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Abstract 
	  

Currently available drug-based therapies have frequently solubility problems, can lead to side-

effects, require the administration of multiple doses and are characterized by instable 

pharmacokinetics. Nanoparticles (NPs) as drug carriers allow the mitigation of these limitations 

because they protect the drug from external environment, can present a controlled drug release and 

can be targeted to a specific anatomical site. These advantages may be accomplished by adjusting the 

properties of the NPs, particularly their size. The aim of this thesis was to systematically study and 

optimize the production of poly(lactic acid) (PLA) NPs with defined sizes through nanoprecipitation. We 

performed biological and drug loading/release assays for a selected group of NPs, with two distinct 

sizes. 

In the optimization stage, we analyzed the effect of various aqueous/organic volume ratios, as 

well as different quantities of surfactants or other molecules, on the size of NPs. The optimized NPs 

were further characterized morphologically by two different microscopic techniques: scanning electron 

and atomic force microscopies. NP long-term stability was evaluated by measuring regularly their size, 

polydispersity index and surface electrical potential. A corticosteroid model, prednisolone, was used to 

validate the efficacy of drug loading and release in the NPs. After drug loading, its release was studied 

using dialysis membranes kept immersed in a water bath at constant temperature and continuous 

agitation. We succeeded loading prednisolone in the NPs with drug release verified during 24 h. We 

assessed cytotoxicity and internalization of the NPs by direct contact assays with both endothelial and 

fibroblastic cells. The biological results evidenced that NPs were generally cytocompatible with both 

cell types for the studied range of concentrations. We noticed cell internalization in the case of the 120 

nm NPs in contact with endothelial cells. 

Our results confirm that PLA NPs with specific ranges of sizes can be produced. Moreover, 

these NPs were considered non-cytotoxic, were selectively internalized by endothelial cells and 

presented drug loading and release kinetics dependent on the NP size. Our findings contribute to the 

knowledge on the influence of NPs production parameters on NP properties, crucial in the 

development of NPs for a specific biomedical application. 

 

Keywords: poly(lactic acid) nanoparticles, nanoprecipitation, nanoparticle size, nanoparticle 

zeta potential, cell internalization, corticosteroid. 
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Resumo 
	  

 Actualmente, as terapias disponíveis baseadas em fármacos apresentam problemas de 

solubilidade, podem levar a efeitos secundários, requerem a administração de múltiplas doses e são 

caracterizadas por farmacocinéticas instáveis. Nanopartículas (NPs), como carregadores de fármacos, 

permitem a mitigação destas limitações porque protegem o fármaco do ambiente exterior, podem 

apresentar uma libertação controlada de fármaco e podem ser direccionadas para locais anatómicos 

específicos. Estas vantagens podem ser conseguidas pelo ajuste das propriedades das NPs, 

nomeadamente o seu tamanho. O objectivo desta tese foi o estudo sistemático e a optimização da 

produção de NPs com tamanhos definidos através da nanoprecipitação. Foram realizados ensaios 

biológicos e de carregamento/libertação de fármaco para um grupo seleccionado de NPs, com dois 

tamanhos distintos. 

 No passo de optimização, foi analisado o efeito de vários rácios volumétricos 

aquoso/orgânico, assim como de diferentes quantidades de tensioactivos ou outras moléculas no 

tamanho das NPs. As NPs optimizadas foram depois caracterizadas morfologicamente através de 

duas técnicas microscópicas diferentes: microscopias de varrimento electrónico e de força atómica. A 

estabilidade a longo-prazo das NPs foi avaliada através da medição regular do tamanho, índice de 

polidispersividade e potencial eléctrico de superfície. Um modelo de corticosteróide, prednisolona, foi 

usado para validar a eficácia de carregamento e libertação de fármaco nas NPs. Após o carregamento 

de fármaco, a sua libertação foi estudada usando membranas de diálise imersas num banho de água 

a temperatura constante e agitação contínua. O carregamento de prednisolona nas NPs foi 

conseguido e a libertação de fármaco foi verificada durante 24 h. A citotoxicidade e internalização das 

NPs foram avaliadas através de ensaios de contacto directo com células fibroblásticas e endoteliais. 

Os resultados biológicos evidenciaram que as NPs são geralmente citocompatíveis com ambos os 

tipos celulares, para as gamas de concentrações testadas. Foi observada internalização celular para o 

caso de NPs com 120 nm em contacto com células endoteliais. 

Estes resultados confirmam que NPs de PLA com gamas específicas de tamanhos podem ser 

produzidas. Além disso, as NPs testadas são consideradas não-citotóxicas, foram selectivamente 

internalizadas pelas células endoteliais e apresentaram um carregamento de fármaco e cinética de 

libertação dependente do tamanho das NPs. Os resultados contribuem para o conhecimento da 

influência dos parâmetros de produção de NPs nas propriedades das NPs, crucial no desenvolvimento 

de NPs para uma aplicação biomédica específica. 

 

Palavras-chave: nanopartículas de poli(ácido láctico), nanoprecipitação, tamanho das 

nanopartículas, potencial zeta das nanopartículas, internalização celular, corticosteróide. 
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Organization of the dissertation 
	  

This thesis is divided in four chapters: ‘Introduction’, ‘Materials and Methods’, 

‘Optimization of the Size of PLA Nanoparticles for Cellular Internalization and Drug Release’ 

and ‘General Conclusions and Future Work’. 

The introductory chapter provides an extended review of the literature in the field of 

nanoparticles (NPs) for biomedical applications. Besides presenting a literature analysis, this 

chapter also provides an identification of the major constraints and opportunities in the 

specific area of synthetic polymeric NPs for drug delivery. Additionally, we also describe in 

this chapter the motivation and objectives of this dissertation work. 

The second chapter, entitled ‘Materials and Methods’, describes the methodologies 

and techniques used in NPs production, characterization and biological assays, as well as the 

characteristics and properties of the main reagents used in the NPs production. This chapter 

intends to provide a more detailed description of the methodologies and materials than the 

one provided on chapter three. 

The third chapter, entitled ‘Optimization of the Size of PLA Nanoparticles for Cellular 

Internalization and Drug Release’, presents the results, discussion and conclusions of the 

developed laboratorial work in the format of a manuscript to be submitted for publication in a 

peer reviewed international scientific journal. 

The fourth and last chapter, entitled ‘General Conclusions and Future Work’, 

describes the main conclusions drawn from the developed work and our findings for the 

scientific community. Additionally, we discuss the limitations of the experimental work 

developed and challenges that still require further work for the development of the NPs in the 

biomedical research area. Future research directions are also identified as critical for the 

extraction of the maximum potential of this class of drug delivery devices. 
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Chapter 1 – Introduction 
	  

This first chapter presents a literature review on NPs covering the variety and specificity of 

NPs to be used in biomedical applications. Information is given about the properties of NPs, 

particularly their size, polydispersity index, shape and surface. NPs targeting to a specific anatomical 

site is also covered, and both the active and passive approaches are reviewed. The main NP types 

(organic and inorganic) available for drug delivery, imaging and diagnosis are described. In the first 

group, micelle, dendrimer, liposome, compact polymeric (nanospheres and nanocapsules) and hybrid 

NPs are analyzed. On the second group, gold, fullerene, quantum dot and silica NPs are analyzed. 

Particular attention is given to synthetic polymeric NPs due to their high relevance in biomedicine. We 

also describe the main available NPs production methods based on the dispersion of a preformed 

polymer or based on the polymerization of monomers. For each of the methods, we provide several 

examples of techniques available. The biomedical applications of the synthetic polymeric are also 

described. A critical analysis on the development of the NPs for biomedical applications is also 

included. 

This chapter ends with a section analyzing the motivations and objectives of the dissertation 

work. 

1.1 Nanocarriers and their specific advantages 
Currently available methods for drug delivery are characterized by daily or more frequent 

administrations1. Despite several routes may be used to deliver the drug, not all of them are suitable 

for all types of molecules. In fact, oral route cannot be used to deliver drugs that may be degraded in 

the digestive tract1. Frequently, the available methods for drug delivery have low solubility in aqueous 

media, reducing the bioavailability of the drug2. The recurrent side-effects are also a problem of these 

methods3. Then, various alternative candidates to effectively and safely delivery drugs have been 

investigated. 

Biomaterial devices have been tailored at a micro- and nanoscale to be used in medicine. The 

devices can be produced with different shapes (i.e. particles, fibers, rods, discs) for drug delivery of a 

variety of molecules. 

Microparticles (MPs), defined as particles whose size ranges from 1 to 1000 µm have been 

studied4. They can be administered by different routes, such as intranasally5, subcutaneously6 or 

orally7. Additionally, they have high specific surface area when comparing with macroparticles, which 

ensures high quantity of functional groups for chemical reactions8. Stable suspensions containing MPs 

characterized by narrow size dispersion and presenting constant size along time, can be obtained8. 

Gellan-gum9, chitosan10–12 or dextran13 are just examples of a broad range of biomaterials used to 

produce these MPs. MPs can be tailored to avoid clearance mechanisms from the body, by increasing 

for example their hydrophilicity14. Moreover, they can be targeted to specific anatomical sites of the 

human body15. When used as drug delivery devices, MPs are able to entrap efficiently active agents, 

taking into account the hydrophobic or hydrophilic drug character, protecting the drug from undesired 

premature degradation and interactions with the biological environment16.  
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Nanoparticles (NPs) are regarded as nanoentities whose size ranges from 10 to 1000 nm17. 

Besides sharing all the above-mentioned MPs advantages18–23, NPs also have the capability to 

overcome several limitations of MPs. In fact, due to their smaller size, they present much higher 

specific surface area, because the total surface area of a particle is inversely proportional to its 

diameter8. Moreover, this reduction in size enables an easier administration. As a matter of fact, NPs 

are more suitable for parenteral administration, while MPs are commonly used as implants24, since the 

capillaries have 5 - 6 µm in diameter25. Additionally, the uptake efficiency of nanostructures into mice 

gastrointestinal tissue was reported to be 15 – 250 times higher than that particles with sizes in the 

range of 1 - 10 µm 26. Furthermore, NPs have sizes in the same range of the entities controlling basic 

cellular functions27. In addition, some properties are size-dependent and only found in the nanoscale, 

such as optical response or magnetism27, allowing their use also as diagnosis/imaging devices. 

1.2 NPs properties 
The properties of the NPs influence their behavior in vivo. Particularly, morphological 

properties like shape and size, can influence NPs circulation and targeting within the body28,29. These 

properties are also responsible for variations in the degradation rate of NPs and drug release 

kinetics30. The shape and size of NPs are also responsible for specific cell signaling31. NPs surface 

properties and the presence/absence of targeting ligands can also influence NPs behavior within a 

biological system32,33. Being all these NPs properties somehow related, it is difficult to define which of 

them will ensure a particular biological effect. Additionally, small variations in only one of these 

properties can, in fact, potentiate enormous changes in the other NPs performance. 

 

1.2.1 Size and polydispersity index 
Ideally, NPs should be in circulation until they reach the target anatomical site. However, the 

immune system can contribute to their elimination, due to NP recognition by the reticulum endothelial 

system (RES)34. Alternatively, mechanical filtration by the lungs, liver, kidneys or spleen can lead to 

NPs clearance34. Size, among other properties, is very important regarding particle elimination. A 

schematic representation of the distribution of particles with different sizes after intravenous 

administration is presented on Figure 1.1. 

Studies have reported that MPs larger than 7 µm are filtered mechanically, being entrapped in 

the capillary network of the lungs35,36. Particles with diameters in the range of 0.1 - 7 µm are detected 

by the RES in the liver or spleen, being phagocytized by Kupffer cells or by spleen macrophages, 

respectively35,37,38. If the particle diameter is lower than 100 nm, it will remain in the blood vessels 

within fenestrae of the endothelial lining39, since the possibility of being uptaken by macrophages or 

recognized by opsonins is reduced. The smallest NPs, with diameter inferior to 6 nm, suffer from 

glomerular filtration in the kidneys40–42. 
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Figure 1.1: Expected body distribution of intravenously administration of particles with different sizes. 

Size also affects the rolling velocity, diffusion and adhesion of particles43. In fact, it was shown 

that larger microspheres roll faster than smaller microspheres29. Regarding NPs adhesion, as their 

size increases, their attachment rate decreases29. This fact can influence cellular internalization of 

NPs because this phenomenon can be influenced by a previous step of particle adhesion to cells29,44. 

This can be explained by the need of specific and essential interactions in order to endocytosis 

occur44. Works dedicated to study the influence of the size of gold NPs in the cell internalization have 

inconsistent results. While some researchers argue that smaller gold NPs are better internalized than 

larger NPs45, others claim that, no linear correlation exists and that there is an optimal NP size for 

cellular internalization46. This incongruence might be explained by the use of different cell types with 

different biological characteristics. 

NPs diameter and surface area also have a fundamental role in drug delivery applications, if 

the drug release relies on NPs matrix degradation. For instance, poly(lactic-co-glycolic acid) (PLGA) 

NPs and MPs were used to assess the kinetics of degradation and release of loaded proteins47. At 

initial time points, smaller particles presented faster degradation and protein release rates than larger 

particles47. 

Additionally to the size, it is important the polydispersity index (PDI) of NPs suspensions. This 

index gives information about the sizes of NPs present in a given suspension. Basically, the 

suspension contains particles with increasingly different sizes as the value of the PDI increases. NPs 

PDI, besides NPs size, is a very important parameter because the presence of a polydisperse 

suspension can lead to unexpected variations in the NPs behavior25. 

 

1.2.2 Shape 
Recent reports have suggested a significant role of particle shape (sphere, ring, disc) in the 

circulation of NPs, distribution within the body, cellular uptake and general in vivo behavior34,48,49. 

The influence of the shape in the NPs transport within the human body was already evaluated 
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in several works39,50,51. While spherical particles move freely, particles with irregular geometry present 

much higher probability to align or tumble in vessels bifurcations or filtering organs50. For a spherical 

particle to pass through the spleen, it must have less than 200 nm in diameter52. However, if it is a 

disk-shape with a diameter around 7 µm and 150 nm in height, it can pass through this organ52. 

Additionally, it was already shown that nanospheres and nanocylinders are internalized more promptly 

than longer filaments, in vitro51. The circulation time after intravenous injection also depends on the 

shape. Spherical and cylindrical NPs were compared after intravenous injection in mice, and the 

results showed that cylinders are able to persist longer in circulation51. The interactions of albumin, 

present in the blood, with gold NPs is also dependent on NPs shape53. Cubic gold NPs were able to 

induce strong unfolding effects in albumin than the spherical counterparts53. Recent studies have also 

shown that particles having identical chemical composition but different shapes have different 

cytotoxicities: nanowires proved to be more toxic than spherical NPs54. A recent review covers the 

influence of non-spherical NPs in the delivery an anti-tumor drug49. 

 

1.2.3 Surface properties 
Distinct surface properties, such as hydrophobicity and surface charge, have been used to 

characterize NPs55,56. Hydrophobicity has huge relevance since it influences NPs clearance from the 

body due to RES action. Indeed, a decrease in the hydrophobicity leads to reduction of the nonspecific 

interactions with proteins. As a consequence, phagocytosis by macrophages is diminished57. 

NPs surface electrical potential, also known as zeta potential, is the potential of a particle or 

molecule due to its charge in a certain medium and gives the tendency for the particles to undergo 

aggregation58. In fact, as the absolute value of this surface electric potential increases, the repulsion 

between NPs is intensified58. Positively charged NPs are more nonspecifically internalized than their 

neutral or negatively charged counterparts23,59. Specifically for both dendritic cells and macrophages 

uptake, similar conclusions were reported59. In addition to charge-dependent, the tendency for 

internalization is also cell-dependent60. 

 

1.2.4 Targeting 
 After administration, it is desired that NPs, contrarily to other alternative therapies, have the 

ability to target a specific anatomical site (Figure 1.2), in order to reduce side effects over healthy 

tissues. To achieve this goal, targeting approaches, either passive or active, can be used. In the 

passive targeting, it is exploited the physicochemical/structural characteristics of the target site used to 

adjust the NPs properties27. As an example, NPs size can be reduced enough to allow taking 

advantage of the enhanced permeation and retention mechanism present in tumors, characterized by 

their characteristic leaky vasculatures61. On the other hand, in the active targeting, molecules are 

linked to the surface of the NPs to produce actively targeted NPs27. These molecules can be ligands, 

monoclonal antibodies, engineered antibody fragments, proteins, peptides, carbohydrates, nutrients, 

or aptamers23,27. The active targeting mechanism takes advantages of the highly specific interactions 

between the molecule present in specific tissues, cells or organelles within the body and a molecule 

linked at the surface of the NPs62. 
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Figure 1.2: Body distribution of conventional drug vs surface-modified NPs containing a drug, after oral 

administration. 

1.3 Types of NPs 
Depending on the application (i.e. diagnosis, imaging or therapy), different types of NPs 

(Figure 1.3) have been proposed63, being some of them used for more than one aim. In this section, 

NPs types are divided in two main groups: organic and inorganic NPs. The first group includes 

micelles, dendrimers, liposomes, hybrid and compact polymeric NPs. The second group includes 

fullerenes, quantum dots, silica and gold NPs. 
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Figure 1.3: Main types of NPs used in various applications; image not at scale. 

Micelles are nanostructures made of amphiphilic molecules, like polymers or lipids64. When 

exposed to aqueous environments, they hide their hydrophobic groups inside the structure and 

expose the hydrophilic groups. On the other hand, when in lipid-rich environments, their structure may 

organizes in a reverse way64. Poorly water-soluble drugs can be loaded into the micelles hydrophobic 
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core, while amphiphilic drugs align with the micelle amphiphilic structure with the drug polar groups 

near the micelle hydrophilic groups. Micelles are stable due to their hydrophilic shell and have 

prolonged circulation time in the blood43. 

A dendrimer is morphologically characterized by a branched structure grown from one or more 

cores. The size of these NPs is easily controlled by the number of generations that are allowed to 

grow over these cores. Dendrimers present difficulties regarding drug incorporation and release, being 

their synthesis quite time-consuming65. 

Liposomes are vesicles made entirely of lipidic compounds. The most common are the 

unilamellar liposomes whose size usually ranges from 100 to 800 nm27. These spherical structures are 

made of amphiphilic compounds and present high production cost and content leakage. As main 

advantages, they are completely biodegradable, compatible, non-toxic and non-immunogenic66. 

Compact polymeric NPs are nanostructures made entirely of natural or synthetic polymers. 

They are usually more stable than liposomes allowing sustained localized drug delivery for weeks, 

with reduced drug leakage64. In these polymeric nanostructures, the therapeutic agent can be 

eventually linked covalently. Alternatively, it can be adsorbed at the NPs surface or dissolved or 

entrapped within the NPs structure (nanospheres) or encapsulated inside a polymeric shell 

(nanocapsules)64,67. 

An intermediate type of NPs is the core-shell polymer-lipid hybrid NPs. In its structure a 

biodegradable hydrophobic polymeric core and a lipidic outer monolayer are present68. Alternatively, 

an inner polymeric core surrounded by an external lipid bilayer can be used69. Core-shell polymer-lipid 

hybrid NPs bring together complementary characteristics of both structures, namely higher stability, 

enhanced drug encapsulation yield and superior in vivo cellular delivery efficacy70. As drug delivery 

systems, the drug is usually encapsulated in the polymeric core, whereas the lipid outer layer reduces 

water diffusion rate, slowing down the kinetics of drug release70. Alternatively, hybrid NPs can be 

composed of an inorganic core surrounded by an organic shell, namely a metallic core surrounded by 

a polymeric shell63. 

Quantum dots, nanometric multifunctional inorganic fluorophores used in imaging, detection 

and targeting, are luminescent semiconductor crystals71–73. They are made of elements from groups 

II–VI or III–V, being their structure generally based on cadmium sulfide (CdS) and cadmium selenide 

(CdSe), that can be highly toxic71,74. As advantages, comparing to traditional fluorophores (organic 

dyes and fluorescent proteins), quantum dots present a broad absorption range and narrow emission 

spectra. In fact, they have tunable size emission with different wavelengths over a broad range of the 

light spectrum75. Additionally, quantum dots present high photostability76, being remarkably resistant to 

photobleaching77. The use of quantum dots is based on their unique chemical and physical properties, 

achieved due to their size and highly compact structure71. 

NPs can also be simply made of carbon molecules with various highly symmetric and stable 

forms, called fullerenes (allotrope of carbon)78. Buckminsterfullerene (C60), the most well-known 

fullerene, is a rigid icosahedron with 60 carbon atoms. In its structure, single bounds form pentagons 

and double bounds form hexagons79. Fullerenes disadvantages, such as the low solubility in organic 
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solvents, are overcome by their unique optic, electric and magnetic properties (such as 

superconductivity80), rendering them important devices in medical diagnosis and imaging81. 

Inorganic materials, such as gold, silver, platinum and silica, can also be used to produce 

NPs. Inorganic NPs can be prepared by different methods, forming a highly ordered and rigid three-

dimensional arrangement with metal or covalently linked atoms82. Their properties, such as size and 

shape, are almost not influenced by the in vivo conditions, unlike organic NPs82. However, inorganic 

NPs drawbacks have to be taken into account. In the case of metallic NPs, the impossibility to load 

drugs into their structure and their possible negative effects in blood have to be considered83,84. 

However, their high potential as magnetic responsive nanoentities is of great importance and has 

been extensively reviewed in the literature85. On the other hand, silica NPs have associated a 

cytotoxic effect related with an increase of reactive oxygen species levels and decrease of glutathione 

levels86. 

Among all types of NPs, the polymeric ones represent promising devices in the nanomedicine 

field, due to the fact that polymers, specifically the synthetic ones, have superior characteristics, 

besides the abovementioned properties87. Polymeric synthetic NPs are reviewed in more detail in the 

following section. Their main production methods, as well as applications are discussed. 

 

1.4 Synthetic polymeric NPs 

1.4.1 Production methods 
Synthetic polymeric NPs can be produced using two types of methods: ones based on the 

dispersion of a preformed polymer and others based on the polymerization of monomers. The first 

methods comprise the emulsification/solvent evaporation, emulsification/solvent diffusion, salting out, 

nanoprecipitation, dialysis and technologies based on supercritical fluids. The second group includes 

emulsion polymerization, interfacial polymerization and controlled/living radical polymerization. 

Emulsification/solvent evaporation is based on the formation of single or double-emulsions88. 

Single-emulsion preparation starts with the mixture of an organic solution containing a volatile and 

water immiscible solvent (in which the polymer and the drug are solubilized) with a solution containing 

water and a stabilizer. The resulting solution is sonicated or kept under high-energy homogenization, 

leading to the formation of an oil-in-water (O/W) emulsion. In the emulsification/solvent evaporation 

method, after the formation of the emulsion, solvent evaporation is conducted. In this step, NPs 

formation occurs due to polymer precipitation while the organic solvent is evaporated89,90. In the case 

of double-emulsion, the first emulsion is added to an aqueous solution to form water-in-oil-in-water 

(W/O/W) emulsion. The subsequent process until obtaining NPs is similar to the one referred for 

single-emulsion91. Despite of the high drug entrapment efficiencies, this technique is time consuming 

and have limitations regarding the scale-up due to the requirement of high energy for 

homogenization67,92. 

Emulsion/solvent diffusion is a technique similar to emulsion/solvent evaporation. In this case, 

the organic solvent used to dissolve the polymer and the drug is partially miscible with water. In this 

protocol, after mixing the two solutions as referred for emulsion/solvent evaporation, water is added in 
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order to surpass miscibility problems. Then, at one point, the organic solvent ends up by being 

dissolved in the water and, as a consequence, the polymer precipitates and the NPs are formed93,94. 

The removal of the solvent is achieved using cross-flow filtration93. Emulsification/solvent diffusion 

allows obtaining high encapsulation efficiencies and high batch-to-batch reproducibility and does not 

require the high-energy needed on the emulsion/solvent evaporation. However, it requires the 

elimination of high volumes of water from the final suspension67,92,95.  

The salting-out technique is an improved modification of the emulsion/solvent diffusion 

method96. Despite being also based on an emulsion, in the salting-out procedure, the solvent used for 

the preparation of the polymeric organic solution is totally water-miscible. On the other hand, in the 

aqueous solution an electrolyte, such as a salt, is present. This electrolyte hinders the mixture of the 

organic and aqueous solutions, due to a salting-out effect of the organic solvent. In the experimental 

procedure, the polymeric solution is added to a salty-aqueous phase and an O/W emulsion is created. 

Like in the emulsion/solvent diffusion method, water addition is necessary to promote the diffusion of 

the organic solvent into the aqueous solvent, leading to NPs formation. At the end, both solvent and 

the salting-out agent are eliminated by cross-flow filtration93,97. This technique can be used to load 

heat-sensitive molecules in the NPs, such as the emulsion/solvent diffusion process92,98. However, 

incompatibilities between salts and loaded drug can be a problem92,98. Additionally, it requires 

extensive NP washing steps for purification92,98. 

The nanoprecipitation, also called solvent-displacement, is based on a process described by 

Fessi 99. Similarly to the former process, nanoprecipitation is based on an organic/aqueous solvents 

mixture. Like in salting-out, the polymer and the drug are dissolved in a totally miscible organic 

solvent. However, in the aqueous phase no salts are present and no surfactant is required. NPs 

formation is instantaneous and happens as the organic phase is added to the aqueous phase under 

agitation100. Indeed, NPs are produced due to a rapid diffusion of the polymeric solution into the 

aqueous solution, leading to polymer precipitation and NPs formation 101. At the end, the organic 

solvent is removed by evaporation100. This technique does not require extended shearing/stirring 

rates, sonication or high temperatures100, contrarily to some emulsion processes. It allows obtaining 

high encapsulation efficiencies and does not require a surfactant, being an economic and simple 

process67. However, nanoprecipitation is limited to water totally miscible solvents and can only be 

used to efficiently incorporate lipophilic drugs into NPs67,92. 

A specific type of nanoprecipitation is the dialysis nanoprecipitation that can also be used to 

produce polymeric NPs. In this technique, both organic and aqueous phases are prepared as in 

nanoprecipitation. The polymeric solution is placed inside a dialysis membrane. At the outside, the 

aqueous solution is present. Basically, as the internal solvent diffuses through the dialysis membrane 

to the outside, polymeric NPs are formed due to the loss of solubility of the polymer in the aqueous 

solution102. This process has the same advantages and limitations of the simple nanoprecipitation, 

being slightly more complex due to the presence of a dialysis membrane. 

Technologies based on supercritical fluids have already been proposed to produce NPs made 

of polymers103,104. The production process is based on the rapid expansion of solutions (containing a 

solute) that are forced to pass across an orifice or capillary nozzle into ambient air. As a consequence, 
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their pressure drops quickly, and a high degree of supersaturation is established in the post expansion 

environment. The solute is rejected from the solution and a homogenous nucleation occurs, 

corresponding to NPs and MPs formation with narrow size distribution105. If the post expansion 

environment contains a solvent instead of surrounded air, NPs will be formed exclusively106. This 

technique does not involve organic solvents and allows the production of NPs as a dry powder. 

However, it requires a high initial capital investment for the equipment and works under high 

pressures67. 

Regarding the second group of NPs production, among the techniques based on the 

polymerization of monomers, emulsion polymerization is the most common method used. First, an 

emulsion containing a surfactant, monomers (insoluble or barely soluble in water), water and an 

initiator (soluble in water) is prepared. This emulsion is characterized by a water solution containing 

the initiator, called polymerization medium. This medium also contains surfactant droplets and 

micelles with the majority of monomers inside. The polymerization starts and the resulting radicals 

become surrounded by dissolved or micellar form of the monomer, forming stable nuclei. From this 

point on, more monomers and radicals are absorbed by the polymeric nuclei present in the medium. 

The NPs grow in size as this process continues, until the monomer is completely consumed107. As an 

alternative to radical initiator, the monomers can also be activated by high-energy radiation. Solid NPs 

are obtained due to phase separation after or before the end of the polymerization process. Several 

variations to this process have been proposed, such as the micro-emulsion, mini-emulsion and the 

reverse mini-emulsion polymerization108–113. Despite being easily scalable, these emulsion 

polymerization processes require purification steps to remove residual monomers, oligomers and 

initiators67,113. 

In the interfacial polymerization, the formation of NPs takes place at the interface of two 

distinct and immiscible phases, where monomers are present. In the interface, each monomer from 

each phase reacts and leads to the polymerization process and consequent NP formation114,115. 

Interfacial polymerization has the same limitations of the emulsion polymerization techniques, but it 

also requires the selection of two totally immiscible phases. 

Controlled/living radical polymerization can also be conducted. This technique is similar to the 

usual radical polymerization, previously referred as emulsion polymerization, but with controlled 

radical terminal reactions. This facilitates getting polymeric NPs with precise particle size and 

controlled size distribution116. This technique allows the preparation of well-defined polymers with 

controlled molecular weight and composition117. The removal of residues of initiator and surfactant is a 

limitation118. 

 

1.4.2 Biomedical applications 
The majority of NPs made of synthetic polymers are used in gene/drug delivery applications. A 

large variety of polymers, for instance poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) or 

poly(caprolactone) (PCL), have been selected to manufacture NPs for this goal119. Drugs120–123, 

proteins/peptides124,125 and genes126 have been loaded and delivered using these nanovehicles, that 

can be used in various biomedical areas including cancer therapy127 and vaccination128. In fact, 
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polymeric NPs can be used in various administration routes, such as oral, nasal, parenteral or 

intraocular129, representing and efficient and effective improvement over current methods130. 

As drug delivery devices, polymeric NPs have been widely explored as biodegradable carriers 

due to their great advantages over conventional systems such as: enhanced delivery (increase the 

stability of pharmaceutical agents), use of lower amounts of expensive drugs, extended drug 

bioactivity by protecting it from environmental effects in biological media and more effective treatment 

with minimal side effects131. Ideally, these drug delivery nanosystems are characterized by a single 

dose treatment, allowing a controlled drug release profile along time, characterized by a drug 

concentration within the therapeutic window. This will allow surpassing the multiple dosages causing a 

variable concentration, which characterize commonly available therapies3 (Figure 1.4). 
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Figure 1.4: Concentration profile of common therapies (red line) and controlled release along time (green line). 

The mechanism behind the release of the therapeutic compound from the NPs may be 

mediated by surface or bulk erosion, chemical or biological degradation, diffusion through the pores or 

release from the surface. Additionally, also an external stimulus can trigger the drug release. 

Sometimes, more than one of these mechanisms occurs simultaneously. Detailed information on the 

mechanisms and factors/parameters affecting drug release from specific types of NPs made of various 

synthetic polymeric materials are reported elsewhere132–134. 

Additionally to the characteristics already mentioned for drug delivery systems (i.e. 

biocompatible, non-toxic, controlled release of the loaded compound), in the case of gene delivery, 

NPs needs also to ensure high transfection efficiencies135,136. Genetic material, such as DNA or 

siRNA137, was incorporated into polymeric NPs126,138, allowing to protect the genetic material from 

nuclease degradation139. Similarly to drugs, the genetic material should be released in a controlled 

way (characterized by a suitable dose during a certain time period), in order to ensure controlled gene 

expression140. The genetic material needs to be entrapped within the polymeric matrix, being released 

due to the combined effects of diffusion and polymer degradation141. 

Certainly for gene therapy and sometimes for drug/protein delivery, NPs need to be 

internalized by the target cells to obtain an intracellular action. Two main groups of endocytic 

pathways for the internalization of nanocarriers have been identified: phagocytosis and pinocytosis. 

Among this last pathway, receptor-mediated endocytosis (clathrin-mediated endocytosis or caveolin-

mediated endocytosis), clathrin/caveolin-independent endocytosis and macropinocytosis have been 

described in the literature (Figure 1.5)142–145. The cellular uptake of NPs depends on the surface 

charge146, size147, shape148,149 or cell type150. Indeed, while phagocytosis is typically related with the 

uptake of large particles, pinocytosis is associated with the uptake of fluids and solutes. On the other 
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hand, while phagocytosis is related to cells with phagocytic capacity (macrophages, neutrophils, 

monocytes and dendritic cells), pinocytosis is a more general phenomenon, occurring in all types of 

cells151. 

 
Figure 1.5: Schematic representation of the main types of endocytosis. 

As important as the overall stability and bioactivity of the loaded cargo, its delivery in the 

biological location (specific cells or tissues) is also required. Taking advantage of the receptor-

mediated endocytosis, NPs can be tailored to deliver intracellularly their cargo to a specific population 

of cells152 (Figure 1.6). Exploitation of the unique cell surface markers present in a specific cell 

population allows promoting drug delivery. In fact, loaded NPs can be surface modified with 

antibodies153, peptides154 and other disease-targeting moieties155 for disease treatment, as referred 

previously. 

 
Figure 1.6: Cell-NPs interaction due to antibody-antigen. 

Beyond their use in therapy, synthetic polymeric NPs can also be utilized in combined 

functionalities, like theranostics (therapy + diagnosis). Several examples are already available in the 

literature. For instance, polymers like PLGA and PCL have been used for theranostics purpose. For 

example, hybrid NPs containing a polymeric part (PLGA) loaded with a drug (doxorubicin for cancer 

treatment) and a magnetic part (magnetic nanocrystals used as ultrasensitive magnetic resonance 

imaging (MRI) probes) linked to specific antibodies (responsible for the targeting action) allow the 

treatment, targeting and imaging of breast cancer156. In other work, PCL NPs were prepared by a 

double-emulsion process in which a drug (Stilbene) and iron oxide NPs (used as imaging devices) 

were included to obtain the final formulation157. 
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1.5 Critical analysis of the scientific literature 
Despite the tremendous evolution in the NPs field in the last years, a lot of improvements are 

still needed to routinely use those medical devices. For instance, knowing NPs size after their 

production following certain process conditions is a real obstacle to develop highly reproducible 

therapies. Additionally, the complete study of how a variation in the production parameters affects NPs 

properties is another limitation. The creation of NPs enabling the release of a specific compound in 

both spatial and temporal controlled way is still an open problem. The complexity involved in all these 

studies has hampered the development of efficient and suitable NPs for specific biomedical 

applications. The development and implementation of a totally automatic equipment able to surpass 

the inherent variability of the operator and applicable to all polymers and conditions can be a possible 

solution to increase NPs reproducibility158. Another issue regarding NPs production is the scale-up. 

Indeed, some of the NPs production methods cannot be easily performed in an industrial scale 

needed to create a product available in the market159–161. As important as all just-mentioned issues is 

the creation of a laboratorial platform able to mimicking the in vivo environment specific of a living 

organism. It will be a powerful and unique tool in the NPs development, since in vitro studies lack 

several biological cues and events that can influence the performance of NPs. This could avoid the 

use of animals in a first stage and render NPs testing with less ethical constraints162. 

 

1.6 Motivation and objectives of the dissertation 
One of the most unmet population needs is the existence of efficient drug delivery vehicles 

able to avoid the disadvantages of currently available therapies. A carrier that protects the drug during 

its transport and delivers it in a suitable way prevents the need of repeated administrations. Polymers, 

natural or synthetic, are optimal materials to be used in these devices, since they can ensure drug 

safety and can have a controlled degradation rate, within the human body. Specifically, PLA has been 

shown to be biocompatible and non-toxic, approved by the Food and Drug Administration (FDA) to be 

used in biomedical applications87,163. NPs made of PLA have been developed by several authors to be 

used as drug carriers. However, deep knowledge on the influence of NPs fabrication parameters on 

their characteristics needs to be addressed. Furthermore, insight on NPs-cell interaction is still to be 

improved.  

The general objectives of this dissertation include the study of the influence of NPs fabrication 

parameters on the PLA NPs characteristics, the effect of PLA NPs with different sizes on cell behavior 

and the drug release rate from those NPs. Those three open points motivated the development of this 

Master Dissertation. The objectives of the work are consequently: 

• To develop a systematic study of PLA NPs production parameters influence on NP 

size and zeta potential; 

• To assess the influence of NPs populations with statistically different sizes on cell 

behavior; 

• To evaluate the encapsulation and release of an anti-inflammatory drug in PLA NPs. 
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Chapter 2 - Materials and Methods 
	  

We used different methods/techniques, biomaterials and reagents to produce and characterize 

nanoparticles (NPs). In this chapter, it is presented, with some detail, a brief introduction to materials 

and methods relevant in the production process and further NPs characterization. 

2.1 Materials 
Poly(D,L-lactic acid) (PDLLA) (PDL 02, MW 17 kg/mol) was kindly provided by Purasorb. 

Acetone (min. 99.8 %) was purchased from Analar Normapur. Distilled and ultrapure water was 

obtained from MiliQ-Pore. Pluronic® F-68 10 % (100X), non-ionic surfactant was purchased from Life 

Technologies. Poly(vinyl alcohol) (PVA), Span® 80 and Tween® 80, prednisolone, D-(+)-Glucose ≥99.5 

% (GC) and fluorescein-5(6)-isothiocyanate (FITC) were purchased from Sigma-Aldrich. All the 

reagents are laboratory grade and were used as received. An exception was the acetonitrile (HPLC 

grade) that was purchased from Fisher Scientific UK Limited (Leicestershire, UK). 

 

There are three main components that have huge influence on the experimental results of NPs 

production: polymers, surfactants and solvents1. In this experimental work, one polymer, poly(lactic 

acid) (PLA), three surfactants, Pluronic® F-68, Tween® 80 and Span® 80. Additionally, also poly(vinyl 

alcohol) (PVA), and two solvents, water and acetone, were studied and tested, and are herein 

detailed. Additionally, a brief description about the model drug to be encapsulated into the optimized 

NPs and the fluorescent dye utilized in the biological assays is given. 

 

2.1.1    Polymer 
Polyesters, thermoplastic polymers, represent a class of chemical compounds presenting a 

biocompatible behavior for specific applications2. In their structure, they have labile aliphatic ester 

linkages. These linkages can be, in a non-specific way, hydrolytically cleaved leading to bulk erosion 

degradation, characteristic of these materials3. Polyesters have been used in various clinical 

applications, such as sutures4, as well as scaffold materials for tissue engineering applications5 and 

bone implants6. 

Within the polyesters, PLA is one of the synthetic biomaterials most extensively studied, 

already approved by Food and Drug Administration (FDA) to be used in some specific biomedical 

devices3,7. Moreover, PLA is considered to be safe and non-toxic8. 

PLA, whose chemical structure is schematically represented in Figure 2.1, had its first use in 

biomedical applications in the 1960s9. It is a polymer whose monomer is a lactic acid or a lactide. Due 

to the presence of a chiral carbon in the lactic acid, PLA exists in three distinct forms: two based on 

the enantiomers, L-PLA and D-PLA, and other based on the racemic form, D,L-PLA, also known as 

PDLLA3. A fourth form, but not noteworthy due to be rarely used in practice, also exists: the meso-PLA 

that can be obtained from the racemic form8. Despite the fact that L-lactide is the natural occurring 

form3, D,L-lactide is the monomer more frequently used in biological applications10. The chirality is 

responsible for different physical properties of the three different forms. In this sense, the enantiomers 
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form semi-crystalline polymers, while the polymer obtained from the racemic monomer has an 

amorphous structure3. Due to its crystallinity, L-PLA presents slow-degrading rate, good tensile 

strength and high modulus, being more suitable to be used for load bearing applications, such as 

biodegradable fixation screws for maxillofacial applications11. On the other hand, D-PLA shows much 

lower strength. As a consequence, it is more adequate for biomedical applications, in body sites where 

reduced stresses are present8. Being characterized by a higher degradation rate, D,L-PLA is suitable 

to be used in drug delivery vehicles3,12. 

O 

O 
n  

Figure 2.1: Chemical structure of PLA. 

For biomedical applications, besides the properties of a biomaterial, it is important to ensure 

that the products of the biomaterial degradation are compatible to the specific application. In fact, 

those products can lead to secondary reactions, while present in the human body8. For PLA, lactic 

acid is released upon degradation. Since lactic acid is a normal human metabolic by-product, no toxic 

effects are expected. Actually, this monomer can enter the citric acid cycle being, as a result, broken 

down into carbon and water3. 

In the present work, poly(D,L-lactide), ester terminated with a averaged molecular weight of  

46,000 g/mol was used. 

 

2.1.2   Surfactants 
For the production of the NPs herein studied, the surfactants present in the NPs fabrication 

medium have to be analyzed carefully. In fact, the addition of surfactants has proven to be a protocol 

step with relevance in the modification of NPs, including their size, polydispersity index (PDI) and 

tendency for agglomeration13. Indeed, surfactants have the ability to reduce the interfacial tension 

between different phases in solution and, as a consequence, hinder the coalescence of the dispersed 

phase14. Particles with high monodispersity are produced in the presence of a surfactant because this 

compound create steric stabilization which prevents the aggregation of NPs15. 

Within the range of available surfactants, two main groups can be defined: the non-ionic or the 

ionic surfactants. All the stabilizers used in this experimental work belong to the non-ionic group, as 

they do not produce ions in aqueous solutions. As a consequence, they are compatible with other 

types of surfactants, much less sensitive to electrolytes and can be used with high salinity or hard 

water16. 

Pluronic® is a group of synthetic surfactants made of amphiphilic triblock polymers. They have 

a poly(propylene oxide) (PPO) core, which has a lipophilic character. This core is linked to two 

poly(ethylene oxide) (PEO), which has an hydrophilic character17. All poloxamers, where Pluronic® 

falls, have the same chemical structure in which only the molecular weight of the two different parts 

(PPO and PEO) of the molecule differs. Indeed, they can be tailored according to the relative 

proportions of PEO and PPO in the copolymer, leading to compounds with different 
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hydrophilic/lipophilic balance17. As a consequence of the Pluronic® amphiphilicity, it has the ability to 

interact with biological membranes and hydrophobic surfaces. In fact, the polymers that fall in this 

functional group have demonstrated effects in the immune response18 and wound healing17. 

In the work here detailed, Pluronic® F-68 (Figure 2.2), with a medium molecular weight of 8400 

g/mol, was the selected surfactant to be used17. 

HO CH2CH2O CH2CHO 

CH3 

CH2CH2O H 
75 30 75 

PEO PEO PPO   
Figure 2.2: Pluronic® F-68 chemical structure. 

Poly(vinyl alcohol) (PVA) is another compound used in the experimental work. Its chemical 

structure is represented in Figure 2.3, is a non-toxic hydrophilic crystalline polymer produced by 

repeated cycles of freezing and thawing8,19,20. 

OH 

n  
Figure 2.3: PVA chemical structure. 

Span® has a structure that is based on a sorbitan ring, whose hydroxyl groups can be reacted 

with fatty acids (to increase the lipophilic character) or a PEO condensate (to increase the hydrophilic 

content). By adjusting these reactions, a fine tuning can be done to obtain a tailored surfactant with 

desired properties16. 

In this work, we used Span® 80, also known as sorbitan oleate or sorbitan (Z)-mono 9 

octadecenoate21. This compound has only one fatty acid group, being kept all the other three hydroxyl 

groups unmodified, as it is schematically represented in Figure 2.4. 

HO 

O 

OH 

OH 

O 

O 

 
Figure 2.4: Span® 80 chemical structure. 

Tween®, also known as polysorbate, is a Span® ethoxylated counterpart, having also in its 

structure a sorbitan ring but having a more complex structure, due to the modifications of the hydroxyl 

groups. 

Tween® 80, also known as sorbitan monooleate ethoxylate or polyoxyethylene sorbitan 

monooleate21, was the compound selected to be used in the experimental work. The chemical 

structure of this compound is represented in Figure 2.5. 



	  

	  24	  

 
Figure 2.5: Tween® 80 chemical structure; x+y+z+w=20. 

	  

2.1.3    Model drug 
Prednisolone (C21H28O5), also known as 11,17,21- trihydroxypregna-1,4-diene-3,20-dione22, is 

a chemical compound with a molecular weight of 360.4 g/mol22,23, whose chemical structure is shown 

in Figure 2.6. It is very slightly soluble in water (1 g dissolves in 1000–10000 mL)23, belongs to the 

class of the corticosteroids and is considered to have a wide therapeutic range. It is used to treat a 

wide variety of acute and chronic disorders such as lupus, arthritis, asthma, allergic diseases and 

hepatitis23. Additionally, it has been administrated to treat certain hematological, infectious, cardiac, 

dermal, neurological, metabolic and gastrointestinal diseases23. As no absolute maximum dosage is 

defined, prednisolone is used over a wide dose range, depending on the nature and severity of the 

disease, and on the response of the patient23.  

 
Figure 2.6: Prednisolone chemical structure. 

	  

2.1.4    Fluorescent dye 
For fluorescence analysis, fluorescent dyes may be incorporated into the structure of the 

samples. Fluorescein isothiocyanate (FITC) (Figure 2.7) was used in the NPs fluorescence 

experiments. It is a fluorescent dye (389.4 g/mol), broadly used in the biomedical research area. It has 

a maximum excitation wavelength of 495 nm and a maximum emission wavelength of 525 nm24. 

O O OH 

O 

HO 
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C 

S 	  
Figure 2.7: FITC chemical structure. 
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2.2 Methods 

2.2.1    NP production - nanoprecipitation 
The properties of the NPs vary according to the production method. In this experimental work, 

nanoprecipitation was the technique used to obtain NPs. Nanoprecipitation, also known as solvent 

displacement or solvent shifting25, is a technique patented by Fessi et al., in 1987-198826, allowing the 

production of nanospheres or nanocapsules27 (Figure 2.8). Based on this patent, several changes 

were proposed by different authors. In the nanoprecipitation (schematically represented on Figure 

2.9), an organic solution containing a polymer and containing or not a lipophilic surfactant is added 

drop wise, under constant magnetic stirring, to an aqueous solution that may contain a hydrophilic 

surfactant. The resulting solution is kept under constant stirring. Then the organic solvent is removed 

under reduced pressure. The elimination of the non-incorporated compounds is achieved by 

centrifugation. Previously to this step, glucose is added to avoid aggregation of the resulting NPs28. 

When this protocol has the aim to produce drug delivery systems, the drug is added to the organic 

polymeric solution before the mixture of the two solutions27. This protocol leads to the formation of 

nanospheres. To obtain nanocapsules, it is only necessary to add oil to the organic phase27. 

polymer 

drug 

 
Figure 2.8: Schematic representation of: a) nanosphere; b) nanocapsule. 

 
Figure 2.9: Schematic representation of the nanoprecipitation protocol. 

 

To produce NPs using the nanoprecipitation technique, several requirements have to be 

verified: the organic solvent has to be miscible in water29 and, at the same time, the polymer and the 

loaded drug should only be dissolvable in the organic solvent30. These two features are essential 

during the NP formation. The polymer, being hydrophobic, hardly keeps stable when under aqueous 

conditions. Then, after the mixture of the aqueous and organic solutions, it becomes a non-solvent for 

a) b) 
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the polymer and for the drug, leading to phase separation with formation of particles made of the 

hydrophobic solute, involving immediately drug entrapment25,30. At the end, this process can culminate 

with the formation of narrow unimodal size distribution NPs with size range of 50-300 nm, without a 

mandatory need for a surfactant25. Nanoprecipitation is not very effective to entrap hydrophilic drugs. 

However, when hydrophobic drugs are used, encapsulation efficiencies of near 100 % are achieved 

due to reduced or even zero drug leakage towards the outer medium31.  

Despite the fact that solvent displacement is a simple and fast process25,30, the formation of 

aggregates or flocculation are problems to be addressed25. Moreover, nanoprecipitation does not 

demand extreme shearing or stirring rates, sonication or high temperatures. Due to all of these, the 

damage of the structure of the proteins or other sensitive molecules that might be present is 

reduced30. Additionally, this process also avoids the use of toxic organic solvents and does not require 

neither surfactants nor initiators as reagents25,30. 

 

2.2.2    NP characterization 
When in a biological environment, the behavior of the NPs depends on various factors, such 

as their surface electrical charge, morphology, size and tendency for aggregation. Little changes in 

these parameters potentially result in huge and significantly altered NP behavior8. The herein 

produced NPs were analyzed in terms of these parameters. The techniques and their description are 

presented in this sub-section. 

2.2.2.1  Size distribution and zeta potential 
The size and the zeta potential are properties that are essential when characterizing NPs 

since they influence interactions as well as other NPs parameters. Additionally to the particle size, 

particle polydispersity index (PDI) has been also proposed to have remarkable relevance when 

characterizing NPs18. 

The size of the NPs was obtained using dynamic light scattering (DLS), which is based on the 

Brownian movement of particles, when in solution. Brownian motion is the random movement of 

particles due to the collisions with the solvent molecules that surround them32. Since the particles 

move at a velocity that is proportional to its size, a relation between these two parameters is 

considered. Basically, in DLS, a laser focuses on the particles in solution and their movement can be 

followed along time due to variations in the scattered light for a specific angle. These fluctuations can 

be accurately detected. The received signal is then analyzed in a digital system that generates 

correlation data that allows computing the NPs size and the PDI of the sample32. 

Additionally to the size of NP, this technique also allows knowing the PDI of the sample. In 

other words, it gives the variation that exists among all the sizes of the NPs present in solution. If the 

value of this parameter is below 0.1 indicates a highly homogeneous NP population in terms of size. 

On the other hand, if the PDI is higher than 0.1, it indicates the presence of a NPs population with 

broad distribution of sizes or even the presence of more than one populations of NPs33. 

DLS technique can be applied to suspensions containing particles ranging from low 

nanometer to low micrometer, diluted or even in non-diluted samples, whose volume can be very 

small32. In spite of the simplicity associated with DLS-based instruments available in the market, this 
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technique does not provide any information about particle shape and can indicate erroneous 

diameters when small quantities of aggregates, impurities or high molecular weight NPs are present 

within the sample34. Moreover, it is noteworthy to remember that the diameter measured by DLS 

technique refers to the diffusion of particles within a fluid where they are dispersed. Then, the 

hydrodynamic diameter is measured instead of the real diameter. In fact, the diameter that is obtained 

by this technique is the diameter of a hard sphere that moves in the same way as the particles being 

characterized35. 

Another important parameter is the zeta potential. Zeta potential, is also known as electrostatic 

surface potential36 and is due to the charge acquired by a particle or molecule in a given medium. It 

depends on the charge naturally present on its surface, as well as on the concentration and type of 

ions present in the NPs surrounding solution32. Due to electrical repulsion, particles with same charge 

will repeal each other, difficult the aggregation process32. The characterization of this property is 

fundamental when the aggregation may compromise the future use of the NPs formulation. 

The measurement of the zeta potential is based on electrophoretic light scattering (ELS)36. In 

this technique, laser Doppler electrophoresis is used to apply an electric field to the NPs suspension. 

Charged particles will move towards the electrode with a velocity proportional to their zeta potential 

and to the applied field strength32. Knowing both the applied electrical filed and the theories that relate 

these three parameters (velocity, zeta potential and field strength), the zeta potential can be 

calculated. A disadvantage of ELS is based on the fact that the NPs mobility can be misleading by the 

largest particles present in a polydisperse sample, since the NPs mobility increases with their size36. 

The zeta potential can be used to assess the NPs stability. It is a rule of thumb that an 

absolute value of zeta potential above 60 mV yields excellent stability, while 30, 20 or led than 5 mV 

generally result in good stability, acceptable short-term stability, and fast particle aggregation, 

respectively37. 

2.2.2.2  Scanning electron microscopy 
Microscopic techniques are used to analyze the surface morphology, size and shape of the 

NPs8. Among these techniques, scanning electron microscopy (SEM) gives, combined with other 

characterization methods, a three-dimensional-like topographical image, allowing analyzing the 

morphology of polymeric particles or surfaces and other biomaterials structures37. 

The working principle behind SEM is based on the application and tracking of a high-energy 

electron beam (typically 5-100 eV), under vacuum8. Basically, when a beam hits the sample, low-

energy secondary electrons are emitted and detected. As the sample released intensity is a function of 

the atomic composition and geometry, the NP characterization can be obtained8. This technique only 

allows getting high-resolution images of the surface morphology. This is due to the fact that only the 

secondary electrons that are near the surface can actually escape and be detected, after being 

reached by the primary electron beam8. 

Due to the requirement of a conductible sample, a thin coating needs to be added to non-

electrically conducting samples, before the microscopic analysis. This coating is usually made of an 

electrically grounded layer of metal that minimizes surface charge accumulation from the incident laser 

beam. In this case, the conductible layer avoids the contact between the laser beam and the surface 
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of the sample, being created an image from the coated material instead of the bare sample. Moreover, 

no analysis of the sample surface chemistry can be done because no relation exists between this and 

the secondary electron emission8. Specifically for polymeric biomaterials, very high magnifications are 

generally not possible to be obtained because the intensity of the electron beams may damage the 

thin polymeric samples, which generally leads to deformation and even melting of the sample37. 

2.2.2.3  Atomic force microscopy 
Atomic force microscopy (AFM) is another technique also used to analyze the size and 

morphology of NPs. It is based on interactive forces (attractive or repulsive) felt between atoms and 

molecules. It can be applied to various types of samples, namely NPs, since these forces are present 

in all materials and no electric conductible coatings are needed. Atomic force microscope structure 

includes a tip that scans the surface of the sample. This tip is bound to a flexible cantilever with a 

known spring constant. Depending on the topography of the sample surface, different deflections are 

induced in the cantilever. These variations are detected and controlled using a feedback mechanism, 

consisting of a laser that emits light incident in the cantilever and a detector that receives the deflected 

light38 enabling to compute the cantilever trajectory and position. 

2.2.2.4  Fluorescence microscopy 
Other type of microscopy used in this work was the fluorescence microscopy. It uses the 

fluorescence phenomenon to study properties of organic or inorganic substances and allows getting 

resolutions similar to the one achieved with typical optical microscopy, some hundreds of 

nanometers37. This phenomenon requires the presence of a fluorescent compounds that have the 

capability to absorb light with a certain wavelength and re-emit light with lower energy and higher 

wavelength39. Since the biological samples rarely contain sufficient fluorescent properties, fluorescent 

markers such as fluorochromes or fluorophores40 are used to selectively stain the samples37. 

Structurally, the fluorescence microscope is a classical microscope that allows detecting different 

wavelengths due to the presence of a filter between the sample and the detector37. 

Among several advantages related to the fluorescence microscopy, when compared to typical 

optical microscopy, it is possible to get higher contrast and specificity and improve sensitivity and 

selectivity39. Moreover, fluorescence microscopy allows studying different types of interactions (like 

internalization of NPs by cells). Additionally, the fluorescence is affected by environmental factors 

which allows identifying some structural properties of the sample37. 

2.2.2.5  Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) is a technique for obtaining fluorescent images 

with depth selectivity and high-resolution. While conventional microscopes "see" as far into the 

specimen as the light can penetrate, CLSM only "sees" images one depth level at a time. This is due 

to the optical sectioning in which in-focus images are acquired point-by-point and reconstructed with a 

computer, allowing three-dimensional reconstructions of topologically complex objects. For interior 

imaging, the quality of the image is greatly enhanced over simple microscopy because the image 

information from multiple depths in the specimen is not superimposed40. 
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2.2.2.6 High performance liquid chromatography 
High performance liquid chromatography (HPLC) is an analytical technique used in this work. It 

is based on an improvement of the common liquid chromatography. This technique is based on a 

physical separation conducted in the liquid phase inside a chromatographic column. As the sample 

passes through the column, the components (or analytes) of a sample are separated between the 

mobile phase (a flowing liquid) and the stationary phase (sorbents packed inside the column). Since 

different sample components interact differently with the stationary phase, they will leave the column 

at different times. In the end of the column, an UV detector is present being possible to obtain a 

graphical representation showing the absorbance, at a specific wavelength, of each component that 

left the column at a specific time41. 

 

2.2.3    Biological assays 
When a biomaterial is intended for biomedical applications, several biological assays, with 

increasing complexity, have to be conducted, to conclude about the eventual cytotoxicity. Among 

these tests, direct cell contact is one of the first stages in this process. For this, NPs are added to cell 

cultures in different concentrations to evaluate the level of cytotoxicity, cell proliferation and their 

localization within the cells, in the presence of NPs. 

2.2.3.1  Cell types 
The choice of the cells to be used in the biological assays was based on the selection of a cell 

lineage as similar as possible to the cells present in the environment where the biomaterial will pass 

through or interact with. Since one of the major obstacles faced by NPs, when intravenously 

administered, is the passage from the blood stream to the desired tissue, an endothelial cell line was 

selected. Endothelium is a highly differentiated specific type of epithelium, being a semipermeable 

barrier between the blood plasma and the interstitial fluid that controls the bidirectional exchange of 

molecules42. The human pulmonary microvascular endothelial cell line (HPMECST1.6R) was used in 

this work. This immortalized cell line is obtained from human adult pulmonary microvascular 

endothelial cells after co-transfection with a plasmid encoding a telomerase gene and other plasmid 

encoding the simian virus large T antigen. After this procedure, cells retain the endothelial cell 

phenotype characterized by the production of cell adhesion molecules after exposure to 

proinflammatory stimuli and angiogenic response43. Additionally to this cell type, we also used 

fibroblastic cells to study the potential of NPs to be used in dermal applications. MRC-5 cells (human 

pulmonary fibroblastic cell line) were used to test this hypothesis. This cell line was derived from 

normal lung tissue of a 14-week-old male fetus44. 

 

2.2.3.2  Cell performance 

2.2.3.2.1 Cell viability assay 
Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfofenyl)-2H-tetrazolium (MTS) assay. This assay is a colorimetric method commonly used for 

determining the number of viable cells in proliferation or cytotoxicity assays. This test is based on the 



	  

	  30	  

bioreduction (by NADPH or NADH produced by dehydrogenase enzymes in metabolically active cells) 

of MTS into a brown formazan product that is soluble in tissue culture medium. The amount of 

formazan is directly proportional to the quantity of living cells present in culture, Basically, the 

produced formazan by cells incubated with MTS for 3 h at 37 ºC is quantified by measuring the 

absorbance at 490 nm. This protocol allows evaluating the short-term cytotoxicity of the tested 

biomaterial, in this case, the NPs suspension45.  

 

2.2.3.2.2 Cell proliferation assay 

The assessment of cell proliferation in two-dimensional culture was performed by 

quantification of the double-strand DNA (dsDNA) based on a fluorescence approach, using 

PicoGreen. This fluorescent dye, proven to be sensitive and specific for dsDNA, is added to lysed 

cells. Then, PicoGreen binds to the cellular dsDNA. After excitation with a wavelength of 480 nm, the 

emission at 520 nm is measured. This measurement allows an accurate quantification of the cell 

proliferation, using a calibration curve constructed using the fluorescence of standards with known 

dsDNA concentrations. This method has the ability to detect variations of 25 pg/mL of dsDNA46. 

 

2.2.3.2.3 Total protein quantification 
Total protein content was assessed using Micro BCA Protein Assay Kit. This kit allows 

determining the sample total protein concentration (in the range of 0.5 to 20 µg/mL) by measuring its 

absorbance after mixture with kit reagents. This determination is based on a calibration curve using 

the absorbance of dilute solutions with known protein concentration. The assay is linear and exhibits 

very low levels of protein-to-protein variability. The principle behind this technique is based on the 

color change promoted by the chelation of bicinchoninic acid (BCA) and Cu+1 (formed when Cu+2 is 

reduced by protein in an alkaline environment)47. The resulting chelated BCA complex is water-soluble 

and absorbs at 562 nm linearly with increasing protein concentrations48. 

 

2.2.3.2.4  Cell internalization 
The intracellular localization of NPs was accomplished by using fluorescent dyes that allow 

determining the presence and subcellular localization as well as the relative abundance of a specific 

cellular component in cultured cells. Several dyes have been used to stain different cellular 

components. For instance, 4’,6-diamidino-2-phenylindole (DAPI) is a probe which forms a fluorescent 

complex by attaching to the A-T rich sequences of DNA49. Other example is the phalloidin that binds to 

F-actin and is able to stain the cytoskeleton50. 

 

2.2.4 Statistical analysis 
For both NP characterization and biological studies, data were statistically analyzed using IBM 

SPSS software (version 21; SPSS Inc.). Shapiro-Wilk test was used to test the assumption of 

normality. P values lower than 0.01 were considered statistically significant in the analysis of the 

results. Data were analyzed by nonparametric way of a Kruskal-Wallis test followed by Tukey’s HSD 

test. 
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The first step in the statistical analysis consisted in the verification of normality of the samples 

by using the Shapiro-Wilk test. This test considers that the experimental values follow a normal 

distribution (null hypothesis). If the p value was inferior to 0.01 this hypothesis was rejected. In this 

case, a non-parametric test has to be used. Kruskal-Wallis is a non-parametric test that considers that 

experimental data cannot be fully described by mean and standard deviation, contrarily to a normal 

distribution. It compares two or more independent groups and is performed on a ranked data. It is 

used to test the null hypothesis that considers that the mean ranks of the groups are the same. In a 

first step, data is ranked (the smallest numbers get a rank of 1 and the largest numbers get a rank of a 

value similar to the total number of values in all the groups). After that, the Kruskal-Wallis statistic, 

approximated by a chi-square distribution and representing the variance of the ranks among groups, is 

calculated. Considering that the degrees of freedom are the number of groups minus 1, the p value is 

calculated. Based on this value, we decided if the null hypothesis is (p value inferior to 0.01) or not 

rejected52. If the null hypothesis is rejected, a test to do specific comparisons is conducted. Tukey’s 

HSD test, meaning Honestly Significant Difference, is a pairwise comparison procedure. It has 

associated the q statistics that evaluates the differences between the means of the groups52. 

In the NPs characterization, the comparison between each independent group (one batch of 

NPs produced under specific conditions) containing at least three dependent measurements was 

performed. In the case of biological studies, the comparison between each independent group (one 

type of cells cultured for a defined period of time with a specific NP concentration) containing at least 

three dependent measurements was performed. 

In both NPs characterization and biological studies, at least three independent batches were 

used in the statistical analysis. 
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Chapter 3 – Optimization of the Size of PLA Nanoparticles 
for Cellular Internalization and Drug Release 
	  

Abstract 

Polymeric nanoparticles (NPs) are promising systems for drug delivery devices when carefully 

designed for a specific purpose. For instance NPs size, represent a determinant property as it defines 

the NP-cell interactions, drug loading capacity and delivery profile. However, in the literature, studies 

about the influence of NPs production parameters on NP size are scarce. 

Herein, in a systematic study, we optimized the size of poly(lactic acid) (PLA) NPs. These NPs were 

fabricated using the nanoprecipitation methodology, in which the effects of several surfactants, as well 

as volume ratios were assessed. All obtained NPs have negative surface charge and have sizes 

ranging from 80 to 460 nm. We successfully entrapped up to 10% of prednisolone in the NPs, 

obtaining drug release of up to 24 h. We studied the cytotoxicity of two selected NPs (80 and 120 nm) 

in contact with human fibroblasts and endothelial cells. Both NPs tested showed generally 

cytocompatibility in the range of concentrations tested. We confirmed cell internalization for the 120 

nm NPs in contact with endothelial cells. 

This study demonstrates that we successfully optimized the conditions to obtain PLA NPs with specific 

ranges of sizes. Moreover, these nanocarriers are cytocompatible, being the 120 nm NPs more 

effective in terms of cellular cytotoxicity, cell internalization and drug delivery. 

 

Keywords: endothelial cells, fibroblastic cells, internalization, nanoparticle size, nanoparticle zeta 

potential, nanoprecipitation, PLA nanoparticle, prednisolone. 

 

3.1 Introduction 
Biomaterials designed at micro- and nanoscale were the subject of considerable research 

efforts due to their potential to improve the currently available medicine. Specifically in therapy, the 

use of these biomaterials as drug delivery devices allows surpassing solubility problems of the loading 

drug, leading to reduced drug precipitation and tissue damage1. Additionally, they can be tailored to 

protect the drug from premature degradation and undesirable interactions with the biological 

environment, preserving its bioavailability for longer periods2,3. The side-effects in healthy tissues can 

be circumvented by delivering the drug into a specific organ. Indeed, a targeting action can be 

achieved through the use, for instance, of specific ligands on the surface of the drug delivery devices4. 

Microparticles (MPs) (1 to 1000 µm) can be produced with different materials, such as gellan-

gum5, chitosan6–8, dextran9, lipids10 or polymers11 and can be administered intranasally12, 

subcutaneously13 or orally14. Suspensions of MPs are characterized by monodisperse populations 

containing MPs with constant size along time15. 
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Nanoparticles (NPs) (10 to 1000 nm)16 represent very attractive devices. In fact, these small 

entities have higher specific surface area than MPs, because the total surface area of a particle is 

inversely proportional to its diameter15. They are more suitable for parenteral use when compared to 

MPs17 and are uptaken 15–250 times more effective than MPs in the 1-10 µm range18. Among all 

types of NPs19–21, polymeric NPs meet a wide range of requirements and can be used for the delivery 

of various therapeutic agents such as proteins, peptides, genes and drugs22. Additionally, polymeric 

NPs can also be conjugated with antibodies, peptides and other disease-targeting moieties for disease 

diagnosis and therapy23,24 and can be produced by different methods25–32. Among them, 

nanoprecipitation, also known as solvent displacement, is a fast one-step manufacturing process27,33, 

enabling the production of nanospheres or nanocapsules34. 

Different materials have been proposed to produce polymeric NPs for biomedical purposes. 

The requirement of biodegradability of the material has great importance because after performing 

their function there is no way to efficiently recover NPs from the body35. Then, biodegradable polymers 

have been used to produce these nanostructures. Chitosan36 and albumin37, belonging to the group of 

natural polymers and poly(trimethylene carbonate)38 and poly(anhydride)39 belonging to the synthetic 

polymers are just some examples of developed NPs. Due to their use for a long time in a number of 

clinical applications40,41, poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactide-co-glycolide) 

(PLGA) and poly(caprolactone) (PCL) are the most well studied and used synthetic polymers in the 

production of NPs. Belonging all to the linear polyesters family42, they are non-toxic and biocompatible 

for specific applications42. Among them, PLA was the selected polymer in our work. 

Surfactants also have an important role in the production of NPs. They can act as stabilizers, 

because they can reduce the interfacial tension between phases and reduce NPs growth by 

coagulation and condensation43. Moreover, particles with low dispersity are produced in the presence 

of such compounds because they create a steric stabilization layer, which prevents the aggregation of 

NPs44. 

Several drugs have been incorporated inside polymeric NPs such as taxol45,46, insulin47, 

prednisolone48 or dexamethasone49. In this work, we selected prednisolone as a model drug. 

Prednisolone is a corticosteroid used to treat a wide range of acute and chronic hematological, 

infectious, cardiac, dermal, neurological, metabolic and gastrointestinal diseases, such as lupus, 

arthritis, hepatitis and asthma50. 

So far, little attention has been devoted to systematic studies that analyze the effect of the 

processing parameters, using only one fabrication technique, on PLA NPs properties. Herein, we 

conducted an experimental work in which different nanoprecipitation parameters, such as the quantity 

of different surfactants and/or aqueous/organic volume ratios were assessed. Size distribution and 

surface electrical potential of the produced NPs were evaluated. For PLA NPs presenting different 

sizes, the morphology and storage stability were also evaluated. The loading and entrapment 

efficiencies and the release profile of prednisolone along time were also assessed in vitro, 

demonstrating the possibility of using these NPs as drug release devices. Accordingly, we also 

analyzed the cytotoxicity, proliferation and internalization by cells (human endothelial and fibroblastic 

cell lines) in the presence of NPs at different concentrations.  
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3.2  Materials and Methods 

3.2.1    Chemical and reagents 
Poly(D,L-lactic acid) (PDL 02, MW 17 kg/mol) was kindly provided by Purasorb. Acetone (min. 

99.8 %) was purchased from Analar Normapur. Distilled and ultrapure water was obtained from MiliQ-

Pore. Pluronic® F-68 10 % (100X), was purchased from Life Technologies. Poly(vinyl alcohol) (PVA), 

Span® 80, Tween® 80, PBS tablets (Sigma-Aldrich), prednisolone, D-(+)-Glucose ≥99.5 % (GC) and 

fluorescein-5(6)-isothiocyanate (FITC) were purchased from Sigma-Aldrich. All the reagents are 

laboratory grade and were used as received. An exception is the acetonitrile (HPLC grade) that was 

purchased from Fisher Scientific UK Limited (Leicestershire, UK). 

 

3.2.2    NPs production and characterization 

3.2.2.1 Preparation of NPs 
NPs were produced using the nanoprecipitation process, under two different conditions (A and 

B) as detailed in Table 3.1. The first condition A was based in the literature34,51–53, with some 

modifications (Table 3.1; A1-A13). Briefly, an organic solution was prepared dissolving PLA (1.85 

mg/mL) in acetone (5 mL), at room temperature (RT). Then, under constant magnetic stirring at RT, 

this mixture was added dropwise onto an aqueous solution (5 mL) containing a hydrophilic surfactant 

(Pluronic® F-68) at different concentrations (0; 0.10; 0.25; 0.50; 0.75; 1; 2; 3 or 5 % v/v). In a second 

approach, PVA (5, 8 or 10 %) was used instead of Pluronic® F-68. In a third approach, Span® 80 (0.18 

%) was included in the organic phase and Tween® 80 (0.18 %) in the aqueous phase, instead of 

Pluronic® F-68. 

The resulting solution was kept under agitation during 5 min and then, the organic solvent was 

removed under reduced pressure (3-8 mbar). For drug loading and release experiments, 3 mg of 

prednisolone was added to the organic initial solution. For fluorescence biological assays, 100 µL of 

previously prepared FITC ethanol solution (1 mg/mL) were added to the initial aqueous solution. The 

elimination of the non-incorporated compounds in the NPs suspension was achieved by centrifugation 

(2 cycles of 45 min, 4000 rpm at 25 ºC) using Amicon Ultra-15 Centrifugal Filter Units. Before 

centrifugation, glucose (1 mg/mL) was added to avoid NPs aggregation. 
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Table 3.1: Conditions and formulations tested on the optimization of NPs size. 

1. Condition 2. Formulation Aqueous phase 
(Aq) 

3. Organic 
phase 
(Org) 

4. Org/Aq 
volume 

Polymer 
concentration 

(mg/mL) 

A 

A1 No surfactant 

5. Acetone 

1:1 1.85 

A2 Pluronic® F-68 (0.1%) 
A3 Pluronic® F-68 (0.25%) 
A4 Pluronic® F-68 (0.5%) 
A5 Pluronic® F-68 (0.75%) 
A6 Pluronic® F-68 (1%) 
A7 Pluronic® F-68 (2%) 
A8 Pluronic® F-68 (3%) 
A9 Pluronic® F-68 (5%) 

A10 PVA (5 %) 
A11 PVA (8 %) 
A12 PVA (10 %) 

A13 Tween® 80 (0.18 %) 
6. Span® 80 

(0.18 %) in 
acetone 

B 

B1 Pluronic® F-68 (0.75%) 

Acetone 

1:3 

0.37 

B2 

No surfactant 

1:3 
B3 1:2 
B4 1:4 
B5 1:5 
B6 1:8 
B7 1:10 
B8 1:15 

 

The second condition B applied to obtain smaller NPs, was based on the another method from 

the literature54 (Table 3.1, B1-B8). In this protocol, an organic solution containing the same polymer in 

a different concentration (0.37 mg/mL of PLA) was added to an aqueous solution containing or not a 

surfactant. In the case of smaller NPs production, different volume ratios organic/aqueous (1:2, 1:3, 

1:4, 1:5, 1:8; 1:10, 1:15) were used. For fluorescence biological assays, FITC was added as explained 

previously. After that, the protocol for NPs preparation was followed as previously described. In the 

case of drug loading experiments, 1.5 mg of prednisolone was added as previously described. 

Independently on the production method, all NP suspensions were kept at 4ºC under static 

conditions until further analysis. 

 

3.2.2.2 NPs characterization 

3.2.2.2.1 NPs size, PDI and zeta potential  
The size, polydispersity index (PDI) and zeta potential of the produced NPs were assessed 

using the Zetasizer Nano ZS (Malvern Instruments). Analysis of the two first parameters were 

performed at 25 ºC and using samples diluted (1:50 v/v) in distilled water. The same solutions 

prepared for size analysis were used for zeta potential evaluation. The reported values are the 

average of all values of at least three replicas (n=3) and three measurements. 

 

3.2.2.2.2 NPs morphology 
Morphological analysis was conducted using scanning electron microscopy (SEM) (JSM-

6010LV, JEOL) and atomic force microscopy (AFM) (Dimension icon, BRUKER). Prior to SEM 
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analysis, the samples were diluted to achieve a final concentration of 0.1 mg/mL and disposed on a 

glass slide or in a silicon support glued to a metallic pin with a carbon tape. After drying for 24 h at RT, 

samples were coated with gold (Cressington 208 HR) 9 - 12 nm. The analysis was performed using 

10/15 kV and a magnification of x20 000. For morphological analysis using AFM (tips Scanasyst Air), 

samples were prepared as previously described for SEM analysis but without the need of a metallic 

support and sputter-gold coating. 

 

3.2.2.2.3 Long-term NPs stability 

Storage stability of NPs was analyzed by measuring regularly size, PDI and the zeta potential 

of NPs suspensions kept at 4 ºC, under static conditions, during all the experimental period (6 

months). Before each measurement, a sample dilution with distilled water was prepared, as explained 

above in section 3.2.2.2.1. 

 

3.2.2.2.4 Drug entrapment efficiency and loading in NPs 
After the production of NPs, the resulting suspension was centrifuged to ensure that all non-

incorporated drug was removed, as referred in 3.2.2.1. Then, prednisolone loaded in NPs was 

quantified. This quantification was performed by high performance liquid chromatography (HPLC). A 

Shimadzu UFLC Prominence system equipped with two pumps LC-20AD, an autosampler SIL-20AC, 

a column oven CTO-20AC, a degasser DGU-20A5, a system controller CBM-20A and a LC solution, 

version 1.24 SP1 (Shimadzu Corporation, Tokyo, Japan) were used. A Shimadzu SPD-20A UV/VIS 

detector was coupled to the LC system, with the wavelength set at 244 nm. A guard column 

LiChrocart® LiChrospher 100 RP-18 (4x4 mm, 5 µm) (Merck) was connected to a Lichrocart® 

LiChrospher 100 RP-18 (250x4.6 mm; 5 mm) (Merck) column, and the mobile phase was ultrapure 

water/acetonitrile (60:40, v/v), at isocratic mode (1 mL/min). The injection volume was 20 µL. 

Based on the results obtained from the HPLC, two parameters were calculated, entrapment 

efficiency and drug loading, by using the following equations: 

 
The concentration of prednisolone in NPs suspensions was obtained based on the areas of 

the peaks of chromatograms, being all results acquired in triplicate. Previously, and using the same 

dilution solution as for the tested samples, a prednisolone calibration curve was created. 

 

3.2.2.2.5 In vitro drug release study 

The release rate of prednisolone from NPs was assessed using a dialysis cellulose tube as a 

unique physical barrier. Those dialysis cellulose tubes (14.000 MWCO, Sigma-Aldrich) were entirely 

immersed in water and maintained at RT for 20 min. Then, they were washed thoroughly with 

osmotized water. After the removal of non-incorporated drug, as explained in 3.2.2.1, NPs 

suspensions were resuspended in phosphate buffer saline (PBS) (pH=7.4, 0.01 M) before being 
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introduced into dialysis cellulose tubes. The dialysis cellulose tubes containing NPs suspensions were 

kept in PBS at 37 ºC, under constant stirring. For each time point, samples were collected from the 

surrounding solution. An equal quantity of fresh PBS was added to maintain the total surrounding 

volume. The collected samples were diluted with acetonitrile and analyzed by HPLC, under the same 

conditions referred in 3.2.2.2.4. The concentration of prednisolone was determined using a calibration 

curve, based on the absorbance at 244 nm. 

 

3.2.3    Biological assays 

3.2.3.1 Preparation of NPs for biological assays 
After NPs production, several diluted NPs suspensions were prepared for biological assays. 

For both selected formulations from Conditions A and B, PLA NPs were diluted, in order to achieve 

0.187, 0.374 and 0.748 mg/mL as final testing concentrations (Table 3.2). NPs suspensions were 

filtered using 0.22 µm filters (TPP) to assure sterile conditions. 

Table 3.2: NPs dilutions used in the biological assays. 
Dilution Concentration (mg/mL) 

1:2.5 0.748 
1:5 0.374 

1:10 0.187 
 

3.2.3.2 Cell Culture 
Both human pulmonary microvascular endothelial (HPMECST1.6R) and human pulmonary 

fibroblastic (MRC-5) cell lines were used to assess the cytoxicity and internalization of the selected 

PLA NPs. HPMECST1.6R cells were cultured in M199 medium (Sigma-Aldrich) supplemented with 20 

% fetal bovine serum (FBS) (Alfagene), 2 mM Glutamax (Alfagene), 1 % pen/strep (100 U/100 µg/mL; 

Alfagene), heparin (50 µg/mL; Sigma-Aldrich), endothelial cell growth supplement (ECGS, 25 µg/mL; 

Corning) and incubated at 37 °C in a humidified 5 % CO2 atmosphere. On the other hand, MRC-5 cells 

were cultured in DMEM supplemented with 10 % FBS (Alfagene) and 1 % pen/strep (100 U/100 

µg/mL; Alfagene). Medium was changed twice a week until cells reached a level of 90% of confluence. 

HPMECST1.6R cells were used at passage 32-34 and MRC-5 cells at passage 13-15. 

 

3.2.3.3 NPs cytotoxicity assay 
Cells were harvested, seeded in the bottom of well of a 24-well plate, and cultured with 

medium containing NPs. Cell seeding was performed by dropping 500 µL of cell suspension 

containing 100 000 cells per well. After cell attachment (around 24 h), culture medium containing the 

NPs was added to each well. Cells without NPs (only with culture media) were used as controls 

(CTRL). After 24, 48 and 72 h of culture, samples were collected for cell viability (MTS) and 

proliferation (DNA and total protein quantification). 
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3.2.3.3.1 Cell Viability 
The metabolic activity of cells seeded on tissue culture polystyrene (TCPS) treated or not with 

different concentrations of PLA NPs was determined by the MTS assay (CellTiter 96® AQueous One 

Solution, Promega). Briefly, a mixture of culture medium, without FBS, and MTS reagent (5:1 ratio) 

was added to each condition. Samples were incubated for 3 h at 37 °C, in a humidified 5 % CO2 

atmosphere and performed in triplicate. The absorbance was read in triplicate at 490 nm, using a 

microplate reader (Synergy HT, Bio-TEK). 

3.2.3.3.2 Cell Proliferation 
Cell proliferation was determined using a fluorimetric dsDNA quantification kit (Quant-iT™ 

PicoGreen®; Molecular Probes, Invitrogen). The samples were transferred into eppendorf tubes 

containing 1 mL of ultrapure water and frozen at −80 °C until further analysis. Prior to DNA 

quantification, samples were thawed and sonicated for 10 min. DNA standards were prepared at 

concentrations ranging from 0 to 1.5 µg/mL. To each well of an opaque 96-well plate (Falcon) were 

added 28.8 µL of sample or standard (n= 3), 71.2 µL of PicoGreen working solution, and 100 µL of 

Tris-EDTA (TE) buffer. The plate was kept in the dark and fluorescence was measured in a microplate 

reader using an excitation wavelength of 480 nm and an emission wavelength of 528 nm. The dsDNA 

concentration of each sample was calculated using a standard curve relating DNA concentration and 

fluorescence intensity. 

3.2.3.3.3 Total Protein Quantification 
For the quantification of total protein, a kit (micro BCA™ Pierce Biotechnology, Thermo 

Scientific) was used. The assay was performed according to the manufacturer’s instructions. Briefly, 

standards were prepared at various concentrations ranging from 0 to 200 µg/mL in ultrapure water. 

Then, 150 µL of both samples and standards were assayed in triplicate, and 150 µL of working 

reagent was further added to each 96-well plate. The plate was sealed and incubated for 2 h at 37 °C. 

Afterwards, the plate was left to cooled down to RT, and the absorbance read at 562 nm in a 

microplate reader. The concentration of each sample was calculated using a standard curve relating 

protein concentration and absorbance intensity. 

 

3.2.3.4 NPs internalization 
For internalization assays, cells were grown (50 000 cells for HPMECST1.6R and 30 000 cells 

for MRC-5) on µ-slides (Ibidi) for confocal microscopy analysis. After 1, 3 and 7 h, NPs suspensions 

previously prepared (as explained in 3.2.3.1) were added to cultured cells. At the referred time points, 

cells were fixed with 10 % formalin in PBS and stored at 4 ºC for immunostaining. Samples were 

washed three times with PBS and incubated with Triton X-110 (Sigma-Aldrich) 0.2 % in PBS for 5 min 

to permeate cell membranes. In the following step, the samples were washed with PBS and incubated 

for 30 min with 3 % bovine serum albumin (BSA) (Sigma) in PBS to block non-specific protein 

interactions. Samples were washed with PBS and incubated during 15 min with phalloidin (0.25 

µg/mL; Sigma-Aldrich) to stain cytoskeleton and with DAPI (1 µg/mL; Sigma-Aldrich) to stain nuclei. 

Images of fluorescent-labeled cells and NPs were obtained by using excitation wavelengths of 405 nm 
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(DAPI), 488 nm (FITC labeled NPs) and 594 nm (phaloidin). The NPs containing FITC (Sigma) were 

prepared as described in section 3.2.2.1. For laser scanning confocal microscopy imaging (TCS SP8, 

Leica), fluorescent spots were observed at 20X and 63X magnifications. 

3.2.4    Statistical analysis 
For both NPs characterization and biological studies, data were statistically analyzed using 

IBM SPSS software (version 21; SPSS Inc.). Shapiro-Wilk test was used to verify the assumption of 

normality. P values lower than 0.01 were considered statistically significant in the analysis of the 

results. Data were analyzed by nonparametric way of a Kruskal-Wallis test followed by Turkey’s HSD 

test. 

3.3 Results 

3.3.1    Characterization of NPs in terms of size distribution and zeta potential 
The experimental work started with the preparation of PLA NPs in order to evaluate the effect 

of different quantities of Pluronic® F-68 in NPs size and zeta potential (formulations A1-A9 of Table 

3.1). The results, obtained by quantifying the size of NPs and the zeta potential, are graphically 

represented on Figures 3.1 and 3.2, respectively. As shown in Figure 3.1, no linear relation was 

possible to establish between the concentration of Pluronic® F-68 and the size of NPs. It can be 

observed that the presence of the surfactant has huge relevance in PLA NP size, since in the absence 

of Pluronic® F-68, NPs significantly increased their size. As shown in Figure 3.2, zeta potentials were 

always negative, independently on the amount of surfactant. 
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Figure 3.1: Size of PLA NPs produced according to Condition A, with different percentages of Pluronic® F-68 (A1-

A9). Statistical analysis was performed and data was considered significantly different if p < 0.01: a denotes 
significant differences compared to A1, b denotes significant differences compared to A2, c denotes significant 

differences compared to A4 and d denotes significant differences compared to A5. 
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Figure 3.2: Zeta potential of PLA NPs produced according to Condition A, with different percentages of Pluronic® 

F-68 (A1-A9). Statistical analysis was performed and data was considered significantly different if p < 0.01: a 
denotes significant differences compared to A1, b denotes significant differences compared to A2, c denotes 

significant differences compared to A4. 

 The effect of the presence of different compounds in the aqueous phase was also assessed. 

PVA (5, 8 or 10 %) was included in the aqueous phase, instead of Pluronic® F-68, and both NPs size 

distribution (size and PDI) and zeta potential were measured (Figure 3.3 and 3.4 – A10-A12). 
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Figure 3.3: Size of PLA NPs produced according to Condition A, with different percentages of PVA (A10-A12). 

Statistical analysis was performed for the three different conditions to compare each percentage of PVA and data 
was considered significantly different if p < 0.01. 
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Figure 3.4: Zeta potential of PLA NPs produced according to Condition A, with different percentages of PVA 

(A10-A12). Statistical analysis was performed for the three different conditions to compare each percentage of 
PVA and data was considered significantly different if p < 0.01. 
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No significant differences were observed among A10-A12 NPs in terms of size or zeta 

potential. All NPs populations presented PDI < 0.1 independently of the formulation, with A11 leading 

to significantly smaller values (data not shown). 

Alternatively, Tween® 80 and Span® 80 were added to the aqueous and organic phases, 

respectively. NPs had an average size of 119.6±2.4 nm, a PDI of 0.100±0.011 and an average zeta 

potential of -25.33±3.03 mV. Then, the combined use of these surfactants led to the formation of 

larger NPs, when comparing to the use of PVA, for the tested conditions. 

To obtain NPs with sizes statistically inferior to the ones obtained, Condition B was 

implemented. NPs were generated under different conditions to assess and study systematically the 

effect of variations in some of the production parameters. The organic to aqueous volume ratios were 

varied (B2-B8 NPs), being the results summarized in Figure 3.5 and 3.6 for size and zeta potential, 

respectively.	  
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Figure 3.5: Size of PLA NPs produced according to Condition B, with different org/aq volume ratios (B2-B8). 
Statistical analysis was performed for the seven different conditions to compare each org/aq volume ratio and 

data was considered significantly different if p < 0.01:	  a denotes significant differences compared to B2, b denotes 
significant differences compared to B3, c denotes significant differences compared to B4, d denotes significant 

differences compared to B5 and e denotes significant differences compared to B6. 
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Figure 3.6: Zeta potential of PLA NPs produced according to Condition B, with different org/aq volume ratios (B2-

B8). Statistical analysis was performed for the seven different conditions to compare each org/aq volume ratio 
and data was considered significantly different if p < 0.01: a denotes significant differences compared to B3, b 

denotes significant differences compared to B6.  

Although Condition B produced smaller NPs when compared with Condition A, in this protocol, 

more than one NP populations were present (data not shown). The values obtained for particle size 

were in fact an average of the sizes of the populations, taking into account the relative amount of NPs 

of each population. The same fact was also verified for NPs zeta potential (data not shown).  

Through the analysis of the Figure 3.5, no relation could be identified between NP size and the 

variation of the ratio. Indeed, experimental data shows a parabolic dependence of NPs size on the 

analyzed ratio. The PDI of the produced NPs indicated the presence of a polydisperse population for 

all tested conditions, with increasing values as the org/aq ratio decreases. Additionally, it can be 

observed that, independently of the org/aq ratio, the zeta potentials of the NPs were lower (but still 

negative) when comparing to the Condition A NPs.  

The presence the surfactant Pluronic® F-68 (0.75 %) in B2 NPs production was also analyzed 

(B1 NPs). When comparing with B2, B1 NPs led to the formation of polydisperse NPs populations with 

smaller sizes (81.2±3.4 nm) and lower values of zeta potential (-9.15±6.06 mV). 

Taking into account all conducted experiments, PLA NPs average sizes ranged between 80 

and 460 nm. Among those particles, the ones produced according to Condition B had the smallest 

sizes, between 80 and 460 nm. The largest and monodisperse NPs populations, with sizes between 

110 and 180 nm, were obtained following the Condition A. All the NPs presented negative values of 

zeta potential, independently of the conditions used. NPs produced according to Condition B protocol 

mostly presented a PDI superior to 0.2, while for Condition A the PDI was always lower than 0.1, 

which means that a homogeneous population was produced in terms of size. 

For subsequent studies, two groups of NPs, one from each condition, representing statistically 

different sizes were selected. NPs presenting an average size of 120 nm produced under the condition 

A and 80 nm NPs from condition B were selected. 
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3.3.2    NPs morphology 
NPs morphology was evaluated by SEM and AFM. The micrographs obtained from both 

techniques showed NPs with a circular morphology, for both 120 nm and 80 nm NPs. Also the NPs 

size distribution could be obtained from those two techniques. Figures 3.7 a) and b) show larger NPs 

than Figures 3.7 c) and d), corroborating the size measurements acquired with the Zetasizer. In those 

same figures a more heterogeneous population of NPs in Figures 3.7 c) and d) can be observed than 

Figures 3.7 a) and b), confirming the higher polydispersity values of Condition B NPs. Additionally, 

some aggregation of NPs is observed in Figures 3.7 c) and d). 

 

 

 

 

 

 

 

 

Figure 3.7: SEM and AFM images of the selected NPs made of PLA. 120 nm sample for SEM analysis was 
prepared in glass slide, while 80 nm sample for SEM analysis was prepared in silicon support. For AFM analysis, 
both samples were dropped in a glass slide. a) SEM micrograph for 120 nm; b) AFM micrograph for 120 nm; c) 

SEM micrograph for 80 nm; d) AFM micrograph for 80 nm. 

 

3.3.3    Long-term stability 
To examine the long-term stability of NPs, samples of aqueous NPs suspensions, kept at 4 

ºC, in static conditions, were harvested at different time points. Size, PDI and zeta potential were 

measured for all samples. The achieved results for 120 nm NPs are represented on Figure 3.8. It can 
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be observed that PLA NPs presented, for the analyzed period of time, a constant size. On the other 

hand, the zeta potential showed significant variations with time, while the PDI was kept below 0.1 

(data not shown). 
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Figure 3.8: Size and zeta potential of 120 nm NPs along time, when kept at 4 ºC, in water, under static 

conditions; NPs size (black circles) and zeta potential (grey squares). 

The stability of 80 nm NPs was also assessed. The effect of the addition of a surfactant 

(Pluronic® F-68) in long-term NPs size, PDI and/or zeta potential, was evaluated. Figure 3.9 a) and b) 

shows the results obtained for 80 nm with surfactant and 80 nm without surfactant, respectively. 
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Figure 3.9: Size and zeta potential of NPs produced according to Condition B: a) 80 nm with Pluronic® F-68, and 

b) 80 nm without Pluronic® F-68; NPs size (black circles) and zeta potential (grey squares). 

Contrarily to 120 nm NPs, 80 nm NPs showed an increase of size over time. Interestingly, 

after 6 months, 80 nm NPs with surfactant had a superior increase in their size when comparing with 

80 nm NPs. This size increase was initiated two weeks after the beginning of the experiment. Initially, 

PDI values were above 0.1 (data not shown) and did not change significantly with time (data not 

shown). On the other hand, zeta potential had substantial variations. 

 
3.3.4    Drug loading/entrapment efficiency 

Prednisolone entrapment and drug loading in 120 nm and 80 nm NPs was performed and the 

results are summarized in Table 3.3. 

Table 3.3: Entrapment efficiency and drug loading for 120 nm and 80 nm NPs. 
Formulation Entrapment efficiency (%) Drug loading (%) 

120 nm 9.69±3.14 32.56±2.76 
80 nm 6.13±1.43 14.12±0.86 
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3.3.5 In vitro drug release study 
After quantifying the amount of prednisolone encapsulated inside 120 nm and 80 nm NPs, the 

in vitro release profile was evaluated. The release profiles obtained for 120 nm and 80 nm are 

represented in Figure 3.10 and 3.11, respectively. 
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Figure 3.10: Prednisolone release profile from 120 nm NPs general view with a zoom on the initial phase, until 5 

h. Data represent mean ± SD, (n = 3). 
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Figure 3.11: Prednisolone release profile from 80 nm NPs general view with a zoom on the initial phase, until 5 h. 

Data represent mean ± SD, (n = 3). 

For both 120 nm and 80 nm NPs, the prednisolone release profile presented two different 

phases. First, a burst release was verified. Then, in the second release phase, a slight increase in the 

amount of prednisolone release was observed. NPs presenting a size of 120 nm and 80 nm released 

90% of the entrapped drug after 24 and 5 h, respectively. 

 

3.3.6 Biological assays 
HPMECST1.6R cells were used as a model of endothelium to study NPs uptake, since NPs 

administration is intended to be intravenously, being the endothelium the first biological barrier to 

intravenous injection. We also tested, fibroblastic cells (MRC-5) to assess the possibility of using NPs 

in a dermal application. Then, the evaluation of both cytotoxicity and internalization allow concluding 

about the viability of using the NPs in a biological environment. 
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3.3.6.1 Cell viability 

MTS assay was conducted to determine cell viability after addition of NPs to the culture 

medium, at different concentrations after different periods of time. The results obtained are graphically 

represented in Figure 3.12 a-d). 
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Figure 3.12: Cell viability by MTS after exposure to NPs suspensions at different concentrations after 24, 48 and 
72 h: a) HPMECST1.6R contacted with 120 nm NPs; b) MRC-5 contacted with 120 nm NPs; c) HPMECST1.6R 
contacted with 80 nm NPs; d) MRC-5 contacted with 80 nm NPs. CTRL refers to the condition of cells cultured 
without NPs. Statistical analysis was performed for all the 4 different conditions comparing each concentration 
(0.187, 0.368, 0.736 mg/mL and CTRL) for each time point (24, 48 and 72 h). Data was considered statistically 

different for p values < 0.01. + denotes significant differences compared to CTRL, * denotes significant 
differences compared to concentration 0.736 mg/mL and x denotes significant differences compared to 

concentration 0.368 mg/mL. 

From the analysis of Figure 3.12, for both NPs, no critical differences in terms of cell type and 

time points were observed. Nevertheless, still some statistically significant differences were observed. 

Cells exposed to NP suspensions with concentrations of 0.736 mg/mL showed lower values of MTS, 

especially for the time point of 48 h, for both cell types. 

 

a) b) 

c) d) 



	  

	  50	  

3.3.6.2 Cell proliferation 

Cell proliferation was assessed by quantifying DNA levels after exposure to different 

concentrations of NPs, at different time points. The results obtained are graphically represented in 

Figure 3.13 a-d), for HPMECST1.6R and MRC-5 cells. 
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Figure 3.13: Quantification of DNA after exposure to NPs suspension at different concentrations after 24, 48 and 
72 h: a) HPMECST1.6R contacted with 120 nm; b) MRC-5 contacted with 120 nm; c) HPMECST1.6R contacted 

with 80 nm; d) MRC-5 contacted with 80 nm. CTRL refers to the condition of cells cultured without NPs. Statistical 
analysis was performed for all the 4 different conditions comparing each concentration (0.187, 0.368, 0.736 

mg/mL and CTRL) for each time point (24, 48 and 72 h). Data was considered statistically different for p values < 
0.01. + denotes significant differences compared to CTRL, * denotes significant differences compared to 

concentration 0.736 mg/mL and x denotes significant differences compared to concentration 0.368 mg/mL. 

As for MTS analysis, from Figure 3.13, it is possible to observe no critical differences for both 

NPs in terms of cell type and time points. However, still some statistically significant differences were 

observed. For HPMECST1.6R cells, no significant differences were observed for both NPs types. After 

48 and 72 h MRC-5 cells exposed to 80 nm NPs in a concentration of 0.736 mg/mL, presented smaller 

values, when compared to the other three conditions. For 120 nm NPs, after 48h, NPs in 

concentration of 0.736 mg/mL led to smaller values of DNA. After 72 h, this effect was observed for all 

NPs concentrations, when comparing with the control. 

 

3.3.6.3 Total protein quantification 

Total protein quantification allows concluding about cell activity during the culture time with 

different NPs concentrations. Figure 3.14 a-d) shows the concentration of protein for both 

HPMECST1.6R and MRC-5 cells, cultured for 24, 48 and 72 h with the two selected formulations. 

a) b) 

c) d) 
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Figure 3.14: Total protein quantification after exposure to NPs suspensions at different concentrations after 24, 
48 and 72 h: a) HPMECST1.6R contacted with 120 nm; b) MRC-5 contacted with 120 nm; c) HPMECST1.6R 

contacted with 80 nm; d) MRC-5 contacted with 80 nm. CTRL refers to the condition of cells cultured without NPs. 
Statistical analysis was performed for all the 4 different conditions comparing each concentration (0.187, 0.368, 
0.736 mg/mL and CTRL) for each time point (24, 48 and 72 h). Data was considered statistically different for p 

values < 0.01. + denotes significant differences compared to CTRL and * denotes significant differences 
compared to concentration 0.736 mg/mL. 

Similarly to MTS analysis and DNA quantification, the analysis of Figure 3.14, for both NPs, no 

critical differences in terms of cell types and time points were observed. However, still some 

statistically differences were observed. For MRC-5 cells exposed to 120 nm NPs at a concentration of 

0.736 mg/mL after 48 and 72 h, a lower protein concentration was observed when compared with the 

other conditions. For 80 nm NPs this effect was already verified just after 24 h. Similar results were 

obtained for HPMECST1.6R cells cultured with 120 nm NPs. In the case of HPMECST1.6R cells 

cultured with 80 nm NPs, smaller values were observed for the time point of 24 h. 

 

3.3.6.4 NP uptake 

Cells were exposed to suspensions containing 120 nm or 80 nm PLA NPs at three different 

concentrations (0.187, 0.374 and 0.748 mg/mL) for 1, 3 and 7 h. Their subcellular localization at 

different culture times was observed and analyzed by laser scanning confocal microscopy (Figures 

3.15 and 3.16). 

a) b) 

c) d) 
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Figure 3.15: Fluorescence images of HPMECST1.6R cells, after 3 h, cultured with 120 nm and 80 nm NPs (0.748 
mg/mL) (green, FITC) and in the absence of NPs (CTRL), being the nuclei blue (DAPI) and the cytoskeleton red 

(phalloidin): a) 120 nm; b) 80 nm; c) CTRL. 

Confocal micrographs showed that MRC-5 cells did not internalize any type of NPs, 

independently of the time (micrographs not shown). On the other hand, by comparison of the 

micrographs shown in Figure 3.15 a) and b), HPMECST1.6R cells were only able to internalize 120 

nm NPs. In fact, green dots can only be observed in Figure 3.15 a). When comparing cell cultured with 

80 nm NPs and without NPs, shown in Figure 3.15 b) and c) respectively, no differences can be 

observed. 

	  

	  

	  

	  

	  

a) b) 

c) 
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Figure 3.16: Fluorescence images of HPMECST1.6R cells, after 1, 3 and 7 h, cultured with 120 nm NPs (0.748 
mg/mL) (green, FITC), being the nuclei blue (DAPI) and the cytoskeleton red (phalloidin); a) 1 h; b) 3 h; c) 7 h. 

In the temporal analysis of HPMECST1.6R cells cultured with 120 nm NPs (Figure 3.16 a-c)), it 

can be seen that NP internalization can only be verified after 3 h of incubation. Indeed, no green dots 

were observed after 1 h of culture (Figure 3.16 a)). Moreover, after 7 h of incubation with the NPs, 

higher amount of NPs were internalized by endothelial cells (Figure 3.16 c)), when comparing with 3 h 

of incubation (Figure 3.16 b)). 
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3.4 Discussion 
The goal of the present work was to produce PLA NPs with specific ranges of sizes suitable to 

be used in a wide range of applications, such as drug delivery. Several published works have shown 

that nanoprecipitation, the production method selected to this work, is a suitable technique for PLA 

NPs production55,56. Other recent works have shown that various factors can influence the 

nanoprecipitation process, leading to variations in the characteristics of the produced NPs57,58. We 

intended to systematically study the influence of the production parameters over the NP 

characteristics. It was assessed not only the concentration of different surfactants present on the 

aqueous phase, but also the different aqueous/organic volume ratios. Envisioning the future clinical 

application of the produced NPs, cell studies (in terms of cell internalization, cytotoxicity, protein and 

DNA quantification) were conducted to assess the effects of the administration of a NPs suspension 

over cells. In a further step, and recalling drug delivery as a possible NP application, an anti-

inflammatory drug (prednisolone) was loaded in the NPs. Both the entrapment and the loading 

efficiencies and the drug release profile were evaluated. 

Different works in the literature claim that poloxamers prevent the aggregation of NPs59. 

Moreover, Pluronic® F-68 specifically has the ability to enhance the drug release, NPs stability and 

cell-interaction60,61. The use of this surfactant has demonstrated to influence the kinetic of particles 

clearance. Indeed, MPs that usually are found in the liver, when coated with Poloxamer 338 or 188 are 

found in the lungs62. This can be explained by the physicochemical properties of the coating material. 

In fact, coated particles are hardly covered by opsonins and, as a consequence, the phagocytic 

engulfment is minimized62. Therefore, Pluronic® F-68 was added to the aqueous phase in the 

nanoprecipitation method. Analyzing Figures 3.1 and 3.2, no linear correlation was observed between 

the concentration of Pluronic® F-68 and NPs size and zeta potential. This might be explained by the 

presence of different types of interactions between the compounds present in solution that lead to the 

formation of NPs. In a second step, Condition B was implemented to obtain smaller NPs, inferior to 

100 nm. Analyzing the results obtained for this condition, smaller NPs could successfully be obtained, 

when comparing to the Condition A. Since the NPs produced according to Condition B protocol are 

highly unstable, both in size as in zeta potential, the addition of Pluronic® F-68 was tested during their 

production. Contrarily to what was reported on the literature60 for PLGA, the addition of a surfactant 

did not lead to more stable NPs: NP populations still kept a PDI > 0.1. This can be explained by the 

fact that the intrinsic instability of Condition B NPs is too strong to be adjusted with the experimental 

conditions used.  On the other hand, in agreement with that same work, the addition of Pluronic® F-68 

decrease the zeta potential of the NPs60. 

To the best of our knowledge, no study has referred variations of the protocol of Condition B 

with the goal to achieve smaller NPs. To complete the analysis on this topic, volume ratios between 

organic and aqueous phase were varied to conclude about the influence on NPs size. As the ratio 

decreases, NP size does not follow a constant behavior. In fact, a hyperbolic profile is observed. As 

reported previously63, no linear correlation was observed between acetone/water volume ratio in the 

nanoprecipitation process and the resulting NP size. This is in accordance with our results since for all 

the analyzed ratios, the 1:3 ratio led to smaller NPs. 
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Two NPs presenting statistically different sizes were selected to be further characterized. 

Morphological analysis was investigated by SEM and AFM. The sizes of the NPs were in the range of 

values measured by dynamic light scattering. However, very slight divergences were noticed and this 

might be due to the fact that, on the Zetasizer analysis, the NPs are in suspension, while in SEM and 

AFM they are dried. 

The 120 nm NPs maintained their size, during the stability assay. The possibility of NPs 

aggregation was analyzed by measuring both size and PDI with time. Through the analysis of both 

parameters, it can be concluded that NPs did not aggregate or degrade. Then, based on the results of 

the storage stability tests, NPs suspensions can be kept without any size change for at least 6 months, 

under the tested conditions. This fact is essential in the medical field, when an intravenous 

administration is considered, since NP aggregation in the blood vessels can lead, ultimately to 

capillary blockage. The stability of 80 nm NPs showed to be significantly lower. Indeed, long-term 

stability tests showed that these NPs rapidly increase their size from the 15th days of the assay, 

keeping constant their polydispersity. This effect may be due to their variable zeta potentials that do 

not create the repulsive interactions as in the 120 nm NPs. Ming et al.54 that report the production of 

PLGA NPs according to Condition B, also demonstrate an increase on NPs size of 50 nm (kept in 

PBS) after two weeks. Due to structural and morphological similarities between PLA and PLGA, 

similar behavior is expected, being our results in accordance with the ones obtained by Ming et al.54. 

Zeta potential can be a measurement of the stability of colloidal dispersions by giving the tendency of 

particle aggregation64. This is due to the increasing repulsion of particle presenting increasing 

charge64. Then, it was expected that NPs from Condition B would increase their size along time, 

because they present small zeta potentials and no strong repulsive forces are present. Indeed, it has 

been shown that for a NP to be stable its zeta potential magnitude have to be larger than 30 mV (for 

both negative and positive potentials)65. Conditions B NPs have zeta potentials ranging from 0 to -10 

mV. This instability was also confirmed by the morphological analysis in which NPs aggregates are 

present in higher amount for 80 nm, when comparing to 120 nm. 

Barwal et al.52 reported the production of PLA NPs by nanoprecipitation using Pluronic® F-68 

(w/v), in conditions similar with B3 Formulation (polymer concentration of 2 mg/mL). The produced 

NPs were used to entrap and deliver stevioside, with an entrapment efficiency of 64.4% and a drug 

loading of 16.32%52. Comparing with our experimental NP size (78 nm), they produced NPs with 

bigger sizes (140 nm). This might be explained by the use of different polymer concentrations. Lower 

entrapment efficiencies and higher drug loading values were obtained. These differences may be 

related with the fact that we calculated both parameters based on a direct quantification (based on the 

drug on the NPs) method, while Barwal et al.52 utilized an indirect method (based on the drug on the 

supernatant) that may overestimate the loading efficiency. 

Bigger NPs (120 nm NPs) were internalized while smaller (80 nm NPs) were not. Based on a 

work developed by K. Win and S. Feng69, PLGA NPs size can influence cell internalization. In that 

work, PLGA NPs with 100 nm were 2.3-fold internalized when comparing to 50 nm PLGA NPs69. In fat, 

while some authors report that the internalization of smaller NPs is higher when comparing to larger 

NPs66,67, others state that there is an ideal NP size for internalization to occur68,69. Despite in our work 
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we used PLA instead of PLGA, our findings are in general agreement with K. Win and S. Feng69 

conclusion. Our results show that the smaller NPs were not more internalized than bigger NPs.  This 

could be explained by the important role of NP surface electrical charge rather than the size in cell 

internalization70. The smaller average zeta potential (near 0 mV) of the 80 nm NPs that highly 

destabilizes NPs may critically influence their entrance into the cells. 

In the biological assays, both cell lines are from human pulmonary origin but one has a 

fibroblastic origin (MRC-5), while the other is an endothelial cell line (HPMECST1.6R). The 120 nm 

NPs were only internalized by the endothelial cells, while 80 nm NPs were not (Figure 3.15). It is 

desired that NPs reach the basal side of the endothelium in sufficient amounts to ensure an effective 

treatment. The endothelial barrier is composed of a monolayer of endothelial cells with 3 nm tight 

junctions. Those spaces, due to their small size, do not allow NPs passage to occur. Then, for NPs to 

get to the basal side, they should find out an alternative way, because if they are commonly 

internalized, they are easily degraded and cannot reach efficiently the opposite side of the endothelial 

cell barrier71. The transcellular caveolar pathway, present in endothelial cells of various organs, is a 

possibility for the particles to pass this barrier. Caveolae have ∼70 nm in diameter, whereby smaller 

NPs are preferentially transported by this mechanism than larger NPs72,73. The microscopic techniques 

used in this work do not allow detecting what mechanism is behind the cellular entrance of NPs. In 

fact, these assessed is only possible using more complex analysis. 

In accordance with A. Verma and F. Stellaci74, the NPs population characterized by a high 

polydispersity can lead to different results in cell studies, when comparing different batches. In fact, 80 

nm NPs, with PDI > 0.1 led to higher standard deviation on the cellular assays. 

Prednisolone (a synthetic glucocorticoid) mode of action is based on its high affinity binding 

with glucocorticoid receptors (GR). GR, that reside in the cytosol when unbound, regulates genes, 

controlling the development, metabolism, and immune response. Basically, the steroid/receptor 

complexes dimerise and interact with cellular DNA in the nucleus, binding to steroid-response 

elements and modifying gene expression. Then, they can induce synthesis of some proteins, and 

inhibit synthesis of others75. Since this cascade is dependent on the entrance of the prednisolone 

inside the cells to form the steroid/receptor complex, NP internalization is of major importance. Despite 

the fact that the cell studies were all conducted with empty NPs, we could be expect that the 

internalization conclusions can also be applied to prednisolone loaded-NPs since the entrapped of a 

drug did not cause significant changes in NPs characteristics. 

3.5 Conclusions 
In this work we proposed the development of a systematic study showing the effects of various 

NPs production parameters in PLA NPs size. Two conditions leading to statistically different groups of 

NPs in terms of sizes were selected for further studies. Those non-cytotoxic NPs led to different 

internalization profiles, depending on cell type and on NPs size. Moreover, also the drug entrapment 

and loading efficiencies and release depended on the NPs group. So, this study reveals that, using the 

same production technique and changing one or more design parameters, the obtained NPs can 
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present special and distinctive features. Therefore, we show that the size of PLA NPs can be 

produced with defined sizes fulfilling the needs of each specific biomedical application. 
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Chapter 4 - General Conclusions and Future Work 
	  

It is urgently needed the development of new therapies for unmet clinical needs. The current 

treatment modalities induce healthy tissue damage and successive administrations that are referred 

as strong disadvantages, leading to lower patient compliance. Nanoparticles (NPs) can be used to 

circumvent these problems, due to their exceptional characteristics. To this end, a way to carefully 

understand and, consequently, design nanoentities has to be established, in order to create NPs with 

predictable properties. Our work describes a systematic study of the influence of NPs production 

parameters over NP size, polydispersity index (PDI) and surface electrical potential. Furthermore, the 

influence of NPs populations with different sizes in cell behavior was assessed. Encapsulation and 

release of a broad-spectrum corticosteroid drug in those NPs was also performed. 

With this thesis we demonstrated that cytocompatible and drug release poly(lactic acid) PLA 

NPs can be produced with specific ranges of sizes by simply adjust the production parameters of a 

single production process. Those findings have significant impact over the NPs field because they 

improve the knowledge on the factors affecting PLA NPs that has been scarcely described in the 

literature. Importantly, it can allow researchers having a basal study from which they select the 

suitable conditions to obtain defined PLA NPs. Then, they can develop their projects regardless 

spending time on the optimization of the PLA NPs processing. Despite the fact that this work was 

focused on PLA, the transposition of those findings to others aliphatic polyesters, such as poly(lactic-

co-glycolic acid) (PLGA), can be easily extended. 

In a future work, the surface modification of the selected NPs should be performed to create 

targeted and immune system protected NPs. With this strategy, the produced NPs become closer to 

the ideal NPs, being able to avoid the immune system cells and to be directed to a specific anatomical 

location. In addition, the composition of the NPs should be adjusted in order to increase drug loading 

and to have suitable drug release profiles for a given application. In the end, an in vivo experimental 

assay is needed to understand the NPs localization after their administration. The NPs toxicity has 

also to be analyzed in a much more complex biological system, because two dimensional cell cultures 

are simple and not representative of the complex environment of an in vivo system. 

This study represents an advance in the growing area of biodegradable PLA NPs for 

intracellular drug delivery applications. 

 

	  

	  


