±8.2 20.6±6.9 0.6±1.0 1.0±1.0 8.0±7.7 

0 9.0-10.0 23.5±8.4 19.6±4.8 29.7±7.9 25.3±5.6 21.7±7.6 20.0±8.4 20.2±3.8 30.9±6.9 

1 5.8-9.0 8.4±1.4 11.5±2.0 13.6±2.4 18.4±0.6 20.5±2.4 21.0±3.0 22.0±3.9 20.3±4.3 

2 4.7-5.8 18.0±2.8 20.8±5.4 16.9±4.7 14.7±1.8 11.3±1.7 19.8±1.7 14.6±2.1 11.0±7.1 

3 3.3-4.7 18.7±5.0 19.4±3.1 17.0±3.1 15.3±4.5 10.9±0.5 17.7±3.5 14.1±1.8 13.3±1.8 

4 2.1-3.3 3.9±2.1 1.3±2.2 4.1±3.7 5.5±2.5 3.4±1.5 3.8±0.2 4.6±2.3 1.2±1.1 

5 1.1-2.1 7.2±6.4 5.3±3.2 3.0±5.2 8.3±8.0 4.6±2.7 7.7±2.2 8.1±5.4 6.8±4.2 

6 0.65-1.1 7.8±5.2 6.1±9.0 1.2±2.1 4.7±3.1 2.2±2.0 9.5±1.6 10.4±4.1 2.8±1.1 

7 0.43-0.65 10.2±2.5 8.6±8.2 1.7±1.7 1.5±2.6 4.7±5.4 5.1±1.0 6.9±2.9 7.0±1.3 

FPF <4.7 47.8±15.8 40.6±16.6 27.1±12.0 35.3±7.8 25.8±1.3 43.9±3.1 44.0±10.3 31.2±6.5 

MMAD  4.8±0.7 4.9±0.5 5.8±0.2 5.6±0.2 6.1±0.3 5.1±0.3 5.1±0.6 6.6±1.1 

GSD  1.8±0.2 1.7±0.7 1.9±0.5 1.7±0.3 1.9±0.3 1.5±0.0 2.1±0.2 2.1±0.5 
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The presence of PBA did not affect the MMAD and GSD values of formulations (p>0.05). 

No differences (p>0.05) in the MMAD and GSD values were observed between the 

different powders. 

  

3.9. Determination of the insulin release pattern from micelles 

 

Release studies of insulin from micelles were performed at physiological pH and 

temperature (pH 7.4 and 37 °C) in the absence or presence of glucose (1.2 mM). Results 

of in vitro release studies are reported in Figure 4.8 as percentage of protein released 

over time. Insulin release presented a biphasic pattern, with notorious burst release in the 

first 15 minutes followed by a sustained release of the protein over the following 24 hours. 

Both F68:Ins and F68:PBA:Ins formulations released around 85-95 % of insulin in the 

absence of glucose (Figure 4.8A), presenting similar release profiles (f2>50, Table 4.5). 

SOL:Ins and SOL:PBA:Ins released 40-55 % and 50-65 % of the total insulin, 

respectively. The high difference in the percentage of insulin released between SOL and 

F68-based formulations could be related to the MW of polymers and the structure of 

micelles. Having higher MW and lower CMC, SOL could present more compacted 

micelles which difficult the release of insulin. The presence of PBA seemed to affect 

specially F108 and F127-based formulations since, in both cases, the totality of insulin 

was released from PBA containing micelles (f2>50), whereas only 80 % and 60 % of the 

protein was release after 24 hours from F108:Ins and F127:Ins formulations, respectively. 

Despite the different percentage of total insulin release, F108:Ins and F127:Ins also 

presented similar release profiles (f2>50).  

 

Figure 4.8 In vitro release profiles of insulin from different formulations in PBS (pH 7.4) without 

glucose (A) and with 1.2 mM glucose (B). Results are presented as mean ± SD (n=3).
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The presence of glucose did not affect the release of insulin (f2>50) from formulations 

(Figure 4.8B and Table 4.6), excepting for SOL:Ins formulations (f2<50). Although the 

presence of PBA did not confer glucose-sensing properties to the formulations, it seemed 

to increase the release of insulin for the majority of formulations by a mechanism 

independent of glucose concentration. 

 

Table 4.6 Similarity factor (f2) values between insulin release profiles of the different formulations in 

PBS (pH 7.4) without glucose (white columns) and with 1.2 mM glucose (grey columns). 

 
SOL: 

Ins 

SOL:Ins: 

PBA 

F68: 

Ins 

F68:Ins: 

PBA 

F108: 

Ins 

F108:Ins:

PBA 

F127: 

Ins 

F127:Ins:

PBA 

SOL:Ins --- 44.1 31.1 29.5 42.1 24.2 48.4 21.2 

SOL:Ins: 

PBA 
48.0 --- 22.0 20.9 62.6 17.1 62.6 14.9 

F68:Ins 20.0 25.3 --- 72.9 21.1 48.3 23.8 42.2 

F68:Ins 

:PBA 
19.1 24.3 68.7 --- 20.1 54.1 22.7 45.8 

F108:Ins 35.6 44.2 24.6 23.9 --- 16.6 58.0 14.4 

F108:Ins: 

PBA 
13.3 17.2 41.7 43.9 17.4 --- 18.6 58.4 

F127:Ins 45.9 60.8 25.3 24.3 52.6 17.3 --- 16.4 

F127:Ins: 

PBA 
12.6 16.2 38.9 40.7 16.4 71.9 16.4 --- 

 

3.10. Stability of formulations upon storage 

 

In order to assess the stability of the lyophilized formulations upon storage, samples of 

each formulation were produced and stored at two different temperatures, namely 20 ºC 

and 4 ºC, and characterized after 1, 3 and 6 months. Results regarding mean 

hydrodynamic diameter and surface charge of micelles after the dispersion of powders in 

water are presented in Figure 4.9 and 4.10. The results of the majority of samples stored 

for 1 month were similar to the ones obtained for redispersed powders after lyophilization 

(p>0.05), excepting for F68-based insulin-loaded micelles containing PBA and F108-
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based micelles that presented higher micelles size when stored at 20 ºC and analyzed at 

25 ºC (p<0.05).  

 

 

Figure 4.9 Mean hydrodynamic diameter, polydispersity index (PdI) and zeta potential of SOL (A) 

and F68 (B)-based lyophilized insulin-loaded (Mic:Ins) and insulin-loaded containing PBA 

(Mic:Ins:PBA) micelles stored for 1 month (black bars and squares), 3 months (medium grey bars 

and squares), and 6 months (light grey bars and squares) at 4 ºC and 20 ºC after redispersion in 

water (mean ± SD, n=3). * p<0.05 compared to the formulations after lyophilization, ** p<0.05 

between different months of storage, *** p<0.05 between 20 ºC and 4 ºC. 

 

Neither time nor temperature of storage affected in a high extension the characteristics of 

SOL and F127-based micelles (p>0.05, for almost all formulations). On the other hand, 

F68 and F108-based micelles stored at 20 ºC seems to be more sensitive to the time and 

temperature of storage, since some formulations stored at 4 ºC presented smaller mean 

hydrodynamic diameter (p<0.05), and had variable size upon storage. The zeta potential 

of the formulations remained slightly negative as at liquid state and recently lyophilized 

samples. 
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Figure 4.10 Mean hydrodynamic diameter, polydispersity index (PdI) and zeta potential of F108 (A) 

and F127 (B)-based lyophilized insulin-loaded (Mic:Ins) and insulin-loaded containing PBA 

(Mic:Ins:PBA) micelles stored for 1 month (black bars and squares), 3 months (medium grey bars 

and squares), and 6 months (light grey bars and squares) at 4 ºC and 20 ºC after redispersion in 

water (mean ± SD, n=3). * p<0.05 compared to the formulations after lyophilization, ** p<0.05 

between different months of storage, *** p<0.05 between 20 ºC and 4 ºC. 

 

 

Regarding the protein conformation, FTIR spectra of the area-normalized second-

derivative amide I region of native insulin without storage and lyophilized insulin-loaded 

micelles and insulin-loaded micelles containing PBA stored up to 6 months at both 4 ºC 

and 20 ºC are presented in Figure 4.11 and 4.12, respectively.  
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Figure 4.11 Area-normalized second-derivative amide I spectra of insulin solution 30 mg/mL and 

insulin-loaded micelles (polymer:ins) after lyophilization (t0) and upon 1 month (t1), 3 months (t3) 

and 6 months (t6) of storage at 4 ºC and 20 ºC. 
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AO and SCC values depicted in Table 4.7 show that, similarly to micelles after production 

and lyophilization, SOL-based micelles presented the lower percentage of native-like 

insulin conformation. After 6 months of storage, both AO and SCC values were lower 

(p<0.05) than the ones obtained after production and lyophilization, expecting for F127 

insulin-loaded micelles stored at both temperatures as well as F108 insulin-loaded 

micelles, and SOL and F127 insulin-loaded micelles containing PBA stored at 4 ºC 

(p>0.05). The storage temperature did not seemed to affect extensively the secondary 

conformation of insulin, since differences (p<0.05) in AO values were only observed for 

F68 and F127 insulin-loaded micelles containing PBA, while for SCC values were 

observed for F127 insulin-loaded micelles containing PBA. In addition, the presence of 

PBA only affected the AO values of SOL and F68 insulin-loaded micelles stored at 4 and 

20 ºC, respectively; the SCC values of SOL and F108 insulin-loaded micelles stored at 4 

ºC and the SCC values of F68 insulin-loaded micelles stored at 20 ºC. In Table 4.8 are 

presented the values related to the percentage of reduction in the AO and SCC values of 

freeze-dried micelles after 6 months of storage. It is possible to notice that SOL-based 

micelles suffered the higher reduction in the conformation of insulin upon storage with a 

decrease of 15.0 and 22.7% in the AO and SCC values, respectively. 

Regarding the spectra it was noticed that, for SOL insulin-loaded micelles, at 4 ºC insulin 

structure changed from a random coil organization at t0 to a dominant low-frequency β-

sheet assignment at 1616 cm-1 after 1 month of storage, while at 20 ºC this modification 

was just observed after 6 months. For SOL insulin-loaded micelles containing PBA a 

similar pattern of insulin structural modifications was observed. At 4 ºC the modification of 

random coil structure into a low-frequency assignment after 1 month was observed, but 

after 3 and 6 months was observed a tendency to an organization of both random coil and 

β-sheet. At 20 ºC this latter structural organization of a random coil and β-sheet bands 

was observed since 1 month until 6 months of storage. Considering the Pluronic® 

formulations, just a few changes were observed in the α-helix band intensity, which 

seemed to increase during time up to 6 months of storage, both for 4ºC and 20ºC storage 

conditions. However, a band peak at 1600 cm-1 appeared after 1 month of storage in all 

the Pluronic®-based micelles containing PBA. 
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Figure 4.12 Area-normalized second-derivative amide I spectra of insulin solution 30 mg/mL and 

insulin-loaded micelles containing PBA (polymer:ins:PBA) after lyophilization (t0) and upon 1 month 

(t1), 3 months (t3) and 6 months (t6) of storage at 4 ºC and 20 ºC. 
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Table 4.7 Area of overlap (AO) and spectral correlation coefficient (SCC) of insulin-loaded freeze-

dried micelles after storage at 4 ºC and 20 ºC. Values are expressed as mean ± SD, n=3. 

Formulation 
Temperature 

of storage 

1 month 3 months 6 months 

AO SCC AO SCC AO SCC 

Sol:Ins 4 ºC 44.5±0.9 37.9±1.4 46.2±1.4 40.6±2.2 42.6±0.2 38.5±1.2 

F68:Ins 4 ºC 78.7±4.1 93.1±1.9 76.4±0.8 91.0±0.5 79.9±0.0 93.2±0.0 

F108:Ins 4 ºC 83.4±1.0 95.6±0.5 86.5±2.2 97.2±1.0 80.1±1.2 93.7±0.7 

F127:Ins 4 ºC 84.4±1.2 95.7±0.5 84.1±2.6 95.9±0.9 79.2±0.5 92.4±0.3 

Sol:Ins:PBA 4 ºC 45.6±1.5 39.8±0.9 49.6±1.0 44.6±1.8 50.2±0.6 45.9±1.1 

F68:Ins:PBA 4 ºC 70.8±2.0 83.1±2.3 66.5±1.5 77.9±2.4 77.6±1.3 90.1±1.4 

F108:Ins:PBA 4 ºC 73.5±0.3 87.2±0.4 77.6±1.2 89.9±1.7 76.3±1.4 87.9±1.1 

F127:Ins:PBA 4 ºC 71.9±2.3 84.8±2.0 86.8±0.4 97.1±0.2 83.6±0.1 94.3±0.2 

Sol:Ins 20 ºC 48.3±0.5 45.8±1.0 45.6±0.8 43.3±1.3 43.8±1.1 42.2±3.8 

F68:Ins 20 ºC 86.4±2.9 96.8±1.1 82.9±1.3 95.4±1.0 80.2±4.1 93.2±2.1 

F108:Ins 20 ºC 81.5±1.8 94.6±1.2 83.8±2.0 96.0±1.3 78.4±0.3 91.5±0.3 

F127:Ins 20 ºC 83.4±0.5 95.1±0.2 82.8±2.0 95.6±0.9 79.9±0.8 93.7±0.4 

Sol:Ins:PBA 20 ºC 50.5±0.8 46.8±1.1 49.3±1.9 44.7±2.8 47.7±0.9 44.4±1.7 

F68:Ins:PBA 20 ºC 69.3±2.5 82.2±2.7 74.1±1.7 87.2±1.3 71.8±3.8 85.2±3.2 

F108:Ins:PBA 20 ºC 70.9±3.2 83.2±3.6 72.8±2.1 85.7±2.1 76.6±0.5 90.6±1.3 

F127:Ins:PBA 20 ºC 77.8±4.6 89.9±3.8 86.2±0.6 96.6±0.4 77.2±2.6 89.1±2.0 

 

Table 4.8 Percentage of reduction in the area of overlap (AO) and spectral correlation coefficient 

(SCC) of insulin-loaded freeze-dried micelles after 6 months of storage at 4 ºC and 20 ºC when 

compared to micelles after production. Values are expressed as mean ± SD, n=3. 

Formulation Temp (ºC) AO SCC Temp (ºC) AO SCC 

SOL:Ins 

4 

15.0±0.2 22.7±1.1 

20 

12.5±2.2 15.2±7.6 

F68:Ins 6.2±0.0 3.7±0.0 5.8±4.7 3.7±2.2 

F108:Ins 3.5±1.2 1.7±0.7 5.5±0.4 4.0±0.4 

F127:Ins -0.5±0.5 0.7±0.3 -1.4±1.0 -0.7±0.4 

SOL:Ins:PBA 6.2±0.6 10.8±1.0 10.8±1.7 13.7±3.2 

F68:Ins:PBA 11.2±1.3 7.2±1.4 17.9±4.4 12.2±3.3 

F108:Ins:PBA 11.6±1.4 8.9±1.1 11.2±0.5 6.1±1.3 

F127:Ins:PBA 3.8±0.1 2.6±0.2 11.2±2.9 8.0±2.1 

 

Regarding far-UV CD, the pattern of spectra of formulations after 6 months of storage 

were similar to the ones obtained after lyophilization (Figure 4.13). 
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Figure 4.13 far-UV CD spectra of insulin-loaded lyophilized micelles (polymer:Ins) and insulin-

loaded lyophilized micelles containing PBA (polymer:Ins:PBA) of SOL and F68 (A and C) and F108 

and F127 (B and D) stored for 6 months at 20 ºC (A and B) and 4 ºC (C and D). 

 

4. Discussion 

 

As a consequence of the lack of evident surface charge, after some weeks of storage in 

liquid state micelles tend to aggregate and suffer deposition (data not shown). In order to 

improve the storage stability of formulations and to produce powders for inhalation the 

samples were lyophilized and nanocomposites obtained. Although spray-drying is 

considered the technique of excellence for the production of inhaled powders, 

formulations like Afrezza® (insulin dry powder formulation with market authorization) were 

successfully produced by lyophilization (458).  

Nanocomposites of 3-5 µm in diameter can be easily administered by inhalation, reaching 

the deep lungs and deliver the nanoparticles when in contact to the lung fluids (333, 459). 

The nanocomposites obtained were easily dispersed in water, producing micelles with 

mean hydrodynamic diameters and PdI slightly, but not significantly, higher than the fresh 

samples (Figure 4.1), as consequence of the aggregation promoted by lyophilization. 

However, excepting for micelles of F68, all the insulin-loaded micelles presented mean 
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hydrodynamic diameters smaller than 200 nm at both 25 and 37 ºC, being in the desired 

range of sizes to expect low uptake by alveolar macrophages (460). A slight increase of 

particle size of Pluronic®-based micelles after lyophilization and redispersion was 

previously reported by other research groups (461). The produced micelles showed to be 

easily redispersed without the addition of cryoprotectants. This good redispersion 

behavior can be related to the capacity of Pluronic® copolymers to protect particles from 

aggregation during lyophilization when present in the system at high concentrations, 

working as themselves as cryoprotectants, possibly due to the presence of PEG chains 

(462). SOL seems to behave the same way as Pluronic® copolymers, since also present 

PEG in its structure.   

Insulin thermogram showed a board endothermic peak that corresponds to the glass 

transition and denaturation of insulin (Figure 4.2). Contrary to other reports, was not 

possible to detect the two distinct endothermic peaks corresponding to the biphasic 

denaturation of insulin (218). PBA showed a sharp endothermic peak that corresponds to 

its melting point, indicating a high crystallinity degree of the compound. Contrary to SOL, 

that showed to be amorphous with a glass transition temperature close to 70 ºC (463, 

464), Pluronic® copolymers presented a crystalline solid state with melting temperature 

around 45-60 ºC (465). In both physical mixtures and insulin-loaded micelles the peaks 

corresponding to insulin glass transition and denaturation and the melting of PBA 

disappeared, indicating that they are molecularly dispersed in the polymers and in its 

amorphous state (466). Also, the melting peaks of Pluronic® copolymers suffered a shift 

when in physical mixtures and micelles, indicating a possible change in its crystallinity.  

The results of DSC were corroborated with XRD studies, where is possible to see a 

disappearance of characteristic peaks of insulin and PBA, indicating a change in its state 

from crystal to amorphous when formulated into micelles (Figure 4.3). Also, Pluronic® 

copolymers suffered a reduction in the crystallinity after formulation and lyophilization, 

revealed by the reduction in the peaks intensity, indicating a successful lyophilization 

process. The amorphous state of raw SOL was also confirmed by XRD. The 

diffractograms of the polymers were in good agreement to the ones reported by others 

(464, 465). Raman spectroscopy was used to study possible interactions between the 

different components of formulations. The spectra obtained (Figure 4.4) were in close 

agreement with others already reported (464, 467-469). No visual changes were observed 

in the Raman spectra of micelles containing insulin compared to the polymers, indicating 

the absence of significant physical interactions between the protein and the components 

of the formulation. In addition, the major characteristic peaks of insulin disappeared and 

small peaks related to the vibration and stretching of the aromatic ring of PBA can be 
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detected in PBA containing formulations. These results reinforce the association/loading 

of the protein into the micelles and the amorphous state of both PBA and insulin. 

In order to assess the loading and presence of insulin at the surface of particles, both raw 

materials and formulations were analyzed by XPS (Table 4.2). The photoelectrons binding 

energy is used to identify and quantify the elements (excepting hydrogen and helium) 

occurring on the outermost surface layer to a few nm depth (around 7 nm) of powder 

samples. Nitrogen is one key element used in the identification of proteins in the samples 

(469). As referred, although the elemental composition of raw material is in agreement 

with the elements presented in its molecular formula, the differences in the atomic 

concentrations from the theoretical expected can be explained by the polydispersity of the 

polymers and by the presence of dimers of PBA and insulin. The absence of boron in the 

spectra of formulations containing PBA indicates that it is present in the more interior 

layers of the micelles, probably due to its neutral, and consequently more hydrophobic, 

conformation at the pH of the micelles at liquid state after formulation. Regarding insulin is 

possible to detect it in the outermost layer in all formulations, excepting for the 

formulations composed by F108. Since insulin is hydrophilic in nature, it is expected that 

remains between the PEG chains in the outer shell of micelles, being detected by the 

laser at the surface and in few nm depth. As F108 presents the PEG chains with higher 

number of monomers, and consequently the higher MW (Table 3.3), insulin was possibly 

entrapped deeper in the PEG chains, not being available to be excited by the laser and 

detected.   

Secondary structure of insulin was assessed using FTIR spectroscopy and far-UV CD. In 

FTIR studies the amide I region is considered the most representative target in protein 

spectra and spectral variations can be used for comparison after second-derivative and 

area-normalization treatment (453). Usually, the lyophilization process is responsible for a 

decrease in the α-helix and an increase in β-sheet content. This decrease is motivated by 

protein-protein interactions, leading to the formation of intermolecular β-sheets during 

water removal. Therefore, the α-helix band is a better indicator of protein structural 

maintenance (470). Two different spectral similarity approaches, namely the calculation of 

AO and SCC, were used in this study as indicators of the maintenance of the 

conformation of the protein. Since SCC values are related to the differences in band 

positions and not in relative peak width or height, they give an overestimated idea of 

conformation maintenance. Nevertheless, SCC can be used as complementary indicator 

of similarity non-intensity related (453). As showed in Figure 4.5, the spectra of native 

insulin and formulations are not completely overlapped, being the biggest difference 

observed for SOL micelles. These visual differences are corroborated with the values of 
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AO and SCC (Table 4.3). After production and lyophilization, insulin loses some of the 

secondary structure. Still, the secondary structure of protein was maintained at least 50 % 

after formulation. As referred above, SOL-based formulations presented the higher insulin 

structural changes and it was noticed a clear modification of its α-helix band into a random 

coil at 1637 cm-1. These structural modifications seem to be related with some physical 

interaction between insulin and SOL, leading to a great loss of insulin native structure. 

Regarding the other tested formulations, just a slight shift on the α-helix band position was 

noticed; however it remained in the 1660-1655 cm-1 characteristic α-helix range of insulin 

band. These results showed that Pluronic®-based formulations were able to encapsulate 

and protect insulin structure from lyophilization stresses. The maintenance of the structure 

of the protein can be partially due to the cryoprotection properties of the PEG chains 

(471). In addition, it was noticed that for all the polymer formulations the addition of PBA 

seemed not to affect insulin secondary structure after micelles production, since similar 

levels of protein structural maintenance were noticed for both containing and not 

containing PBA formulations. However, precaution should be taken in the analysis of the 

results regarding SOL micelles, since SOL presents a peak regarding the tertiary amide 

close to the region of the amide I and some interference of the polymer spectrum during 

the subtraction can occur. To confirm the results obtained by FTIR, far-UV CD was also 

used to assess the secondary structure of the protein. As seen in Figure 4.6, the spectrum 

of standard insulin solution is in accordance with the typical spectra of α+β proteins with 

the dominance of α-helical secondary structure already reported by others (472-474). It is 

possible to observe a slight decrease in the intensity of the peaks of both lyophilized 

insulin and formulations compared to the standard insulin solution, which can indicate 

change in the ratio of α-helix and β-sheet components or a reduction in the α-helix content 

and the native conformation as a consequence of the process of lyophilization. In the 

same way, the shift and noise observed in the positive peak can be due to the presence of 

the chloride ions in the solution that absorb below 200 nm or interference from the 

polymers that cannot be completely eliminated during subtraction of empty micelles 

spectra (454). It should be noted that the spectra of formulations are similar to the spectra 

of lyophilized insulin, which is in accordance to the results obtained by FTIR for Pluronic®-

based micelles but differs in the case of SOL-based micelles. 

Regarding the morphology of powders, SEM images (Figure 4.7) showed a polymeric 

network-like structure typical from hydrogels and solid dispersions obtained with higher 

percentages of polymers (475, 476). Although micelles were prepared using low 

concentrated polymer solutions (1% w/v), it seems that during the freeze and drying steps 

of lyophilization an increase in polymer concentration and/or aggregation of micelles lead 
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to the formation of the observed structures. Similar network-like structure was observed 

for freeze-dried PCL–PEG–PCL micelles (< 6% w/v) (112). 

Size, density and shape of particles are the main characteristics affecting the 

aerosolization and deposition properties of particles (449, 477). The theoretical 

aerodynamic diameter (dae) of powder particles was calculated using a dynamic shape 

factor of 1.6 as the mean value described by Hassan and Lau (2009) (477) for needle-

shape (χ=1.7) and plate-shape (χ=1.5) particles (Table 4.3). For many years it was 

assumed that aerosolized dry particles should present a size ranging 1-5 µm for efficient 

lung deposition. Nowadays is accepted that large porous particles presenting small 

particle mass density (p < 0.4 g/cm3) and geometric size above 5 µm can be properly 

released from inhalers and reach the deep lung (449). Despite presenting the same 

aerodynamic diameter, large porous particles have a lower surface-to-volume ratio 

compared to small nonporous particles, thus aggregating less and behaving more as 

single entities during aerosolization. Additionally due to its high geometric size they could 

avoid more easily phagocytosis by macrophages (301). For example, insulin-

encapsulated PLGA/cyclodextrin microspheres presenting geometrical diameter similar to 

our particles (D0.5 of 26 µm) were able to reach the deep lung and promote a significant 

hypoglycemic effect when tested in vivo in rodents (24). 

Due to its shape and elevated Carr’s index (≥ 26) and Hausner ratio (≥ 1.35) values, 

formulations could present some limitations regarding flowability and by that, lung 

deposition. Despite being extensively used to predict the quality of powders regarding 

flowability and deposition; precaution must be taken during the analysis of Carr’s index 

and Hausner ratio, since for some powders a direct correlation between lower Carr’s index 

and Hausner ratio values and higher FPF was not observed (477, 478). Additionally, non-

spherical particles, especially fibers, could present some dispersion limitations due to the 

attractive forces existent between adjacent particles (269).  

Nevertheless, in this study good aerosolization properties were obtained as observed by 

the low MMAD and high FPF fractions, in spite of the low theoretical flowability. SOL and 

F127 presented the higher FPF and best aerosolization properties (Table 4.5) correlating 

to the particle size distribution determined by laser diffraction, were both formulations 

presented the smallest mean diameter values and absence of large size aggregates. The 

lower CMC values of SOL and F127 originated more compact, smaller micelles that could 

lead to small powder particles. The FPF of insulin dry powders varies according to the 

formulation, the technique and the parameters used to assess it, which turns the 

comparison between formulations a rather intricate task. A formulation of freeze-dried 

insulin with lactose as coarse carrier showed a FPF of ~52% at a flow rate of 60 L/min 
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(479), while spore like particles showed FPF >69% (480), and Exubera® a FPF of 33-45% 

(481). Unlike many authors that take stage 2 (corresponds to the pharynx with a cutoff 

diameter of 5.8 µm) and lower into account for the calculation of FPF (482-484), in this 

work only particles that are able to deposit in the trachea (stage 3 with cutoff diameter of 

4.7 µm) or lower airways and alveoli were considered. The pharmacological efficacy and 

clinical outcome of aerosol formulations is related to its deposition profile in the lungs 

(449), thus higher amounts of insulin are expected to reach the lungs and become 

available to be absorbed in SOL and F127-based formulations. Future improvements in 

the efficiency of the formulations could be explored by screening an inhaler device that 

best fits the characteristics of the developed powders, since the inhaler device has shown 

to influence the performance of the formulations (280). Additionally, the incorporation of 

an appropriate coarse carrier to the formulation could improve the deposition of particles 

in the deep lung by reducing the particle to particle interaction and aggregation of 

nanocomposites, as well as their electrostatic interaction with the capsule and the inhaler 

device (283, 485).  

Release studies of insulin from micelles were performed in the absence or presence of 1.2 

mM glucose. The concentration of glucose used was based on determinations of lung 

glucose levels performed in diabetic patients without lung disease (486). Insulin release 

profiles followed a biphasic pattern (Figure 4.8) as reported by others (333). F68 and F108 

showed the faster and higher release of insulin, while SOL and F127 presented a more 

sustained release of insulin over time, which is related to the higher stability upon dilution 

of micelles composed of polymers with lower CMC. Therefore, the former could be 

explored as formulations of rapid-acting insulin, while the latter ones as long-acting insulin 

powders. Furthermore, with a proper mixture of different micelles a formulation with both 

post-prandial and long-acting effects could be achieved, which holds an advantage over 

formulations that only present fast-acting or prolonged released of insulin (334, 481, 487). 

PBA did not confer glucose-sensitive properties to formulations but promoted a faster in 

vitro release of insulin from the micelles. At pH 7.4, PBA presents mainly neutral 

hydrophobic moieties (433) (~96 % estimated by in silico simulation using the Marvin 

Suite software from ChemAxon, Hungary), thus potentially being present in the inner core 

of the micelles as confirmed by XPS analysis, not being able to react with the glucose 

present in liquid media. Nevertheless, the small percentage of ionic species might 

increase the hydrophilicity of micelles, promoting some destabilization and a faster 

release of insulin when compared to the formulations without PBA, even in the absence of 

glucose. Grafting PBA to the hydrophilic segments of the polymers could ensure the 

presence PBA at the surface of micelles and provide them with the desired glucose-
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sensitive properties (436). Also, a covalent modification of insulin as recently performed 

by Chou and co-workers (488) prior to its encapsulation into the micelles is other possible 

approach. Regarding SOL-based formulations, further studies are required to analyze 

deeply the effect of glucose concentration of the release properties of SOL and study the 

possible stimuli-responsive properties of the polymer in future applications.  

Lyophilized formulations were stored at two different temperatures and characterized in 

terms of size, surface charge and insulin conformation after 1, 3 and 6 months of storage 

(Figure 4.9 and 4.10). Excepting for some F68 and F108-based micelles for which time 

and storage temperature induced some degree of particle aggregation, formulations 

presented similar particle sizes after dispersion in water compared to recently lyophilized 

formulations. In addition, no changes in the surface charge of micelles were observed. 

Redispersed micelles presented particle size lower than 600 nm and neutral surface 

charge in all formulations. SOL and F127-based micelles presented the best results 

during the storage period studied. Regarding protein stability, storage seemed to induce, 

to a small extension, loss on insulin conformation in all formulations as seen by a 

decrease of AO and SCC values in stored samples (Table 4.7). The higher percentages of 

conformational loss were observed for insulin-loaded SOL micelles stored at 4ºC, with a 

reduction of 15.04±0.20% and 22.65±1.15% in AO and SCC values, respectively. The 

storage temperature did not show to influence to a high extent the secondary structure of 

insulin. In SOL-based micelles insulin structure was dominated by a random coil and low-

frequency β-sheet organization. Considering the Pluronic® formulations it was observed 

that no significant changes in insulin structure band positions was observed. Indeed, the 

α-helix band of insulin in all those formulations was maintained in its characteristic band 

range, maintaining also happened to its high and low β-sheets assignments. The FTIR 

spectra results for these formulations, justify in fact the high AO and SCC values obtained, 

since minor band position changes were observed. Pluronic® copolymers showed to 

enhance the conformational stability of different proteins against different processing 

methods and thermal stress, including salmon calcitonin (489), interleukin-1 (IL-1) 

receptor antagonist (490), which can be due to the PEG chains as already mentioned. 

Nevertheless, for PBA containing formulations although the α-helix and β-sheets high-

frequency assignments did not drastically change over the 6 months of storage at both 4 

ºC and 20 ºC, the appearance of a band peak at 1600 cm-1 suggested that PBA may 

affect insulin stability during storage. These results regarding PBA containing formulations 

were not corroborated with the far-UV CD experiments performed to the samples stored 

during 6 months (Figure 4.13), since no significant differences were observed between 
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micelles with and without PBA. However, a close attention to the effect of PBA on insulin 

structure should be paid. 

Taking into account the results, lyophilization of insulin-loaded micelles may improve the 

storage shelf-life of the final product, since the acquisition of amorphous powders will 

improve the physical and chemical stability of formulations. As referred previously, in 

liquid state micelles tend to aggregate creating particles on micron size range. Also, 

powders for pulmonary administration are considered advantageous over liquid 

formulations for many reasons including higher stability. Regarding the protein, solutions 

of insulin shown to be more prone to instability due to hydrolytic activity of water, namely 

with the earlier loss of conformation upon storage (453). In addition, in lyophilized 

formulations insulin shown to be at amorphous state, which may improve its stability, 

since contrary to what happens with many proteins, insulin presents greater stability in 

amorphous state (491). This assumption is supported by the maintenance of high 

percentages of native-like conformation of insulin in lyophilized formulations upon storage 

compared to recently formulated samples, as well as taking into consideration the 

example of Exubera®, a spray-dried insulin formulation in amorphous state that shown to 

be stable when stored at room-temperature (481). 

 

5. Conclusions 

 

Lyophilization of micelles allowed the production of powder nanocomposites that were 

easily redispersed when in contact to liquid media, originating micelles smaller than 300 

nm and neutral charge at body temperature. This behavior can contribute for an increase 

in the bioavailability of insulin as micelles should prevent partially the clearance of 

micelles by alveolar macrophages. Insulin shown to be at amorphous state as evidenced 

by DSC, XRD and Raman spectroscopy and partially at the surface of micelles as 

evidenced by XPS. In addition, these formulations can be recovered by dispersion, in a 

manner of preserving the structure and potentially maintaining the activity of insulin. 

Lyophilized low-density powders composed by large-porous particles presented, in 

general, aerodynamic diameters compatible with good lung deposition patterns. Analysis 

of powder morphology shown that they are formed by a non-homogenous population of 

needle-shape particles mixed with a kind of plate-shape structures which could result in 

limited flowability of powders, as predicted by Carr’s index and Hausner ratio. However, 

the in vitro deposition profiles observed presumes interesting in vivo performance of some 

formulations. 



Chapter 4 I Micelle-based nanocomposites as solid formulations for pulmonary insulin 
delivery: design and characterization 

________________________________________________________________________________ 

111 
 

PBA did not significantly affect the characteristics of formulations but promote a faster in 

vitro release of insulin from the micelles. However, it did not confer the formulations with 

glucose-sensitive properties. 

Formulations showed to be physically stable upon storage with minimal loss of the 

insulin’s native-like structure. Pluronic®-based formulations presented the best results 

regarding the maintenance of protein conformation analyzed by FTIR, however, far-UV 

CD studies showed that SOL-based micelles can also maintain a good amount the native-

like structure. 

In conclusion, powders formulations have shown promising results as delivery systems of 

inhaled proteins justifying further in vitro and in vivo assessment. 
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In vitro biological assessment of powder 

formulations for inhalation of insulin 
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Mireia Oliva, Bruno Sarmento, Biological assessment of self-assembled polymeric 

micelles for pulmonary administration of proteins, submitted for publication 
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1. Introduction 

 

Biopharmaceuticals hold the potential for the treatment of numerous diseases, for many of 

which there is no current available cure provided by small molecule drugs (492). This 

explains the high demand for research and development of formulations based on 

biopharmaceuticals and the exponential increase in the approval and market share of 

these formulations that has been witnessed over the past few years. Since 

biopharmaceuticals are generally administered by injection, a variety of approaches to 

develop systems for non-invasive administration of such drugs have been proposed 

recently. For example, oral and pulmonary administration of insulin is being pursued by 

many researchers, and positive advances in the field have been achieved (326, 493-495). 

Inhalation appears as a promising non-invasive route for systemic delivery of 

biopharmaceuticals, reasoned by characteristics of the respiratory system, such as the 

high area of absorption and blood supply, and the absence of hepatic first-pass 

metabolism, thus allowing high bioavailability values compared to other non-invasive 

routes (213, 492). Additionally, reduced costs associated to the production, transport and 

administration, as well as higher stability and patient compliance are expected for solid 

formulations for inhalation as compared to parental administration (492). However, the 

complexity of inhalation and respiratory system (geometry, humidity, defense 

mechanisms) allied to the challenges posed by the development of biopharmaceuticals-

based inhaled formulations, are underneath the fact that only a very restricted number of 

these products has reached the market so far (213). Thus, several research groups have 

developed new and improved formulations based on advances observed in molecular 

biology and particle engineering technology. Nanocarriers, including polymeric micelles, 

have been proposed as advanced inhaled drug delivery systems with optimized 

pharmacokinetics and pharmacodynamics. Among other things, nanocarriers could 

increase the permeation of compounds through the epithelium, reduce the clearance by 

mucociliary escalator through the penetration of particles in the mucus as well as reduce 

the recognition of particles by alveolar macrophages (496). 

In this chapter, the suitability of powders developed in Chapter 4 as delivery systems for 

inhalation of proteins was assessed in vitro using pulmonary epithelial cell lines and 

macrophages. 
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2. Experimental 

 

2.1. Materials 

 

SOL, F68, F108, and F127 were kindly provided by BASF (Ludwigshafen, Germany). 

Lyophilized human insulin (potency ≥ 27.5 units per mg), PBA, PBS, 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Triton X-100, β-

mercaptoethanol, phorbol 12-myristate 13-acetate (PMA), and 5-([4,6-dichlorotriazin-2-yl]

amino)fluorescein hydrochloride (5-DTAF) were purchase from Sigma-Aldrich (St. Louis, 

MO, USA), while sodium bicarbonate and dimethyl sulfoxide (DMSO) from Merck KGaA 

(Darmstadt, Germany). The other reagents used were methanol, ethanol and acetic acid 

from analytical grade; acetonitrile and TFA of HPLC grade (Merck, Germany) and Type 1 

ultrapure water (18.2 MΩ.cm at 25 ºC, Milli-Q®, Billerica, MA, USA). 

Dulbecco’s modified eagle medium (DMEM) supplemented with L-glutamine (DMEM-

GlutaMAX®), fetal bovine serum (FBS), non-essential amino acids, 10000 U/mL penicillin 

and 10000 µg/mL streptomycin, 0.25% Trypsin-EDTA were purchased from Gibco (Life 

Technologies Ltd., Paisley, UK). CellMask® DeepRed Plasma membrane Stain, 4′,6-

diamidino-2-phenylindole (DAPI) and ProLong® Gold Antifade Mountant were purchased 

from Molecular Probes (Life Technologies Ltd., Paisley, UK). RPMI-1640 was purchased 

from Lonza (Basel, Switzerland). 

 

2.2. Production of micelles and lyophilization 

 

Micelles were prepared using the thin-film hydration technique. Briefly, each polymer was 

individually weight and dissolved in a mixture of methanol:ethanol (1:1). Then, the solvent 

was removed under vacuum and the film was left to dry overnight at room-temperature to 

eliminate any remained solvent. The film was then hydrated with PBS at 37 ºC in order to 

obtain a 1 % (w/v) solution and vortexed for 5 min. The obtained dispersion was filtered 

through a 0.22 µm syringe filter to remove possible dust and aggregates. 

PBA containing micelles were prepared by dissolving PBA with the polymers in the 

solvents prior to the production of the film at a ratio of 10:1 (w/w) (polymer:PBA). Insulin-

loaded micelles were prepared by hydrating the polymeric films with an insulin solution in 

PBS to obtain polymer:insulin ratios of 10:1 (w/w). The other steps were the same as for 

plain formulations. 

After production micelles were lyophilized in an AdVantage 2.0 BenchTop Freeze Dryer 

(SP Scientific, Warminster, PA, USA). The cycle used was the follow: the samples were 
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frozen at -30 ˚C and the temperature maintained for 60 min, the primary drying was set at 

20 ˚C for 480 min at 150 mTorr and the secondary drying for another 480 min at 30 ˚C 

and 100 mTorr. 

 

2.3. Conjugation of polymers with 5-DTAF 

 

Polymers were fluorescently conjugated with 5-DTAF in an aqueous medium via 

nucleophilic aromatic substitution by an addition-elimination pathway as previously 

described (497). Briefly, a stock solution of 20 g/L 5-DTAF in DMSO was diluted in 0.1M 

sodium bicarbonate (pH 9.3) and added to a 6 % (w/v) polymer solution in 0.1M sodium 

bicarbonate (pH 9.3) to a final molar ratio of 1:2 (polymer:5-DTAF). The reaction 

proceeded overnight in the dark at room-temperature. The labelled polymer was purified 

from the excess of unreacted 5-DTAF by dialysis (12,000-14,000 MWCO Spectra/Por® 

membrane from Spectrum Europe BV, The Netherlands) against Type I ultrapure water. 

The dialyzed polymer solutions were lyophilized as described in the manuscript and 

stored in closed containers protected from light. A schematic representation of 

fluorescent-labeled polymers preparation is depicted in Figure 5.1. 

 

 

Figure 5.1 Reaction schematic for the conjugation of the polymers with 5-DTAF via nucleophilic 

aromatic substitution by an addition-elimination mechanism. At basic pH, the terminal hydroxyl 

group of PEG blocks presented in the polymers, attack the reactive moiety (2-amino-4,6-dichloro-s-

triazine) on the 5-DTAF molecule, promoted by strong electron-withdrawing groups (N) of the s-

triazine ring. 

 

2.4. Production and characterization of fluorescent micelles 

 

Fluorescent-micelles were produced and lyophilized like empty micelles substituting 

polymers by 5-DTAF-conjugated polymers. Particle mean hydrodynamic diameter and PdI 
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was measured without dilution of the samples by DLS at 37 °C using a detection angle of 

173° and zeta potential by laser doppler micro-electrophoresis using a NanoZS (Malvern 

Instruments, UK). For each type of formulation were produced and analyzed at least three 

replicates. 

 

2.5. Cell lines and culture conditions  

 

Calu-3 (ATCC number HTB-55), A549 (ATCC number CCL-185), RAW 264.7 (ATCC 

number TIB-71), THP-1 (ATCC number TIB-202) and U937 (ATCC number CRL-1593.2) 

cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, 

VA, USA). Calu-3, A549 and RAW 264.7 adherent cells were grown separately in flasks in 

DMEM-GlutaMAX® while THP-1 and U937 cells were grown separately in suspension in 

flasks in RPMI-1640 at 37ºC under 5% CO2 water saturated atmosphere. Both media 

were supplemented with 10% (v/v) FBS, 1% (v/v) non-essential amino acids and 100 

U/mL penicillin and streptomycin. For THP-1 cells, β-mercaptoethanol to a final 

concentration of 0.05 mM was further added to the medium. The medium was changed 

every other day and, upon confluence, cells were harvested from flasks with trypsin-EDTA 

(Calu-3 and A549) or a cell scraper (RAW 264.7) and passed or just passed (THP-1 and 

U937) to other flasks to continue expansion, be frozen or used in in vitro studies. 

 

2.6. Assessment of cytotoxicity 

 

The effect of formulations on cellular viability and membrane integrity of Calu-3, A549 and 

Raw 246.7 cell after 24h incubation was assessed using the MTT conversion assay and a 

LDH leakage assay (LDH Cytotoxicity Detection Kit, Takara Bio Inc., Shiga, Japan), 

respectively. 

For MTT assay, cells were seeded separately in 96-well microplates at 5x103 cells/well in 

200 µl of complete medium and incubated for 24 hours at 37 ºC in 5% CO2 environment. 

The medium was removed and the cells washed with 200 µl of PBS. Then, test solutions, 

positive control (complete medium) and negative control (2% (w/v) Triton X-100) were 

added to cells for 24 hours, after which 20 µl of 5mg/ml of MTT solution was added to 

each well and incubated for 4 hours at 37 ºC. After dissolution of the formed formazan 

crystals with 200 µl of DMSO, the absorbance was determined at 590 nm with 630 nm 

background deduction. Each treatment was tested at least in five individual wells. 

Regarding LDH release assay, cells were seeded in 96-well microplates at 5x103 

cells/well and incubated for 24 hours at 37 ºC in 5% CO2 environment. The medium was 
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removed and cells washed with 200 µl of PBS. Test solution, negative control (medium) 

and positive control (2% (m/v) Triton X-100) in serum free medium were added in at least 

five wells each and cells incubated for 24 hours. After that, the plates were centrifuged for 

10 min at 250xg to remove detached cells and the LDH-content of 100 μl supernatant was 

measured at 490 nm (and 630 nm for background deduction) in a plate reader using a 

commercial test kit after incubation for 30 min at room temperature in the dark. The 

apparent cytotoxicity was calculated according to Equation 5.1. 

 

Cytotocxicity % =  
Experimental value − Negative control

Positive Control−Negative Control
 × 100                                Equation 5.1 

 

The results of MTT and LDH release assay were used for the determination of half 

maximal cytotoxic concentration (CC50) index by nonlinear regression of concentration-

effect curve fit using Prism 6.02 software (GraphPad Software, Inc., CA, USA). 

 

2.7. Permeability of insulin through pulmonary epithelium 

 

The permeability of free and formulated insulin through alveolar and bronchial epithelium 

was assessed using A549 and Calu-3 cell monolayers, respectively. Cells were seeded at 

a density of 8x105 cells/cm2 onto the apical surface of Transwell® permeable supports 

(0.33 cm2 polyester, 0.4 mm pore size, from Costar®, Corning Life Sciences, France) in 

0.2 mL complete medium with 0.5 mL medium added to the basolateral chamber. The 

development of cell monolayers was monitored by measuring the transepithelial electrical 

resistance (TEER) using chopstick electrodes (STX-2) and an EVOM voltohmmeter from 

World Precision Instruments (Stevenage, UK). TEER was calculated by subtracting the 

resistance of a cell-free culture insert and correcting for the surface area of the Transwell® 

cell culture support. Cell monolayers were used after TEER values reached stable 

maximum values at 14-15 days in culture. TEER was also measured during experiments 

as an index of cell viability and monolayer integrity. For all permeability studies, the culture 

medium was removed and the cell monolayers were washed with 37 ºC PBS. After 

washing, 0.2 mL of insulin solution or insulin-loaded micelles dispersed in PBS heated at 

37 °C and at an initial concentration of 1000 μg/mL was added to the apical (donor) side, 

while 0.6 mL of PBS at 37 °C was added to the basolateral (receptor) side. At different 

times (0.25, 0.5, 0.45, 1, 2, 4, 6, 8 hours), 0.2 mL of basolateral samples were collected 

and replaced by equal volumes of PBS pre-heated at 37 °C, and insulin determined by 

HPLC as described in Chapter 3. 
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Apparent permeability coefficient (Papp) values (cm/s) were calculated from the 

measurement of the flow rate of insulin from the donor to the acceptor chambers using 

Equation 5.2. 

 

Papp =
dQ

dt
(A × C0)                                                                                            Equation 5.2 

 

where dQ is the total amount of permeated insulin (μg), A is the diffusion area 

(cm2), C0 is the initial concentration of insulin (μg/mL), and dt is the time of 

experiment (s). The coefficient dQ/dt represents the steady-state flux of insulin 

across the monolayer. The permeability enhancement ratio (PER), expressed as 

the ratio between the Papp of insulin associated with micelles and the Papp of 

insulin in solution, was also calculated. 

 

2.8. Interaction of micelles with macrophages 

 

The uptake of the 5-DTAF-labelled micelles by PMA-stimulated THP-1 and U937 

macrophages was assessed qualitatively by confocal microscopy using a Spectral 

Confocal Microscope MFV1000 (Olympus Corporation, Japan) and quantitatively by flow 

cytometry (fluorescence-activated cell sorting (FACS) analysis) in a cytometer Fortessa 

(BD Biosciences, USA). THP-1 and U937 cells at a density of 5x105 cells/well were 

seeded separately in 24-well plates in complete medium supplemented with 25 ng/mL of 

PMA to induce the monocytic differentiation into adherent macrophages. 48 hours after 

seeding, the medium and non-adherent cells were removed by washing twice with PBS. 

Particle suspensions in complete medium (1 and 2 mg/mL) were incubated for 4h at 37 ºC 

and non-internalized fluorescent micelles removed by washing twice with PBS. Cells were 

detach with trypsin:EDTA (U937 cells) or using a cell scraper (THP-1 cells) and 

redispersed in PBS, supplemented with 10% FBS. Cells were then analyzed in a 

cytometer Fortessa (BD Biosciences, USA). Green fluorescence from micelles was 

detected through the EYG-A channel. The viability of the cells was assessed using DAPI 

and the cells derbies and doublets of cells were removed by forward and side scatter 

gating. The analysis of the obtained data was performed with FACS Express 4 software. 

For each sample, at least 10,000 individual cells were collected and the mean 

fluorescence intensity was evaluated.   

For microscopy studies, 0.1% gelatin-coated coverslips were inserted into the wells prior 

to cells addition. After 48h of differentiation, the medium containing PMA was removed 
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and the cells washed twice with PBS to remove non-adherent cells and fluorescent 

micelles suspension (1 mg/mL) was added to each well. After 4h incubation at 37 ºC, the 

cells were washed twice with PBS and the membrane stained with CellMask® DeepRed (5 

µg/mL) for 5 min at 37 ºC. After washing with PBS (2x), cells were fixed with a mixture of 

methanol:acetic acid (3:1) for 20 min at room-temperature. Cells were further washed with 

PBS and the nucleus stained with DAPI (0.2 mg/mL) for 5 min at room-temperature. 

Before mounting the coverslips into glass slides with ProLong® Gold Antifade Mountant 

and allowing them to dry, the cells were washed with Type I ultrapure water to remove salt 

traces. Image analysis of xy planes and z-series scanning was performed using a Spectral 

Confocal Microscope MFV1000 (Olympus Corporation, Japan). The 561 nm excitation 

wavelength of the green laser (10mW) was used for selective detection of the red 

fluorochrome (CellMask® DeepRed). The 488 nm excitation wavelength of Argon multiline 

laser: 458nm, 488nm and 515nm (40 mW) was used for selective detection of the green 

fluorochrome (5-DTAF). The nuclear staining DAPI was excited at 405 nm with a violet 

laser (6 mW). For detecting 3 PMT, detectors for fluorescence (2 plus 1 spectral detection 

with conventional filters) plus 1 per detector interdifferential contrast were used. Images 

were acquired with the FluoView FV10-ASW software (Olympus Corporation, Japan), and 

processed in conjugation with the orthogonals projections using the ImageJ 1.48v 

software (National Institutes of Health, MD, USA). 

 

2.9. Statistical analysis 

 

One-way ANOVA was used to investigate the differences between the formulations and 

controls. Post hoc comparisons were performed according to Tukey’s HSD test (p<0.05 

was accepted as denoting significance) using Prism 6.02 software (GraphPad Software, 

Inc., CA, USA). 

 

3. Results 

 

3.1. In vitro assessment of the effect of formulations on cell membrane 

toxicity and viability 

 

The effect of formulations on cell viability and membrane integrity of pulmonary bronchial 

(Calu-3) and alveolar (A549) epithelial cell lines, as well as in macrophages (Raw 264.7) 

after 24h of incubation is presented in Figure 5.2 and 5.3, respectively. 
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Figure 5.2 Formulations’ toxicity profile regarding cell viability of Raw 246.7, Calu.3 and A549 cell lines. Results are expressed as mean ± SEM (n=5). * 

Denotes a significant (p<0.05) lower percentage of viability when compared to lower concentrations of the formulation. 
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Figure 5.3 Formulations’ toxicity profile regarding membrane integrity of Raw 246.7, Calu.3 and A549 cell lines. Results are expressed as mean ± SEM (n=5). 

* Denotes a significant (p<0.05) higher percentage of cytotoxicity when compared to lower concentrations of the formulation. 
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Additionally, CC50 values are expressed in Table 5.1.  

 

Table 5.1 Half maximal cytotoxic concentration (CC50) values (in mg/mL) of insulin-loaded micelles 

as determined by lactate dehydrogenase (LDH) leakage and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay in different cell lines. The values presented were 

obtained through a nonlinear regression of the mean percentage toxicity values versus 

concentration of formulation using 5 replicates.  

Sample 
LDH MTT 

Raw 264.7 A549 Calu-3 Raw 264.7 A549 Calu-3 

SOL:Ins >10 >10 >10 4.9 1.0 >10 

SOL:Ins:PBA >10 >10 >10 >10 >10 >10 

F68:Ins 6.2 >10 >10 >10 7.5 >10 

F68:Ins:PBA 8.3 >10 >10 >10 >10 >10 

F108:Ins >10 >10 >10 >10 1.8 1.2 

F108:Ins:PBA 8.2 >10 >10 >10 >10 >10 

F127:Ins >10 9.0 >10 >10 1.2 1.2 

F127:Ins:PBA 6.0 >10 >10 6.1 3.4 >10 

 

At high concentrations, formulations seemed to exert higher negative effects on the 

viability of A549 cells (MTT assay), while Raw 264.7 cells seemed to be more prone to 

suffer membrane damage (LDH leakage assay). The CC50 values of all formulations are 

superior to their concentrations expected in the lungs after administration. 

 

3.2. Determination of the apparent permeability coefficient of insulin through 

pulmonary epithelium   

 

Permeability of insulin through pulmonary epithelium was assessed using monolayers of 

A549 or Calu-3 cells. Results as the cumulative percentage of insulin presented in the 

basolateral chamber of Transwell® systems over time are presented in Figure 5.4 (A and 

C). Also, values of Papp and PER in both monolayers are presented in Table 5.2. In both 

models, insulin levels rapidly increased in the first 60 min and continued to be transported 

at least up to 8h. The total amount of insulin in solution that crossed the cell barrier after 

8h was around 5 % and 7 % of the initial concentration in Calu-3 and A549 monolayers, 

respectively. 
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Figure 5.4 Permeability of insulin through A549 (A) and Calu-3 (C) cell monolayers, expressed as 

the percentage of insulin added to the apical chamber of Transwell
®
 system; and transepithelial 

electrical resistance (TEER) values as percentage of the of the values prior to experiment during 

permeability studies across A549 (B) and Calu-3 (D) cell monolayers. Results are presented as 

mean values ± SD (n=3). * Removal of samples after the 8h of experiment and addition of complete 

medium. 

 

Some formulations were able to increase the epithelial permeability of insulin, especially 

through Calu-3 monolayers, as compared to the insulin in solution as evidenced by the 

PER values. However, only F127-based formulations were able to increase significantly 

the permeability of insulin through Calu-3 monolayers (p<0.05).  

Contrasting to insulin solution, the presence of formulations affected the TEER values of 

cell monolayers (Figure 5.4 B and D). However the decrease in the resistance of the 

monolayers was reversible, since it recovered to initial values after the substitution of 

formulations for complete medium. The initial values of TEER remained until at least 24 

hours after the beginning of the experiment, indicating integrity of the monolayer after the 

incubation with the formulations, and that the effects of formulations on tight junctions, if 

any, were fully reversible. 
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Table 5.2 Apparent permeability coefficient (Papp) and permeability enhancement ratio (PER) of 

insulin across A549 and Calu-3 cell monolayers. Results are presented as mean values ± SD 

(n=3). * Denotes a significant difference (p<0.05) when compared to the insulin solution.  

Sample 
A549 Calu-3 

Papp (cm/s 10
-6

) PER Papp (cm/s 10
-6

) PER 

Insulin solution 1.29±0.06 
 

0.89±0.03 
 

SOL:Ins 0.94±0.08 0.73 0.82±0.07 0.93 

SOL:Ins:PBA 1.76±0.10 1.36 1.41±0.12 1.58 

F68:Ins 1.15±0.05 0.89 0.97±0.16 1.08 

F68:Ins:PBA 1.29±0.04 1.00 0.79±0.04 0.88 

F108:Ins 1.17±0.07 0.91 1.15±0.04 1.29 

F108:Ins:PBA 1.21±0.11 0.94 1.09±0.09 1.22 

F127:Ins 1.45±0.12 1.13 2.15±0.31* 2.40 

F127:Ins:PBA 1.32±0.06 1.02 1.88±0.24* 2.10 

 

3.3. Characterization of fluorescent micelles  

 

Fluorescent-labelled micelles were produced and lyophilized to be used in macrophage 

uptake experiments. The characteristics of redispersed micelles at 37 ºC are resumed in 

Table 5.3. The conjugation of polymers with the fluorescent probe did not affect strongly 

the characteristics of micelles. Only F68 and F108-based micelles showed some 

differences (p<0.05) compared to the non-fluorescent insulin-loaded micelles at the same 

temperature. 

 

Table 5.3 Mean hydrodynamic diameter, polydispersity index (PdI) and zeta potential of 

redispersed lyophilized fluorescent-labelled micelles at 37 ºC. Results are presented as mean 

values ± SD (n=3). * Denotes a significant difference (p<0.05) when compared to the insulin-loaded 

redispersed lyophilized micelles of the same polymer analyzed at 37 ºC. 

Sample Hydrodynamic diameter (nm) PdI Zeta potential (mV) 

SOL 235.8±12.5 0.19±0.01 0.1±0.11 

F68 211.2±7.9* 0.55±0.02 -0.1±0.05 

F108 224.9±41.7* 0.40±0.05 -0.3±0.06 

F127 39.4±4.5 0.37±0.03 0.1±0.03 
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3.4. Uptake of micelles by human macrophages 

 

PMA-stimulated THP-1 and U937 cells were used as models to study the uptake of 

micelles by macrophages. 

 

 

Figure 5.5 Confocal microscopy micrographs of SOL (A), F68 (B), F108 (C) and F127 (D) micelle’s 

internalization by PMA-stimulated THP-1 and U937 macrophages. Each image provides a xy plane 

through a cell layer, and the cross-sectional view of the same section of the cell layer in the x–y 

and y–z orientation. Blue, green, and red fluorescence are from DAPI (nucleus), 5-DTAF-polymer 

(micelles) and CellMask
®
 Deep Red (membrane), respectively.  

 

All the formulations were internalized by the cells after 4h of incubation. Micelles 

attachment to the surface of cells was not apparent (Figure 5.5). 

 

Table 5.4 FACS quantification of micelles uptake by PMA-stimulated THP-1 and U937 

macrophages. The values are expressed as the percentage of cells emitting green fluorescence 

after 4h incubation with micelles at concentrations of 1 mg/mL and 2 mg/mL. 

Sample 
THP-1 U937 

1 mg/mL 2 mg/mL 1 mg/mL 2 mg/mL 

SOL 22.47 35.65 36.47 61.63 

F68 25.99 45.1 14.92 37.47 

F108 75.78 91.83 88.55 98.56 

F127 12.08 34.56 13.4 38.86 
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As seen in Figure 5.6, Figure 5.7, and Table 5.4, the uptake of the micelles by 

macrophages varied according to the polymer used and was shown to be concentration 

dependent. An increase in the percentage of cells presenting fluorescence was observed 

when the concentration of micelles increased from 1 to 2 mg/mL.  

 

Figure 5.6 FACS quantification of micelles uptake by PMA-stimulated THP-1 and U937 

macrophages. The values are expressed as the percentage of cells emitting green fluorescence 

after 4h incubation with micelles at a concentration of 1 mg/mL. 
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Figure 5.7 FACS quantification of micelles uptake by PMA-stimulated THP-1 and U937 

macrophages. The values are expressed as the percentage of cells emitting green fluorescence 

after 4h incubation with micelles at a concentration of 2 mg/mL. 
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F127-micelles showed minimal uptake by both PMA-stimulated THP-1 and U937 

macrophages while the other formulations underwent higher uptake. F108-micelles 

suffered the higher uptake by macrophages. 

 

4. Discussion 

 

Pluronic® are considered biocompatible and biodegradable polymers used in many 

biomedical applications including cell’s encapsulation (498, 499). Thus, as expected, no 

significant signs of toxicity to both pulmonary cell lines and macrophages were observed 

in the in vitro experimental setting used as determined by MTT and LDH leakage assays 

(Table 5.1). This results are in accordance to other reports where F68 shown a CC50 

higher than 10 mg/mL in Calu-3 cells (297), and F127 shown negligible toxicity against 

A549 cell up to 1 mg/mL (56). Some Pluronic® were shown to interact with cell 

membranes and intracellular organelles such as the mitochondria where it can interfere 

with metabolic processes (500). Demina and co-workers (2005) reported that Pluronic® 

presenting higher degree of hydrophobicity are more able to interfere with the membrane 

(501), which could be somehow related to the lower CC50 obtained with F108 and F127 

formulations. Still, al the CC50 values are superior to 0.84 mg/mL, the concentration of 

formulation expected in the lungs taking into account basal requirements of insulin. These 

concentrations were calculated assuming 10 mL as volume of lung epithelial lining fluid 

(vary from 10 to 40 mL (502, 503)) and 21 IU as daily mean basal requirement for a 70 kg 

patient according to American Diabetes Association (504). Consequently, no significant 

pulmonary toxic effects of the formulations should be expected. However, in vitro/in vivo 

extrapolations should be done with caution, and in vivo studies are required to assess the 

pulmonary biocompatibility of formulations in animal models. 

Monolayers of A549 or Calu-3 cells were selected as models to assess the permeability of 

insulin through pulmonary epithelium. Both cell lines have been extensively reported and 

used for study the drug transport across pulmonary epithelium (505, 506), being in vitro 

models considered a reliable method to predict the permeation behavior and 

bioavailability of drugs (507, 508). Due to its hydrophilic nature, insulin is expected to 

permeate monolayers manly via the paracellular route by passive diffusion; however, 

basolateral to apical transport of insulin have shown higher Papp values from those 

described to the apical to basolateral direction (508, 509), which could explain partially the 

low insulin permeability observed in this study and reported by others (510, 511). 

Nevertheless, both paracellular and transcellular pathways were described for insulin 

across pulmonary cell monolayers (Calu-3 and 16HBE14o-) (512). The values of Papp 
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obtained in this study differed from those reported by other groups, which could be 

explained by differences in the methodology used between studies (e.g. area available for 

permeation, concentration of protein, number of cells) (506, 513). Amphiphilic polymers, 

including Pluronic®, have been proposed as excipients for improved delivery of many 

drugs. Although not completely understood, it seems that this characteristic is related to 

its capacity to interact with cell membranes and interfere with its structure and 

microviscosity/fluidity (85, 501). This mechanism is also thought to interfere with the 

function of P-glycoprotein, explaining the inhibition of this efflux system observed with 

these polymers (85, 500). Pluronic® with HLB values and number of hydrophobic parts 

closer to those of F127 (HLB=18-23), reduced the cell membrane microviscosity and 

increased the fluidity, contrasting to polymers with higher HLB values like F68 and F108 

(HLB>24) (85). The increased fluidity of the membrane could increase the transcytosis of 

insulin through the cells, thus explaining the higher permeation observed with F127 (Table 

5.2). Macrogol-15-hydroxystearate (Solutol® HS15) micelles have shown to increase the 

transepithelial permeation of insulin through Calu-3 cell monolayers by a mechanism 

dependent on partitioning and changes on cellular membrane structure/fluidity (514). The 

same polymer also enhanced the nasal permeation of human growth hormone in rats 

(515). The variation in the TEER vs time profile of cell monolayers exposed to micelles 

(Figure 5.4) compared to insulin solution could be a consequence of the rearrangement of 

F-actin cellular distribution owing to a change in the membrane lipid environment (516), 

and not so dependent on effects in zonula occludens-1 (ZO-1) protein, as happens with 

other permeation enhancers like chitosan (517). Although, since ZO-1 binds directly to F-

actin (518), changes in the F-actin could lead at some extent to distortions in ZO-1, 

contributing to the paracellular transport of insulin. Indeed, Solutol® HS15 micelles have 

shown to promote a redistribution of F-actin and slight changes in ZO-1 (514), being 

expected a similar pattern with our formulations. 

As expected F127-micelles showed a lower uptake (Table 5.4) by macrophages which is 

possibly correlated to the small size of redispersed lyophilized micelles at 37 ºC (273, 

519), while the other polymers presented larger particles and, consequently, underwent 

higher uptake. Also, the lower percentage of PEG in the constitution of SOL (13% of the 

polymer) could be contributing to the higher percentage of uptake when compared to 

F127-based micelles (70% of PEG), since the density of PEGylation seems to influence 

the phagocytosis (52, 520). Differences observed between F68 and F127 could also be 

related to the small MW of the PEG chains presented in F68 (approximately 4000 g/mol 

for F68 and 5000 g/mol for F127). In other studies, F68-coated particles showed higher 

uptake by macrophages when compared to F127-coated particles (521, 522). Regarding 
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F108 micelles, size appears to be the main responsible for the higher uptake compared to 

F127 micelles. However, there were no apparent differences in size and surface charge of 

micelles that could explain the high values of uptake observed with F108-micelles. 

Additionally, confocal microscopy analysis did not reveal a so marked difference between 

samples. Since the uptake of particles by macrophages is not restricted to phagocytosis 

(523, 524), and the experiment was run in a static model, it is possible that a percentage 

of the observed uptake occurred via nonphagocytic. In fact, the experiment was 

performed in medium supplemented with 10% FBS heat inactivated, which lacks on 

immunoglobulins and components of the complement system, the main serum opsonins; 

although presenting serum proteins that could also work as opsonins; which could lead to 

a reduced activation of the phagocytic pathway (190). However, the alveolar and airway 

area of lungs contains low levels of complement components, reason why alveolar 

macrophages seem to primarily execute phagocytosis via opsonin-independent 

mechanisms (525). SP-A and surfactant protein D (SP-D), member of collectin (collagen-

lectin) family that also includes mannose-binding protein and some bovine serum proteins, 

act as opsonins in lungs (526, 527). SP-A, the most prevalent protein of surfactant, binds 

preferentially to lipophilic surfaces (528), thus we can speculate that low opsonization 

derived from SP-A adsorption and consequent low phagocytosis should be expected for 

small size PEGylated-hydrophilic shell micelles, which are in accordance to the results 

obtained. For example, Patel and co-workers (2012) showed that the conjugation of PEG 

to PLGA nanoparticles reduced their internalization by rat alveolar macrophages (529). 

Nevertheless, since differentiated monocytic cell lines and human macrophages take up 

particles via different mechanisms (524), and the concentrations tested are above the 

expected therapeutic concentration requested, the extrapolation of the in vitro results to 

the in vivo situation becomes difficulty. Being an in vitro model with advantages and 

drawbacks, this experiment serves as preliminary assessment with a predictive value that 

needs to be confirmed with further in vivo experiments. 

 

5. Conclusions 

 

No significant signs of toxicity on both pulmonary cell lines and macrophages were 

observed in the in vitro experiment setting used as determined by MTT and LDH leakage 

assays. Additionally, some formulations, namely F108 and F127-based micelles, were 

able to increase the permeation of insulin across bronchial and alveolar cell monolayers, 

without damage the membrane integrity. All the formulations were taken up by 

macrophages, being the degree of internalization dependent on the polymer used. Above 
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all the polymers, F127 have shown to work as permeability enhancer of insulin and avoid 

more efficiently to be taken up by macrophages. 

Taking into account the results, were managed to achieve formulations with interesting 

and promising characteristics for pulmonary administration of proteins justifying further in 

vivo studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 I In vivo pharmacological and toxicological assessment of powder formulations 
for inhalation of insulin 

________________________________________________________________________________ 

133 
 

 

Chapter 6 

 

In vivo pharmacological and toxicological 

assessment of powder formulations for 

inhalation of insulin 
 

 

 

 

The information presented in this chapter was partially published in the following 
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Pereira, Domingos Ferreira, Mireia Oliva, Bruno Sarmento, In vivo pharmacological and 

toxicological assessment of self-assembled polymeric micelles as powders for inhalation 

of proteins, submitted for publication 
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1. Introduction 

 

Despite the interest in systemic delivery of therapeutic peptides and proteins via 

inhalation, the accurate assessment of formulation’s behavior is a challenging 

experimental task. Different in vitro, ex vivo and in vivo models have been proposed and 

used over the years (530). From the works developed in animal models by Schanker and 

coworkers during the 70´s and 80´s (531-533) up to now, new devices and techniques 

have been developed and proposed to study drug disposition within and absorption from 

lungs, their pharmacokinetics, pharmacological efficacy and toxicological profile after 

pulmonary administration (59, 336, 534-537). 

Many methodological variables like animal used, method of anesthesia, administration 

technique, aerosol generator device, delivery site and animal posture could influence the 

results, explaining the high intra and inter-laboratory variability observed in inhalation 

studies (530). For preliminary experiments on pulmonary administration rodents like mice, 

rats and guinea pigs are employed, being rats and guinea pigs preferred over mice due to 

easier access to trachea and multiple blood dosing (538). Among the administration 

techniques used, direct tracheal access by endotracheal instillation using tracheotomy or 

orotracheal intubation is mainly used due to higher accuracy and reproducibility. Animals 

are anesthetized and placed in a supine position, then trachea is accessed up to the 

carina (tracheal bifurcation) and the formulations aerosolized (539, 540). Streptozotocin is 

an antibiotic that can cause pancreatic β-cell destruction, being capable of inducing type 1 

diabetes mellitus (541). Streptozotocin-induced diabetic mice and rats are generally 

employed as animal models to study the mechanisms of diabetes, screening for potential 

therapies, and assess the behavior of insulin-based formulations (24, 541-543).  

In this chapter it is presented the in vivo pharmacological and toxicological assessment of 

formulations after endotracheal instillation to a streptozotocin-induced murine diabetic 

model. 

 

2. Experimental 

 

2.1. Materials 

 

SOL, F68, F108, and F127 were kindly provided by BASF (Ludwigshafen, Germany). 

Lyophilized human insulin (potency ≥ 27.5 IU/mg), PBS, PBA, streptozotocin, LDH, rat 

cytokine-induced neutrophil chemoattractant 3 (CINC-3) enzyme-linked immunosorbent 

assay (ELISA) kit, and Eukitt® quick-hardening mounting medium were purchase from 
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Sigma-Aldrich (St. Louis, MO, USA). Rat tumor necrosis factor alpha (TNF-α) and rat 

interleukin 6 (IL-6) ELISA kits were purchased from BioLegend (London, UK) while human 

insulin and insulin autoantibodies (IAA) ELISA kits were purchased from ALPCO 

Diagnostics (Salem, NH, USA). Pierce® biocinchoninic acid (BCA) Protein Assay and 

Clear-Rite® 3 were purchased from Thermo Fisher Scientific (Rockford, lL, USA). LDH 

Cytotoxicity Detection Kit was purchased from Takara Bio Europe/Clontech (France). 

Ketamine (Clorketam 1000®) was kindly provided by Vétoquinol (Barcarena, Portugal), 

xylazine (Seton 2 %®) was purchased from Laboratorios Calier (Sintra, Portugal), and 

isoflurane (Isoflo®) was purchased from Esteve Veterinária (Carnaxide, Portugal). The 

other reagents used were methanol, ethanol absolute, Turk’s solution, sodium citrate, 

citric acid, paraformaldehyde, paraffin for histology, Gill’s hematoxylin II solution, and 

eosin alcoholic solution (Merck, Germany) and Type 1 ultrapure water (18.2 MΩ.cm at 25 

ºC, Milli-Q®, Billerica, MA, USA).  

 

2.2. Production of powder formulations 

 

Micelles were prepared using the thin-film hydration technique. Briefly, each polymer was 

individually weight and dissolved in a mixture of methanol:ethanol (1:1). Then, the solvent 

was removed under vacuum and the film was left to dry overnight at room-temperature to 

eliminate any remained solvent. The film was then hydrated with PBS at 37 ºC in order to 

obtain a 1 % (w/v) solution and vortexed for 5 min. The obtained dispersion was filtered 

through a 0.22 µm syringe filter to remove possible dust and aggregates. 

PBA containing micelles were prepared by dissolving PBA with the polymers in the 

solvents prior to the production of the film at a ratio of 10:1 (w/w) (polymer:PBA). Insulin-

loaded micelles were prepared by hydrating the polymeric films with an insulin solution in 

PBS to obtain polymer:insulin ratios of 10:1 (w/w). The other steps were the same as for 

plain formulations. After production micelles were lyophilized in an AdVantage 2.0 

BenchTop Freeze Dryer (SP Scientific, Warminster, PA, USA). The cycle used was the 

follow: the samples were frozen at -30 ˚C and the temperature maintained for 60 min, the 

primary drying was set at 20 ˚C for 480 min at 150 mTorr and the secondary drying for 

another 480 min at 30 ˚C and 100 mTorr. 

 

2.3. Animals 

 

Animals were maintained in accordance with Federation of Laboratory Animal Science 

Associations (FELASA) recommendations and the European Union legislation (European 
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Parliament and Council Directive 2010/63/EU). Male Wistar Han rats (150-174g) from 

Harlan, Spain were kept for seven days after reception for behavioral, physiologic and 

nutritional stabilization. Animals were provided with food (Diet Standard, Mucedola s.r.l., 

Italy) and water ad libitum. Cages floor were covered with corn cob bedding (Corn Cob 

ULTRA12, Ultragene, Portugal) and enriched with nesting material. Animals were 

maintained at 22°C ± 2°C, 55% ± 10% room humidity, and 12h/12h light cycle, and 

submitted to daily inspection. After quarantine, diabetes was induced in all animals by 

intraperitoneal injection of streptozocin (10 mg/mL in pH 4.5 citrate buffer) at 60 mg/kg. 

After one week, animals with fasted blood glucose levels above 250 mg/dL were randomly 

grouped (n = 6) and used in the experiments. 

 

2.4. In vivo pharmacological activity of insulin 

 

Animals were divided into ten groups (n = 6) and fasted 12 hours before and 24 hours 

during the experiment, but were allowed water ad libitum. Prior to the endotracheal 

administration procedure, rats were anesthetized by inhalation of isoflurane (dose of 5 % 

for induction) followed by intraperitoneal injection of 100 mg/kg body weight (bw) of 

ketamine and 10 mg/kg bw of xylazine (for maintenance). Powder formulations (containing 

around 10 IU/kg bw) were administered endotracheally using a Dry Powder Insufflator® - 

Model DP-4 (Penn-Century. Inc. Wyndmoor, PA, USA). The delivery tube was introduced 

into the rat trachea just before the carina and the powder was released after activation of 

the device with 2 ml of air, which corresponds to the tidal volume of rats. Endotracheal 

instillation (MicroSprayer® Aerosolizer - Model IA-1B, Penn-Century. Inc. Wyndmoor, PA, 

USA) and subcutaneous injection of an insulin solution in PBS (10 IU/kg bw) were used as 

control groups. Blood samples were collected from the tail vein at different time points (15, 

30, 45 min, 1, 2, 4, 8 and 24h) and the plasma glucose levels determined using a 

Precision Xtra blood glucose meter and test strips (Abbot Laboratories, Portugal, range 

20-500 mg/dL). Serum insulin levels were determined at 4 and 24h after administration by 

an ELISA kit according to manufactures’ instructions. Serum was obtained after 

centrifugation (10000 rpm for 20 min) of whole blood and stored at -80 °C until analysis. At 

the end of the assay, animals were euthanized by exsanguination after intraperitoneal 

injection of 300 mg/kg bw of ketamine and 30 mg/kg bw of xylazine. 

Plasma glucose levels as the percentage of the values prior administration of insulin were 

plotted against time to evaluate the cumulative hypoglycemic effect over time, quantified 

by the area above the curve, determined using the trapezoidal method (Prism 6.02, 

GraphPad Software, Inc., CA, USA). Pharmacological availability (PA) of inhaled insulin-
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containing powders and solution as the relative cumulative hypoglycemic effect of inhaled 

insulin compared to a 100% availability of the control insulin administered subcutaneously 

was determined according to Equation 6.1. 

 

 𝑃𝐴 =  
𝐴𝐴𝐶 𝑡𝑒𝑠𝑡

𝐷𝑜𝑠𝑒 𝑡𝑒𝑠𝑡
𝐴𝐴𝐶 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐷𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

 × 100                                                                                    Equation 6.1 

 

where AAC test and AAC control are the area above curve values of inhaled insulin 

groups and subcutaneous control group, respectively; and Dose test and Dose control is 

the insulin dose (IU/kg bw) administered in inhaled insulin groups and subcutaneous 

control group, respectively.  

 

2.5. Sub-acute toxicity of insulin-loaded polymeric micelles 

 

Rats were divided into ten groups (5 animals per group) and administered endotracheally 

with insulin-loaded formulations (containing around 10 IU/kg bw) as described for the 

pharmacological activity study. Rats administered endotracheally with insulin solution in 

PBS (10 IU/kg bw) and PBS alone were used as controls. Before insufflation animals were 

anesthetized by intraperitoneal injection of 100 mg/kg bw of ketamine and 10 mg/kg bw of 

xylazine. In order to avoid the daily exposure of rats to the anesthesia and reduce the 

development of tolerance or side effects, the procedure was performed every two days for 

a period of 14 days. One day after the last administration, the animals were euthanized by 

exsanguination after intraperitoneal injection of 300 mg/kg bw of ketamine and 30 mg/kg 

bw of xylazine. Blood samples were collected, the trachea exposed for bronchoalveolar 

lavage (3 x 5 mL of PBS) and bronchoalveolar lavage fluid (BALF) collected and stored at 

-80ºC until analysis. BALF was screened for total number of nucleated cells (Turk’s 

solution staining), protein content (BCA assay), relevant inflammatory cytokines and 

chemokines (TNF-α, IL-6, CINC-3 ELISA kits) and lactate dehydrogenase. Serum 

samples were screened for the development of insulin autoantibodies using an ELISA kit 

according to the manufactures’ instructions. Serum was obtained after centrifugation 

(10000 rpm for 20 min) of whole blood and stored at -80 °C until analysis.  

 

2.6. Histological analysis 

 

After euthanasia samples of the lungs, liver and heart were collected and processed for 

hematoxylin and eosin (H&E) staining and light microscopy histological assessment. 
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Briefly, the tissues were fixed with 4% paraformaldehyde for 24 hours and processed 

automatically in a Spin Tissue Processor STP120 (Thermo Scientific, Germany) 

consisting in graded dehydrations steps in ethanol for 10 minutes each, followed by a 

diaphanization step using Clear-Rite® 3 for 10 minutes twice. Processing was finished by 

placing the tissues in liquid paraffin for 2 hours. Tissues were orientated according the 

plane of cut and, after paraffin solidification, sectioned with a thickness between 5-10 μm 

using a Leica RM2255 microtome (Leica Biosystems, Germany). The glass slides with the 

sections were allowed to dry overnight at 37°C before H&E staining.  

For the H&E staining, sections were dewaxed in Clear-Rite® 3 for 10 minutes and 

hydrated through graded alcohols to water for 2 minutes each. After the staining with Gill’s 

hematoxylin II solution for 5 minutes, sections were abundantly washed in tap water for 2 

minutes, and dehydration through graded alcohols for 2 minutes each. Then, sections 

were stained with eosin alcoholic solution for 3 minutes and dipped quickly three times in 

absolute alcohol. At last, sections were dipped in xylene three times and mount in Eukitt® 

quick-hardening mounting medium. 

 

2.7. Statistical analysis 

 

One-way ANOVA was used to investigate the differences between the formulations and 

controls. Post hoc comparisons were performed according to Tukey’s HSD test (p<0.05 

was accepted as significant different) using Prism 6.02 software (GraphPad Software, 

Inc., CA, USA). 

 

3. Results 

 

3.1. Pharmacological activity of insulin-loaded polymeric micelles 

 

The hypoglycemic effect of powder formulations and insulin solutions administered to 

fasted diabetic rats was assessed up to 24h. The plasma glucose levels versus time after 

endotracheal instillation of powders, insulin solution and subcutaneous administration of 

insulin solution are depicted in Figure 6.1, and the PA values expressed in Figure 6.2. The 

mean plasma glucose level at time 0 (baseline value) was taken as 100%. Between 8 

hours and 24 hours, a drop on the plasma glucose levels was observed for the majority of 

formulations, which could be related to the fasting state of animals. 
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Figure 6.1 Plasma glucose levels as the percentage of the plasma glucose levels at time 0 after 

subcutaneous administration of insulin solution (10 IU/kg), endotracheal instillation of insulin 

solution (10 IU/kg) and SOL, F68-based powders (10 IU/kg) (A), F108, F127-based powders (10 

IU/kg) (B), and powders without PBA (10 IU/kg) (C). Results are expressed as mean ± SD (n=6). * 

denotes significant differences of subcutaneous administration compared to endotracheal 

administration of insulin. 
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Endotracheal instillation of insulin (10 IU/kg bw) promoted a lower hypoglycemic effect, 

with an initial reduction at 0.5-1 hours for F68 and F127-based powders, followed by a 

continuous slow decrease of plasma glucose levels. Insulin solution SOL and F108-based 

powders didn’t promote a significant reduction of glucose levels effect over time. 

Subcutaneous administration of 10 IU/kg insulin promoted a decrease of plasma glucose 

levels reaching a minimum decrease to 17.6% of its initial value 6 hours after 

administration. 

 

Figure 6.2 Pharmacological availability (PA) values of insulin after subcutaneous administration of 

insulin solution (10 IU/kg), and endotracheal instillation of insulin solution (10 IU/kg), SOL, F68, 

F108, and F127-based powders (10 IU/kg). Results are expressed as mean ± SD (n=6). 

 

Excepting for F68-based powders, the presence of PBA significantly increased the PA 

values, thus increasing the hypoglycemic effects of formulations. Inhaled insulin solution 

showed the lowest hypoglycemic effect as observed by the plasma glucose profile and the 

low PA value (5.6%). 
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Figure 6.3 Serum insulin levels 4 hours and 24 hours after subcutaneous administration of insulin 

solution (10 IU/kg) and endotracheal instillation of insulin solution (10 IU/kg) and SOL, F68, F108, 

F127-based powders (10 IU/kg). Results are expressed as mean ± SD (n=6). a denotes significant 

differences of subcutaneous administration compared to subcutaneous administration of insulin, 

and b denotes significant differences of subcutaneous administration compared to endotracheal 

administration of insulin. 

 

Serum insulin levels of formulations at 4 and 24 hours presented in Figure 6.3 showed 

small differences that could be related to differences in deposition, release and absorption 

of insulin, although without statistical significance. 

 

3.2. Sub-acute toxicity 

 

The sub-acute toxicity of formulations was assessed after 14-days of exposure. In 

general, no differences in cell count, protein content, LDH and TNF-α levels in BALF of 

animals treated with formulations was observed compared to control animals (Figure 6.4). 

Additionally, CINC-3 and IL-6 were not detected in the BALF of both treated and control 

animals.  
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Figure 6.4 Levels of pulmonary toxicity markers in bronchoalveolar lavage fluid (BALF) after 14-

days administration of insulin solution (10 IU/kg), insulin-containing SOL, F68, F108, F127-based 

powders (10 IU/kg), and PBS as negative control: Total nucleated cells (A), total protein content 

(B), LDH levels (C), and TNF-α levels (D). Results are expressed as mean ± SD (n=5). * denotes 

significant differences (p<0.05) compared to endotracheal administration of PBS. 

 

Also, no changes in the bw of animals was registered during the experimental period 

(Figure 6.5). 

Blood samples were also screened for the development of antibodies against insulin and 

the results are displayed in Table 6.1. According to the ELISA kit used, all the samples 

showed to be negative for the presence of IAA (negative <0.95, borderline 0.95-1.05, and 

positive >1.05). 
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Figure 6.5 Body weight fluctuation of animals during 14 days administration of PBS, insulin 

solution (10 IU/kg), insulin-containing SOL, F68, F108, and F127-based powders (10 IU/kg). 

Results are expressed as mean ± SD (n=5). 

 

 

Table 6.1 Insulin autoantibodies (IAA) ratio value of PBS, insulin solution (10 IU/kg), insulin-

containing SOL, F68, F108, and F127-based powders (10 IU/kg) after 14-days administration. 

Results are expressed as mean ± SD (n=5). 

Formulation IAA ratio value (U/mL) 

PBS 0.061±0.004 

Insulin solution 0.061±0.007 

SOL:Ins 0.065±0.004 

SOL:Ins:PBA 0.062±0.006 

F68:Ins 0.058±0.005 

F68:Ins:PBA 0.061±0.006 

F108:Ins 0.055±0.006 

F108:Ins:PBA 0.061±0.010 

F127:Ins 0.062±0.007 

F127:Ins:PBA 0.063±0.010 

 

After euthanasia of animals, selected organs were collected and processed for histological 

analysis. The histological sections of lungs, liver and heart are displayed in Figure 6.6, 6.7 

and 6.8, respectively. No significant histological changes were observed in animals 

treated with insulin solution and formulations compared to PBS. 



 

144 
 

 

 

 

 

 

 

Figure 6.6 Photomicrographs of lung tissue from animals 24 hours after the last administration. Animals treated with PBS (A), insulin solution (B), insulin-

loaded SOL (C), SOL:PBA (D), F68 (E), F68:PBA (F) F108 (G), F108:PBA (H), F127 (I), and F127:PBA (J)-based powders. H & E staining with a 

magnification of 40X. Scale bars are 20 µm. 
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Figure 6.7 Photomicrographs of liver tissue from animals 24 hours after the last administration. Animals treated with PBS (A), insulin solution (B), insulin-

loaded SOL (C), SOL:PBA (D), F68 (E), F68:PBA (F) F108 (G), F108:PBA (H), F127 (I), and F127:PBA (J)-based powders. H & E staining with a 

magnification of 40X. Scale bars are 20 µm. 
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Figure 6.8 Photomicrographs of heart tissue from animals 24 hours after the last administration. Animals treated with PBS (A), insulin solution (B), insulin-

loaded SOL (C), SOL:PBA (D), F68 (E), F68:PBA (F) F108 (G), F108:PBA (H), F127 (I), and F127:PBA (J)-based powders. H & E staining with a 

magnification of 40X. Scale bars are 20 µm. 
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4. Discussion 

 

The therapeutic effect of inhaled formulations for systemic delivery of proteins is a 

complex balance between deposition profile of particles in the respiratory system, release 

from the formulation, degradation, uptake by macrophages and elimination by other 

defense mechanisms, and absorption to the bloodstream. Encapsulation of proteins for 

inhalation has been described to increase its bioavailability by protecting from degradation 

and increasing the transepithelial transport, explaining the higher PA values of powder 

formulations compared to insulin solution (Figure 6.2). Formulations presented different 

pharmacological profiles, which are related to its characteristics. The higher PA value of 

F127-based formulations (28.9%) could be explained by the high FPF (Table 4.4, Chapter 

4), the low uptake by macrophages (Table 5.4, Chapter 5), and the enhanced permeation 

through pulmonary cell lines (Table 5.2, Chapter 5) observed for this formulation. Despite 

the lower FPF of F68-based powders, the release of >85% of insulin in the first 15 min 

could be related to the PA values (18.6-32.5%) of these formulations (Figure 4.8, Chapter 

4). On the other hand, the controlled release of insulin from SOL-based powders (<55% in 

24 hours), the low permeation through pulmonary cell monolayers, and the apparent lower 

maintenance of insulin conformation after lyophilization (Table 4.2, Chapter 4), could lead 

to the low PA value (6.9%) observed, while PBA containing micelles, due to the higher 

permeation present higher pharmacological activity (PA of 18.9%). Regarding F108-based 

powders, the PA value of 13.2% could be a result of the lower FPF and a higher uptake by 

macrophages. The higher release of insulin observed for PBA containing micelles of SOL, 

F108 and F127, explaining the higher PA values observed when compared to micelles 

without PBA (18.9%, 23.3% and 38.4%, respectively). On the other hand, the lower 

permeation of F68 micelles containing PBA could be responsible for its lower PA value. 

As referred in Chapter 5, Pluronic® polymers have shown to interfere with the cellular 

membrane and alter its microsviscosity/fluidity (85), influencing the epithelial permeability. 

It has been demonstrated that the polymers with intermediate length of PEG blocks and 

lipophilicity interfere at a higher extent with the membrane (85), which could also 

contribute to the higher permeation and pharmacological availability exhibited by F68 and 

F127. 

Besides alveolar macrophages, the mucus presented in the airways represents an 

important mechanism of defense that prevents particles from reaching the mucosa by 

hindering its movement (544). The shell of micelles of both SOL and Pluronic® is 

composed by PEG, which was shown to provide particles with stealth and mucus 

penetrating properties when at its surface. Thus, the developed powders could present 



Self-assembled polymeric micelles as powders for pulmonary administration of insulin 

_______________________________________________________________________ 

148 
 

some mucus penetrating properties, enabling insulin to be absorbed at bronchial level in 

addition to the alveolar area. The capacity to avoid interactions with mucins and penetrate 

through its chain network is dependent on the MW of PEG and the surface coating 

density, being the mobility inversely proportional to the PEG MW and directly proportional 

to the PEG surface density (545). F68, F127, SOL and F108 possess PEG chains with 

approximate 4000, 5000, 6000 and 7000 g/mol, respectively. Additionally, SOL is 

composed by 13 % of PEG, while Pluronic® possesses a PEG density of 70-80 %. Hence, 

F68 and F127 should present the highest bronchial absorption, whereas SOL the lowest, 

in correlation with the observed PA values. 

The quicker reduction of plasma glucose levels observed for F68 and F127-based 

powders indicates that inhaled insulin could be absorbed more rapidly than subcutaneous 

insulin, and correlates with the serum insulin levels at 4 hours (Figure 6.3). Other inhaled 

formulations, including Afrezza® and Exubera®, showed faster absorption and onset of 

action of inhaled insulin over subcutaneous administration (325, 495, 511) that is related 

to physiologic characteristics of lungs like large surface area, thin epithelial barrier, 

extensive blood supply, and lower enzymatic activity and efflux systems (224), making 

them a good place for absorption of compounds, including proteins. 

Despite the possible quicker absorption, the lower hypoglycemic effect of inhaled insulin 

compared to subcutaneous insulin could be explained by the amount of insulin 

administered and available to be absorbed. Since FPF do not correspond to the total of 

the aerosolized formulation, the amount of insulin deposited in the peripheral lung and 

available to be absorbed is far from the theoretical 10 IU/kg administered. Also, after 

endocytosis by alveolar cells, insulin is partially degraded in the lysosomes by proteolytic 

enzymes (546). Additionally, the mixture of anesthetics used in this study has been shown 

to induce glucose intolerance with an increase of plasma glucose levels in rats up to 5 

hours after intraperitoneal injection (547). That phenomenon could be behind the 

observations reported for the animals administered with inhaled insulin, since in that case 

the administration was performed under anesthesia, unlike in the subcutaneous insulin 

group. 

A variety of formulations intended for pulmonary administration of insulin have been 

developed and proposed in the last decade, including Exubera® and Afrezza® (392). For 

example, insulin-loaded PLGA microcapsules promoted a sustained release of insulin and 

a prolonged hypoglycemic effect compared to subcutaneous administration of 4 IU per 

animal (495), a higher dose than that tested in this study (2-2.5 IU per animal). The 

complexity of inhalation, in addition to the differences inherent to each formulation, and 
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the in vivo study design render an adequate comparison of the different formulations very 

difficult. 

The sub-acute toxicity of formulations was assessed after 14 days of exposure. The 

intraperitoneal injection of the combination of anesthetics at the dose used in this study 

showed to promote localized tissue damage with muscle necrosis, and a transient 

increase in serum aspartate transaminase, alanine transaminase, and creatine kinase 

levels (548). Furthermore, neurotoxicity of ketamine has also been reported (549). For this 

reason, and since diabetic animals have impaired wound healing, it was decided that the 

administration of formulations would be performed every two days rather than daily. One 

day after the last administration, bronchoalveolar lavage was performed and BALF 

collected for pulmonary toxicity markers screening, namely total nucleated cells, protein 

content, and LDH, TNF-α, IL-6 and CINC-3 levels. Additionally, blood samples were 

analyzed for the presence of IAA. F127-based formulations produced an increase of the 

total protein on BALF compared to PBS, which could be related to the enhanced alveolar-

capillary permeability observed in vitro. However, no differences on membrane damage 

(LDH content) and inflammatory induction and response (TNF-α, IL-6, CINC-3, and 

nucleated cell counts) (Figure 6.4), nor weight loss (Figure 6.5) were observed among 

controls and experimental groups, indicating the absence of significant toxicity of 

formulations.  

Additional histological evaluations were performed in lung (Figure 6.6), liver (Figure 6.7) 

and heart (Figure 6.8) tissues. No histopathological changes in lungs as acute infiltration 

of neutrophils, edema in alveolar sacs or significant alveolar septal thickening, typically 

observed in acute pulmonary irritation and inflammation (495), were observed in this 

study. Alterations on liver and heart of treated were also absent. Overall, no signs of 

tissue damage in important organs were observed in animals treated with inhaled insulin 

formulations, compared to the negative control (PBS). 

Alongside with the low bioavailability of insulin presented by Exubera® or the development 

of cough and difficulties in managing the inhaler device, the development of antibodies 

against insulin (319) opened the debate regarding the long-term efficacy and safety of the 

product (550). In this study, the serum of both treated and control animals was negative 

for the presence of IAA (Table 6.1), as determined by ELISA for qualitative determination 

of IgG antibodies to insulin. Although some studies have failed to establish a correlation 

between increased levels of IAA and clinically relevant alterations in respiratory or 

metabolic parameters of patients treated with inhaled insulin (551, 552), the development 

of low levels of antibodies against insulin or their absence could be beneficial parameter in 

the development of new and improved inhaled formulations. 
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5. Conclusions 

 

The association of insulin to polymeric micelles improved the efficiency of the protein by 

increasing its hypoglycemic effect and bioavailability as compared to its free solution form. 

The higher release of insulin from micelles observed in vitro could be related to the higher 

pharmacological activity presented by PBA-containing formulations. No inflammation 

induction or cytotoxicity was promoted by pulmonary administration after 14-days of 

exposure. In addition no weight loss or tissue damage were observed, indicating the 

absence of significant sub-acute toxicity of the formulations. The presence of PBA did not 

alter the toxicity profile of micelles. Also, was not observed the development of antibodies 

against insulin, indicating the absence of significant immunogenicity of insulin when 

associated to micelles. 

In this work, we have achieved formulations with promising pharmacological and 

toxicological features for inhalation of insulin, especially the ones based on F127, as 

predicted by in vitro assessment. Polymeric micelles have shown to be feasible delivery 

systems for pulmonary delivery of insulin. These systems could serve as a platform for 

future development of improved dry powder inhalers of other proteins and 

biopharmaceuticals. 
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Chapter 7 

 

General conclusions and future perspectives 
 

 

 

The importance of inhalation as a route for both local and systemic administration of 

drugs, including therapeutic peptides and proteins, gained a new breath in the last 

decades. This is a result of the important advances observed in the field of molecular 

biology and particle engineering technology, which in turn, have allowed the development 

of new and improved formulations. Also, new insights on the understanding of aerosol 

mechanics boosted the development of innovative inhalation devices with improved 

aerosolization properties and adapted for the challenges imposed by the new 

formulations. Still, the development of efficient and safe formulations for pulmonary 

delivery of drugs imposes numerous challenges. 

In these work it was pursued to achieve a formulation for pulmonary administration of 

insulin based on nanotechnology. Polymeric micelles prepared by thin film hydration 

technique were chosen owing to its easy production, small size, versatility to encapsulate 

both hydrophobic and hydrophilic compounds, and higher stability compared to liposomes. 

Insulin, used as model protein, was associated to polymeric micelles composed by 

different polymers, namely SOL, F68, F108 and F127 up to a polymer:insulin ratio of 10:1. 

PBA was added to the system to provide them with glucose sensitive properties. From the 

different conditions tested, the combination of ethanol and methanol mixed in equal 

proportions as evaporation solvent, and PBS as hydration solvent was selected to 

produce micelles of small size (≤ 200 nm for the majority of formulations), neutral surface 

charge, spherical shape and high protein association.  

In order to increase the formulations stability and to produce solid systems for inhalation 

based on nanocomposites, micelles were lyophilized. Lyophilization promoted a slight 

aggregation of particles, although, due to the inherent lyoprotectant properties of PEG 

present in the polymers used, this effect was not significant for the majority of 
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formulations. By that, no additional cryoprotectans were required, which simplifies the 

formulation and could impact in their stability and safety profile. Dispersed 

nanocomposites originate neutral charged micelles generally lower than 300 nm, 

foreseeing a possible increase in the bioavailability of insulin by a reduction in the 

recognition of micelles by alveolar macrophages. Importantly, the lyophilized systems 

preserved the native-like secondary structure of insulin to a good extent, potentially 

maintaining its activity as assessed by FTIR and far-UV CD.  

XPS analysis confirmed the expected core localization of PBA and the shell localization of 

insulin into micelles, owing to its mainly hydrophobic and hydrophilic nature at neutral pH, 

respectively. Insulin was also partially detected at the surface of micelles, excepting for 

F108 micelles, due to the higher MW of PEG portions of the polymer. Also, no significant 

interactions between the different components of the systems were detected by DSC and 

micro-Raman spectroscopy. 

Nanocomposites of low density and high mean geometrical diameter, presented 

theoretical aerodynamic diameters compatible with good deposition profiles in the 

respiratory tract. However, morphological analysis and determination of Carr’s index and 

Hausner ratio predict flowability limitations. Nevertheless, in vitro determination of FPF 

and MMAD evidenced good aerosolization properties. 

Insulin release from the formulations depends on the polymer used, being fast for F68 and 

controlled for SOL-based systems. Thus, both fast and long-acting insulin formulations 

were achieved. Despite promote the faster in vitro release of insulin from the micelles, 

PBA did not modify the release profile of insulin in the presence of glucose. Since PBA 

was mainly in the core of micelles, it was not available to react with the glucose present in 

the media. 

Regarding the stability of formulations, the lyophilized powders were stored at 4 and 20 ºC 

for 6 months and the size, surface charge and insulin conformation analyzed over time. 

No significant differences on the characteristics of micelles were observed up to six 

months. Additionally, the native-like structure of insulin was maintained, which could be 

attributed to the amorphous state of the protein in the lyophilized systems as evidenced by 

XRD, DSC, and micro-Raman spectroscopy. 

After production and physical and chemical characterization, biological assessment of 

formulations was performed resorting pulmonary epithelial cells lines and macrophages. 

No significant signs of cytotoxicity were observed as determined by MTT and LDH 

leakage assays, thus, no substantial toxicity is expected at therapeutic doses. 

Furthermore, some formulations, especially F127-based systems, were able to increase 

the permeation of insulin across bronchial and alveolar epithelium, without damage the 
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membrane integrity. All the formulations were partially taken up by macrophages, being 

the percentage internalization lower to F127-based powders.  

Lastly, in vivo pharmacological activity and sub-acute toxicity of formulations were 

assessed through endotracheal instillation to a streptozotocin-induced diabetic murine 

model. The association of insulin to polymeric micelles improved its therapeutic activity by 

increasing its hypoglycemic effect and bioavailability as compared to its free solution form. 

The addition of PBA to micelles, in general increased the PA of formulations, which could 

be related to the higher release of insulin from the micelles when PBA is present. Sub-

acute toxicity of formulations was assessed by quantification of inflammation and toxicity 

markers present on BALF and histological analysis of selected organs after multiple 

administrations during 14 days. No signs of inflammation induction, cytotoxicity or tissue 

damage were observed after 14 days of exposure. Additionally, no weight loss neither the 

development of antibodies against insulin was detected, indicating the absence of 

significant sub-acute toxicity of the formulations. The presence of PBA did not affect the 

toxicity profile of formulations. 

In conclusion, solid formulations based on amphiphilic polymers with appropriate 

characteristics for pulmonary delivery of insulin and good storage stability were achieved. 

Additionally, they present promising in vitro and in vivo pharmacological and toxicological 

features for inhalation of proteins. Above all the polymers, F127 showed to originate 

powders that redisperse into micelles of small size, present good aerosolization 

properties, work as permeability enhancer of insulin and efficiently avoid the particles to 

be taken up by macrophages. These formulations serve as a platform for future 

development of improved dry powder inhalers of therapeutic peptides and proteins. 

Future improvements in the aerodynamic properties of formulations such as addition of a 

coarse carrier or the use of different inhaler device should be explored. Also a different 

technique for powder production, namely spray-drying, should be tested to produce 

spherical solid particles with better aerodynamic properties.  

Regarding glucose sensitive properties, grafting PBA to the hydrophilic segments of the 

polymers could be a possible approach to ensure the presence PBA more at the surface 

of the micelles. Conjugation of insulin to PBA before association to micelles is also a 

possibility. 

Following the evolution that has been observed in this field during the recent years, is 

expected in the near future an increase in the development of formulations based on 

nanocarriers to improve the properties of several drugs. Due to the well-known 

advantages presented by these systems would not be surprising to see an exponential 

increase of marketing authorization and commercialization of nanotechnology products, 
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with particular emphasis for administration of therapeutic peptides and proteins by other 

routes than the parental one, including the promising inhalation route. 
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