
UNIVERSIDAD DE CASTILLA-LA MANCHA

INTERACCIÓN DE 
NANOEMULSIONES CON LA 

BARRERA GASTROINTESTINAL 

MARÍA PLAZA OLIVER

MAYO 
2022FACULTAD DE FARMACIA. ALBACETE







 

 

 

 

 

 

 

 

 

A mis padres 

  





 

 

 

 

 

 

 

 

 

Lo importante es hacer investigación básica de 

calidad, de ella pueden salir resultados aplicables 

que no son previsibles a primera vista. 

MARGARITA SALAS 

  



AGRADECIMIENTOS  

Durante estos años he podido entender en muchas ocasiones la verdad detrás del 

proverbio yendo solo llegas rápido, acompañado llegas lejos. Por ello, quisiera agradecer 

a todas aquellas instituciones y personas que me han permitido realizar la tesis.  

A la Universidad de Castilla-La Mancha (UCLM), por facilitar los recursos y gestión 

necesarios. A la UCLM, el fondo social europeo y al Servicio Público de Empleo, por la 

financiación económica. A la facultad de farmacia de Albacete y a todos los profesores, 

técnicos de laboratorio, compañeros y amigos con los que he coincidido en esta etapa.  

A mis directores, Vicky y Manolo, por descubrirme la ciencia, por la confianza desde el 

principio, y por toda la paciencia y las enseñanzas científicas, académicas y personales 

que me llevo de vosotros. Gracias por ser ejemplo, porque solo aprende quien admira. 

Estoy segura de que DEVANA dará muchas alegrías.  

A mis compañeros durante estos años: Lucía (por la ayuda y el cariño que me has 

transmitido siempre, esta tesis también es tuya); Virginia, (por la valiosa ayuda con el 

HPLC), Noemí, Jorge, Joaquín, Pilar y Mar.  

A Emilio por toda su ayuda matemática e informática y por su implicación y paciencia 

a la hora de explicarlo. A Jesús, José Ramón y Joaquim, por su asistencia microscópica.  

A todos con los que he coincidido por el CRIB y la Bio: Gonza, Diego, Fer, Jesús, 

Noemí, Enrique, Elena, Jorge, Pedro…y todas las nuevas incorporaciones que van 

aumentando la familia de la Bio. Ha sido un placer trabajar cerca de vosotros y compartir 

comidas, disgustos, dudas y risas.  

Al grupo de investigación Advanced Drug Delivery and Biomaterials Research de la 

Universidad de Lovaina. En concreto a V. Préat y A. Beloqui por introducirme en el mundo 

del cultivo celular durante mi estancia en 2018, y por la posterior ayuda siempre que la he 

necesitado. A los compañeros de entonces, en especial a Silvia y Elia, pequeño hogar 

mediterráneo en Bruselas.  

Al grupo de investigación Microengineering del Wyss Institute de la Universidad de 

Harvard. Me siento afortunada por todas las vivencias y aprendizajes, en todos los sentidos, 

que me dejaron esos 7 meses. Por ello, aunque los resultados de esa investigación no 

aparezcan en esta tesis, no puedo dejar de agradecer a todas las personas que me 

ayudaron. Gracias a R. Novak, por la oportunidad, la paciencia para posponer la estancia 

en repetidas ocasiones debido a la pandemia, y por integrarme en el grupo de investigación 

como una más desde el primer día; así como por la supervisión y enseñanzas, junto a M. 

Super y D. Ingber. Gracias a Erica y a Tiffany por dedicar gran parte de su tiempo a 

enseñarme y acompañarme durante los tadpoles days, haciendo que fueran mi día favorito 

de la semana, principalmente por trabajar con ellas. A Lani, por la infinita paciencia



y tiempo dedicado para introducirme en el mundo del organ on chip, y por contestar a 

todos mis hi, it’s me again. Seguro que al final tanto esfuerzo vale la pena. A Alex por su 

ayuda con el HPLC y su disposición. A Shanda, Katherine y Daniela, mis Wyss girls, por 

ser las mejores compañeras de escritorio, por la ayuda, abrazos y motivación. Y a Eduin, 

compañero nocturno, por resetear malos días con café o infusiones de jengibre y 

amabilidad. Ejemplo de todo ese personal (limpieza, mensajería, gestión…), que no 

siempre está lo valorado que debiera, pero sin los que no podríamos trabajar en ningún 

laboratorio.  

Por último, gracias a todas mis personas refugio, os quiero mucho: 

A mis abuelos, por mirarme siempre con orgullo y amor, incluso cuando ya no 

recordaban qué estudiaba. Abuela, sé que siempre me seguirás poniendo velas mágicas 

para que las cosas me salgan bien.  

A mis padres, por ser hogar al que volver siempre. Porque a lo largo de mi vida 

académica son los que más días malos y mal humor se han tragado. Por no decirme lo que 

quiero oír sino lo que hay que decir, y por inculcarme los hábitos de estudio, trabajo y 

esfuerzo sin haberme puesto jamás un límite a nivel educativo. Todo lo bueno que pueda 

llegar a tener o ser, es por vosotros. Gracias.  

A mi hermano, por ser ejemplo y pasos a seguir desde siempre, muchas veces de 

manera inconsciente.  En el fondo te robé la habitación para parecerme al “doctor” de la 

casa, lo de la luz era una excusa. ¡Ahora tendré más tiempo para ser tu empanadilla jugona 

preferida!. A Carmen, familia sevillana, por su ayuda y ánimos.  

A Javi, por abrir ventanas de cambio con manos de barro y enseñarme lo que hay más 

allá de las diferencias. Gracias por toda la paciencia y apoyo estos meses. 

A mis amigos, Ana, Cris, Carmen, María, Rebe y Alberto. Porque, aunque ahora no 

podamos vernos tanto, sois colchón de desconexión, diversión, protección y confianza. 

Gracias Ana, mitad del pack indivisible. Da igual que nos veamos todos los días o que las 

circunstancias nos obliguen a estar un año sin abrazarnos, sé que siempre estaremos para 

levantarnos de las caídas (figurada y literalmente) y para reírnos de ellas.  

A Claudia, por ser familia en y desde Boston. El ir a Estados Unidos en plena pandemia 

hubiera sido más duro sin ti, y sin duda encontrarnos fue el mejor descubrimiento que 

hicimos durante esos meses (al nivel de las cookies de Tate’s). Eres un espejo de científica 

y persona en el que mirarme, así que espero tenerte siempre muy cerca.  

A todos vosotros, muchas gracias, de corazón. 

Albacete, mayo 2022 





 

1 
 

TABLE OF CONTENTS 

I. Summary / Resumen ................................................................................ …..3 

II. Introduction………………………………………………………………………….8 

Lipid-based nanocarriers in drug delivery ................................................. ….10 

Article I: Current approaches in lipid‑based nanocarriers for oral drug 
delivery…………………………………………………………...……………….15 

III. Justification .............................................................................................. …65 

IV. Hypothesis ............................................................................................... ...67 

V. Objectives ................................................................................................ ...68 

VI. Methodology ............................................................................................. ...69 

VII. Results……………………………………………………………………………..87 

Article II : PEGylated nanoemulsions for oral delivery: role of the 
inner core on the final fate of the formulation ............................................. ...89 

Article III : The role of the intestinal-protein corona on the 
mucodiffusion behaviour of a new nanoemulsion stabilised by ascorbyl 
derivatives .................................................................................................117 

Article IV : Taking Particle Tracking into practice by novel software 
and screening approach: case-study of oral lipid nanocarriers ................... .145 

Article V : Ascorbyl-dipalmitate-stabilised nanoemulsions as a potential 

localised treatment of inflammatory bowel diseases ................................. .177 

VIII. General discussion ................................................................................... ..204 

IX. Conclusions / Conclusiones ...................................................................... ..233 

X. Annexed 

Annexed I: Participation in additional publications and projects 
out of the compendium included in the thesis .......................................... .239 





 

 

 

 

 

 

 

 

 

 

SUMMARY 

RESUMEN 

 

 

 





Summary 

5 
 

SUMMARY  

The main objective of this thesis has been to understand the effect that the components 

of nanoemulsions have on their interaction with different biological barriers of the 

gastrointestinal tract. These studies have shown that the core of the nanoemulsions 

determines their surface composition. In addition, the strength of this interaction mediates the 

enzymatic lipid digestion rates and the diffusion of the nanoemulsions through the intestinal 

mucus. To properly understand the interaction of these prototypes with mucus a novel 

approach for the screening of trajectories has been proposed and a software that offers robust 

data analysis has been developed for its implementation. Finally, active targeting to the 

intestinal cells via the sodium-dependent ascorbic acid transporters, expressed at the apical 

membrane of Caco-2 cells, has been aimed by formulating ascorbyl derivatives stabilized 

nanoemulsions. These nanoemulsions were internalized and intracellularly retained by Caco-

2 cells, showing their potential as localized drug delivery systems for pathologies like intestinal 

bowel disease. 
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RESUMEN  

El principal objetivo de esta tesis ha sido entender el efecto que los componentes de las 

nanoemulsiones tienen en su interacción con las diferentes barreras del tracto gastrointestinal. 

Estos estudios han mostrado que el núcleo de las nanoemulsiones determina su composición 

superficial. Además, la fuerza de esta interacción media el grado de la digestión lipídica 

enzimática y de la difusión a través del moco intestinal de las nanoemulsiones. Para entender 

de manera correcta la interacción de estos sistemas con el moco, se propone una nueva 

aproximación para el cribado de trayectorias y un software que ofrece un análisis de datos 

robusto para su implementación. Finalmente, se ha buscado el direccionamiento activo a las 

células intestinales a través del transportador de ácido ascórbico dependiente de sodio, 

expresado en la membrana apical de las células Caco-2, mediante la formulación de 

nanoemulsiones estabilizadas por derivados del ácido ascórbico. Estas nanoemulsiones 

resultaron ser internalizadas y retenidas intracelularmente, mostrando potencial como 

sistemas para la liberación local en el caso de enfermedades como la enfermedad inflamatoria 

intestinal. 
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This section starts with a general overview of lipid-based nanocarriers in drug delivery, 

highlighting those formulations that have reached the market. Next, the introduction is 

focused on the oral administration of this type of nanocarriers, indicating its promise and 

challenges by including the review ‘Current approaches in lipid‑based nanocarriers for oral 

drug delivery’ (Article I), recently published in Drug Delivery and Translational Research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations:  

FDA: Food and Drug Administration. mRNA: messenger RNA.  
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LIPID-BASED NANOCARRIERS IN DRUG DELIVERY 

The advances in science and technology, as well as the understanding of disease 

mechanisms, have led to the discovery of numerous drug entities. Frequently, these 

candidates do not reach the clinical practice due to certain limitations, like high toxicity, low 

bioavailability, or unacceptable side effects. In this sense, the development of nanocarriers 

as drug delivery platforms has helped to overcome these limitations, by improving drug 

solubility, permeability and stability, as well as by enhancing the interaction with specific cell 

populations (functionalization with targeting ligands) 1. The versatility of nanocarriers and 

the wide range of available materials have led to different structures like polymeric or lipid-

based nanocarriers, but also to silica particles, quantum dots or metallic nanoparticles 1.  

The composition and structure of lipid-based nanocarriers can be adjusted to the 

requirements of the specific medical need. For that purpose, a range of nanocarriers can 

be obtained by different preparation methods, leading to liposomes, nanoemulsions, 

nanocapsules or lipid nanoparticles, which are explained in further detail in the review article 

(Article I) of this introduction. The high biocompatibility and biodegradability of these 

systems have prompted their development for different applications, as shown by the 

following examples. 

In 1995, the Food and Drug Administration (FDA) authorized for the first time the use 

of nanocarriers for human use, by approving Doxil® for the treatment of Kaposi’s sarcoma. 

The success of this product is based on the achievement of relevant drug loading values 

and the ability to prolong plasma circulation time 2. Since then, lipid nanocarriers have 

contributed to increase the efficacy of antitumour therapies for intravenous administration, 

as demonstrated by different marketed products used in clinics like DepoCyt® (for 

cytarabine administration), Mepact® (for mifamurtide administration), Marqibo® (for 

vincristine administration) or Onivyde® (for irinotecan administration) 3.  

Lipid-based nanocarriers have also been exploited as vaccine adjuvants for their ability 

to protect and deliver antigens to antigen-presenting cells and to stimulate protective 

immune response 4. This was exemplified by Epaxal®, a vaccine against the hepatitis A 

disease approved in 1999, which included liposomes as adjuvants instead of conventional 

aluminium salts. This formulation decreased the potential side effects of aluminium salts, 

such as local inflammation or pain and non-specific immunity 5. A more recent example is 

MosquirixTM (RTS,S/AS01), the first vaccine candidate for preventing malaria that reached 

phase III clinical trials 6. This vaccine, also including liposomes as adjuvants, has been 

administered to hundreds of thousand people in endemic countries, within a pilot program 

coordinated by the World Health Organization 7. Both Epaxal® and MosquirixTM vaccines 

have in common the use of non-pathogenic particulates (from the hepatitis A virus or 

Plasmodium falciparum, respectively), but there are more recent vaccination trends, which 

are focused on the delivery of messenger RNA (mRNA). 
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The first report showing the ability of mRNA as alternative for traditional vaccines was 

published in 1990 8. Using mRNA for vaccination means non potential risk of infection and 

the use of non-integrating platforms, so it is considered a safer approach than conventional 

vaccines. Nevertheless, the instability and in vivo delivery limitations of mRNA were not 

overcome until the past decade, when technology advances allowed it 3,9.  A recent and 

relevant example includes the mRNA vaccines against COVID-19 (e.g., Comirnaty® or 

Spikevax®), based on cationic lipid nanoparticles, being the first mRNA vaccines approved 

for clinical use 10. These vaccines have marked a milestone by providing high protection 

against COVID-19 disease to billions of people around the world. In addition, the flexibility 

of the formulation design and the relatively fast manufacturing process are specially 

interesting for the efficient and fast development of future mRNA vaccines against mutating 

viruses. 

During the development of novel therapies, apart from the clinical need and the 

requirements of the drugs, it is also essential to consider the desired administration route. 

In this sense, mucosal delivery (e.g., oral, nasal, pulmonary, vaginal, or ocular) is normally 

preferred to parental administration, mainly due to improved patient comfort and enhanced 

compliance. However, mucosae entail additional barriers for acceptable drug absorption, 

such as the protective mucus layer, presence of enzymes or the epithelium itself. In this 

sense, nanocarriers, and particularly lipid-based systems, have contributed to achieve 

efficient mucosal drug administration.  

The increase of drug bioavailability was aimed when self-emulsifying formulations like 

Norvir® or Neoral® were developed for the oral delivery of ritonavir and cyclosporine 

respectively 11,12. Following this line, the FDA approved Restasis®, based on anionic 

nanoemulsions, for the ocular delivery of cyclosporine in 2003 13. In this case, the goal was 

to avoid systemic side effects during the treatment of dry eye disease. More recently, 

cationic nanoemulsions have been proposed to increase the ocular residence time by 

promoting electrostatic interactions between nanoemulsions and the negatively charged 

mucus layer at the ocular surface. This is the principle of Novasorb® technology developed 

by Santen 14, which has led to the commercialization of products like Cationorm® (2008), 

based on unloaded cationic nanoemulsions as artificial tears, or Ikervis® (2014), for 

cyclosporine ocular delivery 13.  

Apart from these examples that have successfully reached the market, there are many 

efforts focused on mucosal drug delivery of low soluble drugs or biopharmaceutical products 

that are still in preclinical research. Mucosal immunization 15, peptide delivery 16,17, or 

localized tumour treatments to decrease systemic side effects 18 are some of the areas 

where lipid-based nanocarriers have been evaluated. For that purpose, it is important to 

understand the complexity and the barriers of mucosae in drug delivery. Another key issue 

is to modulate the interactions of lipid-based nanocarriers with the biological media, to 

promote the development of these systems and enhance their clinical translation. These 

topics, focused on the oral route of administration, will be addressed in the review ‘Current 

approaches in lipid‑based nanocarriers for oral drug delivery.’ 
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ABSTRACT 

Lipid-based nanocarriers have gained much interest as carriers of drugs with poor oral 

bioavailability because of their remarkable advantages like low toxicity, affordable scale-up 

manufacture, strong biocompatibility or high drug loading efficiency. The potential of these 

nanocarriers lies in their ability to improve the gastrointestinal stability, solubility, and 

permeability of their cargo drugs. However, achieving efficient oral drug delivery through 

lipid-based nanocarriers is a challenging task, since they encounter multiple 

physicochemical barriers along the gastrointestinal tract, e.g., the gastric acidic content, the 

intestinal mucus layer or the enzymatic degradation, that they must surmount to reach their 

target. These limitations may be turned into opportunities through a rational design of lipid-

based nanocarriers. For that purpose, this review focuses on the main challenges of the 

oral route indicating the strategies undertaken for lipid-based nanocarriers in order to 

overcome them. Understanding their shortcomings and identifying their strengths will 

determine the future clinical success of lipid-based nanocarriers. 
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nanoemulsifying drug delivery systems. SNEDDS: self-microemulsifying drug delivery systems. 

SVCT-1: ascorbic acid transporter. TPGS: D-α-tocopheryl polyethylene glycol succinate. w/o: 

water in oil. 
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INTRODUCTION   

Lipid-based nanocarriers are a landmark in drug delivery. Research on lipid-based 

nanocarriers has provided Doxil®, the first FDA-approved nanocarrier, and it is intensively 

progressing in areas like cancer or peptide delivery 1,2. The great attention received by these 

nanocarriers in last decades is due, in part, to the excellent properties of their lipid 

components, such as high versatility, biocompatibility and low toxicity profile 3. Lipid-based 

nanocarriers are suitable for enhancing the clinical potential of drugs with biopharmaceutical 

limitations, such as low aqueous solubility or stability, and for providing alternatives to the 

parental route. More specifically, the convenience and advantages of the oral route, e.g. 

ease of administration and high patient compliance, have strengthened the research on oral 

lipid-based nanocarriers. This is reflected in the increasing number of patents in the field 

promoting innovation and commercialisation 4–6. An excellent example is found in the patent 

filed in 2006 by M. Kidron claiming methods and compositions based of lipids for the oral 

delivery of peptides 7. This was the basis of Oramed, a lipid-based oral insulin delivery 

system that will soon initiate phase III clinical trials and perfectly shows the potential that 

lipid-based nanocarriers may have for efficient oral drug delivery 8.  

The term lipid-based nanocarriers includes liposomes, self-nano and microemulsifying 

drug delivery systems, nanoemulsions and nanocapsules, among others (Figure 1). All of 

them have in common that their formulation can be adapted to the characteristics and 

requirements of the oral route. Indeed, most oils and fats used for the development of these 

nanocarriers derive from dietary lipids facilitating oral permeability and biodegradability. 

Additionally, lipid-based nanocarriers can be designed to interact with specific cell 

populations in the gastrointestinal tract, increasing the drug delivery efficacy. However, oral 

drug delivery using lipid-based nanocarriers is a challenging task since they must overcome 

the harsh gastrointestinal environment and multiple chemical and physical barriers. These 

barriers include the gastrointestinal fluids, which have variable and extreme pH values and 

contain salts and enzymes that may compromise the stability of nanocarriers; a mucus layer 

colonised by the gut microbiota, which may limit the intestinal residence time and/or the 

access of nanocarriers to the intestinal epithelium; and the intestinal epithelium itself, which 

may express drug efflux mechanisms compromising the final absorption of the nanocarrier 
9,10.  

These challenges may turn into opportunities if the current information about the 

gastrointestinal barriers and their interaction with nanocarriers is understood and used to 

develop strategies aimed to improve the oral delivery of lipid-based nanocarriers. The 

behaviour and performance of these nanocarriers in the gastrointestinal tract may be 

modulated through a rational selection of the lipid components and a design based on the 

drug properties and on the medical need.  

For instance, depending on their composition, lipid-based nanocarriers have the 

potential to avoid the degradation of gastric labile drugs, enhance their intestinal residence 

time through their adhesion to the mucus layer or inhibit intestinal drug efflux. On this 
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context, this work aims to analyse the state-of-the art of the main approaches currently 

followed to enhance the oral delivery of drugs using lipid-based nanocarriers. 

CHALLENGES FOR LIPID-BASED NANOCARRIERS IN THE ORAL ROUTE 

The gastrointestinal tract is a difficult environment for nanocarriers due to the 

aggressive conditions that they encounter. First, its wide pH gradient is a challenge to the 

physical and chemical stability of the nanocarriers. The more acidic conditions are found in 

the stomach (pH 1-2.5), whereas the colon reaches pH 7-8 9. Most nanocarriers have 

ionisable groups on their surface, so pH values close to their isoelectric point would 

minimize or even remove their surface charge. Besides, gastrointestinal fluids include a 

variable concentration of salts and electrolytes, which may also negatively affect to the 

surface charge of nanocarriers. This can lead to destabilization processes that may end 

with their aggregation in gastrointestinal fluids. Secondly, the gastric enzymes, like pepsin 

or gelatinase, may also compromise the stability of the nanocarriers. The enzymatic content 

is even higher in the duodenum, since it is rich in biliary and pancreatic secretions that 

include lipases, peptidases and amylases 9. Taking into account the composition of lipid-

based nanocarriers, it is reasonable to think that lipases may digest them leading to 

solubilization, aggregation or precipitation 11. Besides, cationic electrolytes such as Ca2+ or 

Mg2+ may form insoluble salts with some lipid components of the carriers, i.e. long-chain 

fatty acids, removing them from their and allowing their digestion by lipases 11. Then, 

stability testing of lipid-based nanocarriers is essential in early development stages. To 

reproduce these conditions, researchers use simulated fluids that have pH values, 

electrolytes and enzymes concentrations similar to those of the gastric or intestinal fluids 

(USP XXIX) 12–14. 

 

Figure 1. Lipid-based nanocarriers in oral drug delivery. 
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The next barrier that nanocarriers meet in the gastrointestinal tract is the mucus layer 

underlying the epithelium. Mucus is a complex hydrogel mainly composed of water and 

proteins. Mucins are the more abundant proteins in mucus, they entangle to form a 

viscoelastic gel that exhibits shear-thinning properties 15. Most mucins in the intestinal 

mucus are glycosylated so it has negative charge. This may lead to the adhesion of 

positively-charged nanocarriers to mucus through electrostatic interactions 15. Mucus also 

includes additional carbohydrates, lipids, salts, cellular debris, and antibodies. To elucidate 

the impact of mucus on oral drug delivery, mucus models of different complexity have been 

used. The ideal mucus model should recapitulate the characteristics and composition of 

human intestinal mucus as far as possible 16. For this purpose, porcine intestinal mucus is 

widely used 17–20. However, the properties of native mucus may vary with the animal 

species, age, or disease state. In view of the high variability and complexity that entails the 

use of native excised mucus, other authors prefer to use purified mucin solutions 21,22, which 

are easier to prepare and minimize variability of the results, although they do not mimic 

completely the mucus composition 16. Intestinal mucus is structured in two different layers: 

a first layer, nearer to the intestinal lumen, which is loosely adhered, and a second layer, in 

contact to the epithelium, which is firmly adhered. The intestinal mucus has a protective 

function, impeding the contact of foreign particles with the epithelial cell, by the periodical 

renewal of the loosely adherent layer 15. This can lead to a prompt clearance of nanocarriers 

from the intestinal tract, minimizing their opportunities to reach the epithelium. There are 

different in vitro and in vivo techniques to evaluate the interaction of nanocarriers with 

mucus, such as the mucin particle method, DLS, fluorescence recovery after 

photobleaching (FRAP) and particle tracking 12,23. Among these, particle tracking has gained 

especial attention in last years, due to the unique advantages it offers, such as providing 

individual and ensemble information about the mucodiffusion of particles in real time. For a 

deeper knowledge in current techniques for the determination of the 

mucoadhesion/diffusion in nanocarriers, authors are referred to exceptional reviews in the 

field 12,23.  

Mucus harbours a diverse and dynamic population of microorganisms, known as the 

gut microbiota, which offers a range of benefits to the host, such as protecting against 

pathogens, modulating the immune system or harvesting energy. The bacterial strains and 

their abundance vary along the gastrointestinal tract, being more numerous and diverse in 

the colon region. When microbial populations are altered, the condition is known as 

dysbiosis. This has been related to several diseases and pathological situations, such as 

intestinal bowel disease (IBD), carcinogenesis or obesity 24. The importance of microbiota 

in the body homeostasis has led to an exponential research in the field 25; despite of this, 

the knowledge about the interaction of microbiota with nanocarriers is still scarce26. It is 

important to consider that gut microbiota may have a relevant impact on oral administered 

nanocarriers, e.g., metabolism or retention, which could alter (positively or negatively) the 

final fate and efficacy of nanocarriers. Additionally, nanocarriers may influence the 

microbiota by exhibiting prebiotic or antibiotic-like behaviour 27.  
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The intestinal epithelium is the last barrier for drugs in order to achieve the systemic 

circulation. Once associated to the nanocarrier, drugs can be released to the intestinal 

lumen and absorbed by the intestinal cells or be taken up still encapsulated in the 

nanocarrier. In this case, different mechanisms and cells are involved. The intestinal 

epithelium is mainly constituted by enterocytes, although other cells like goblet cells, M cells, 

L cells or Paneth cells are also found 28. Enterocytes are polarized absorptive cells with a 

microvilli brush border in their apical side, sealed among them by tight junctions. In general, 

the mechanisms of uptake by enterocytes are paracellular, through the space between cells, 

or transcellular, through enterocytes. The paracellular pathway plays a minor role in the 

absorption of drug and nanocarriers, since it only enables the transport of small and 

hydrophilic molecules. Opposite, hydrophobic nanocarriers/drugs may be transported by 

the transcellular pathway 9. The main transcellular pathways are endocytic and may occur 

by phagocytosis, via immune or M cells, or by pinocytosis, which can occur through different 

mechanisms, such as macropinocytosis, clathrin- or caveolae-mediated endocytosis and 

clathrin- and caveolae-independent endocytosis 29. Then, the nanocarriers may follow 

different intracellular trafficking and transformation pathways that may end with the 

nanocarriers and/or cargo molecule translocation across the intestinal epithelium to reach 

systemic circulation. In other occasions, an intestinal retention of the nanocarrier and/or its 

cargo molecule may be desired, e.g. for locally treating intestinal alterations, such as IBD 
30. The second and third most commonly found cells in the intestinal epithelium are goblet 

and M cells, respectively. Goblet cells secret mucins that are part of the mucus layer, 

whereas M cells take up and sample antigens and microorganisms. M cells are found in the 

gut associated lymphoid tissue (GALT) or Peyer’s patches, a region that is connected with 

the lymphatic system and that is not covered by a thick mucus layer, in order to enable 

closer interaction with antigens 28. Thus, M cells arise as an appealing entry point for lipid-

based nanocarriers.  

In an attempt to simulate the complex human intestinal environment, models of different 

complexity have been developed to predict the biological behaviour and the therapeutic 

potential of oral nanocarriers. Caco-2 cells, derived from human colorectal adenocarcinoma, 

have been widely exploited for modelling the intestinal barrier, since they can be polarized 

and differentiated as human enterocytes 31. Additional in vitro models have been proposed 

to achieve a closer intestinal resemble, such as the co-culture of Caco-2 cells with HTM-29 

MTX cells (mucus secreting model) 32 and/or with Raji cells (FAE model) 33–35. Although 

these models are well-stablished, they show some limitations; e.g, they fail to mimic the 

crypts intestinal structure and they cannot include intestinal microbiota. Within this scenario 

different 3D intestinal models have been developed in last years by microfabrication 

(engineered intestinal tissues) or microfluidics (gut-on-a-chip). The engineered intestinal 

tissues reproduce the intestinal 3D structure by using scaffolds composed of biomimetic 

materials, e.g. collagen 36, whereas gut-on-a-chip devices are able to mimic the intestinal 

biophysics forces and may allow the inclusion of microbiota strains and vascular 

components 37,38.  
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The development of nanocarriers normally includes testing them in vivo in more 

advanced research stages. In this regard, the animal model, age and gender should be 

selected depending on the medical need and the specific aim of the study 39. Rats and mice 

are the most commonly used species for the in vivo testing of oral nanocarriers, since their 

gastrointestinal tract resembles that of the humans, although they also show some 

peculiarities, e.g. different gut microbiota to humans and absence of gall bladder, which may 

require consideration. On the other hand, for toxicological or biopharmaceutical studies, 

animals models with a similar human metabolic pattern of that from humans is desirable 39.  

Additionally, disease-models may be used for understanding the therapeutic potential of 

nanocarriers, as well as their biological performance (e.g., absorption) in the pathological 

state. A more detailed vision of in vitro and in vivo intestinal models is beyond the scope of 

this work, but it is excellently reviewed elsewhere 12,39–41.   

ORAL LIPID-BASED NANOCARRIERS 

The diverse components and preparation methods currently available have led to a 

wide variety of lipid-based nanocarriers with the potential to enhance drug oral 

bioavailability, as depicted in Table 1. Although their specific composition determines their 

properties and biological performance, all these nanocarriers have in common the use of 

lipid ingredients, such as vegetal oils, free fatty acids or liposoluble vitamins. The following 

subsections specify the main characteristics and achievements of different lipid-based 

nanocarriers.  

Liposomes 

Liposomes are spherical vesicles constituted by lipid bilayers and an aqueous inner 

core. Conventional liposomes are made of phospholipids and sterols, such as cholesterol, 

which are usually incorporated in the formulation to stabilize the liposomal membrane 42,43. 

These nanocarriers cover sizes from 10 nm up to several microns. Liposomes were first 

described in the early 60s 44, opening the door to intense and fruitful decades of 

investigation in the drug delivery field 45,46. Since them, several liposomes-based 

formulations intended for parental administration have been approved for clinical use in 

humans by the FDA.  

The promising antecedents provided by injectable liposomes, as well as their 

biocompatibility, have encouraged the development of liposomes as carriers of drugs with 

poor bioavailability by the oral route. The structure and composition similarities of liposomes 

with cell membranes may contribute to the permeation enhancement across the intestinal 

epithelium. Besides, to overcome the physicochemical barriers that they may encounter and 

to modulate their behaviour in the gastrointestinal tract, the surface of liposomes can be 

modified, e.g. by the addition of cationic surfactants, bile salts or targeting ligands 43.  
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Liposomes can be spontaneously formed by hydration of phospholipids. The traditional 

method for the formulation of liposomes is the film hydration method. In this method, 

phospholipids are dissolved into organic solvents that are later evaporated, obtaining a 

phospholipid film that is hydrated to yield an aqueous dispersion of liposomes. Other 

conventional approach followed to prepare liposomes is the reverse-phase evaporation 

technique. In this method, the phospholipids solution in organic solvents is mixed with the 

aqueous phase, and the organic solvents are further evaporated to obtain the liposomes 42. 

Thanks to their composition, liposomes allow the encapsulation of both hydrophilic and 

hydrophobic drugs. Hydrophilic molecules can be loaded into their inner cavity, whereas 

hydrophobic drugs can be included into the lipid bilayer. Regarding hydrophilic molecules, 

liposomes have shown promise to increase the oral bioavailability of baicalein 47 and it is 

worth to highlight their growing contribution in the oral delivery of peptides, including insulin 

or lactoferrin 2,48–54. Lactoferrin is a peptide that has attracted much interest due to its 

important role in the immune system, showing antioxidant, anti-inflammatory, antibacterial 

and antiviral activity. However, it is susceptible to hydrolysis by gastrointestinal enzymes, 

what hampers its oral bioavailability. The encapsulation of lactoferrin in liposomes has been 

researched as a strategy to overcome this limitation. Indeed, there is a current clinical trial 

in phases 2 and 3 that study the efficacy and safety of lactoferrin-loaded liposomes orally 

administered in COVID-19 patients with mild to moderate disease and asymptomatic 

patients (NCT04475120) 55. This is an example of the potential that liposomes may have for 

current oral drug delivery challenges. With concern to hydrophobic molecules, liposomes 

have been exploited to improve the oral bioavailability of drugs such as cyclosporine A 56 or 

fenofibrate 57, among others. Liposomes are also promising for the achievement of efficient 

and safe oral cancer treatments 58–60, as recently reported by Ağardan et al. These authors 

described that liposomes loaded with tamoxifen and dimethyl-β-cyclodextrin as permeation 

enhancer are able to achieve a 92.5 % reduction of the tumour area after their oral 

administration to tumour bearing rats, without a significant weight loss 60. 

Solid lipid nanoparticles 

Solid lipid nanoparticles are nanocarriers composed by a lipid core with a monolayer 

surfactant shell that stabilize them to form aqueous dispersions at the nanometer range. 

Commonly used lipids for the production of solid lipid nanoparticles include triglycerides, 

fatty acids, waxes or phospholipids, whereas poloxamers, lecithin, polysorbates and bile 

salts derivatives are used as surfactants 61. Additionally, surface modification of solid lipid 

nanoparticles might provide them with mucoadhesion properties. These nanocarriers 

started to gain attention in the early 2000s due to their advantages, such as their 

biodegradability and biocompatibility, as well as preparation possibilities without needing 

organic solvents.  

The main peculiarity of these nanoparticles is that they remain solid both at room and 

body temperatures 61,62, this may increase their stability compared to liquid nanocarriers. 

Nevertheless, the solid state can also be a disadvantage of these nanocarriers, since the 
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crystalline state of the solid may limit their drug loading capacity. Moreover, encapsulated 

drugs may be promptly released from the nanoparticles in case of crystallization during 

storage. However, lipid crystallization might be retarded by the small size of the 

nanoparticles and the presence of surfactants, and further monitored by using techniques 

such as differential scanning microscopy or X-ray diffractometry 61. Different preparation 

methods have been described for the production of solid lipid nanoparticles, including high 

pressure homogenization, solvent emulsification/evaporation, solvent injection and 

microemulsion method.  

Solid lipid nanoparticles enable the delivery of both hydrophobic and hydrophilic 

molecules, so they have shown great potential to enhance the oral bioavailability of a wide 

variety of molecules, including antitumour drugs, e.g. paclitaxel or docetaxel 63–66, central 

nervous system drugs, e.g. lurasidone or asenapine 67,68, cardiovascular drugs, e.g. 

carvedilol or cilnidipine 69,70 or antiviral drugs 71 . As an example, Dudhipala, et al. reported 

that solid lipid nanoparticles loaded with rosuvastatin calcium increase the bioavailability of 

the drug following oral administration to rats, compared to a rosuvastain calcium suspension 

by more than 4 times. Besides, authors reported a decrease in lipid profile in hyperlipidemic 

rats for 36 h, which was at least extended by 12 h in comparison to that of the suspension. 

This could reduce the dosing frequency of the treatment 72. Similarly, solid lipid 

nanoparticles enabled to improve both pharmacokinetic and pharmacodynamics profiles of 

cilnidipine after oral administration to rats, compared to free drug. Concretely, oral Area 

Under the Curve (AUC) was 2.4-fold increased and a 38% decrease in systolic blood 

pressure was achieved, maintaining more than a 20% decrease for 64 h, compared to free 

cilnidipine 69.  

Nanoemulsions  

Nanoemulsions are dispersions of an oily and an aqueous phase stabilised by an 

appropriate surfactant or combination of surfactants with size values over 100 nm 73–77. 

Nanoemulsions are thermodynamically unstable, what may lead to destabilisation 

processes such as coalescence or flocculation. However, the kinetics of the destabilisation 

is normally slow, i.e. weeks or months, so they can be considered as kinetically stable. 75,78. 

Biphasic nanoemulsions can be oil in water (o/w) nanoemulsions, in which oily droplets are 

dispersed in the aqueous phase 17,18,30,79–85 and water in oil (w/o) nanoemulsions, in which 

aqueous droplets are dispersed in the oily phase 86,87. Multiple nanoemulsions can also be 

generated by mixing pre-formulated nanoemulsions with a second aqueous or oily phase. 

The more studied multiple nanoemulsions are w/o/w, which can be obtained by dispersing 

w/o nanoemulsions in an aqueous phase. 

The different preparation methods to obtain nanoemulsions can be classified into high-

energy or low-energy approaches. High-energy methods, such as ultrasonic 

homogenisation or microfluidisation, usually entail high formulation temperatures, what may 

limit their use of thermo labile molecules like peptides 73,74,77,88–94. Low-energy methods, 

including solvent displacement technique and phase inversion, are performed in milder 
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conditions 74. Indeed, solvent displacement technique can be used to obtain nanoemulsions 

loaded with peptides, since it avoids high temperatures 2.  

In last decade, the great versatility of nanoemulsions has enabled to exploit their 

potential as oral carriers of antitumour drugs 89,93,95–97. In this line, Pangeni et al. developed 

multiple nanoemulsions loaded with 5-fluorouracil and a deoxycholic acid derivative of 

oxaliplatin. The permeability of both antitumour drugs across differentiated Caco-2 cells was 

enhanced and their oral bioavailability in rats was 1.39 and 9.19-fold higher than free 

 

Figure 2. (A) Schematic illustration of the complex formation between OXA and DCK, and 

OXA/DCKNE. (B) Tumor volume in B16F10.OVA tumour bearing mice after receiving 

different treatments, i.e. control, a weekly dose of OXA IV (5 mg/kg OXA), a daily oral dose of 

OXA/DCK-NE (10 mg/kg OXA), once every 3 days intraperitoneal PD-1 (10 mg/kg) or 

combined daily oral dose of OXA/DCK-NE (10 mg/kg OXA) with once every 3 days 

intraperitoneal PD-1 (10 mg/kg) (n=18 for each group). (C) Weight of tumor tissue in each 

group (n=18 for each group). Data are presented as mean ± standard error of the mean. **** p < 

.0001 compared to the control. #p < .05, ##p < .01, ####p < .0001 compared to OXA IV. $p < 

.05, $$$p < .001 compared to αPD-1. OXA: Oxaliplatin; DCK: Nα-deoxycholyl-L-lysyl-

methylester (bile salt derivative); OXA/DCK-NE: OXA/DCK nanoemulsion; OXA IV: 

Intravenous oxaliplatin; PD-1: αPD-1 antibody. Adapted with permission of 98. 
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oxaliplatin and 5-fluoruracil, respectively. Authors also reported a tumour growth reduction 

of 73.9 % in CT26 tumour-bearing mice when they were orally treated with the loaded 

nanoemulsion, compared to the control group 97. Choi et al. followed a similar approach, 

developing multiple nanoemulsions loaded with a deoxycholic acid derivative complex of 

oxaliplatin (OXA/DCK-NE), whose structure is depicted in Figure 2A. The system showed a 

3.35 and 1.73-fold increase in the complex (OXA/DCK) permeability through differentiated 

Caco-2 cells and oral bioavailability in rats, respectively. Furthermore, the oral 

administration of the nanoemulsion comprising oxaliplatin complex impeded tumour growth 

by >60% in B16F10.OVA tumour-bearing mice. This tumour inhibition was further increased 

to  78% when OXA/DCK-NE was combined with an anti-programmed cell death protein-1 

(αPD-1) antibody, as shown by Figure 2B-C 98.  

The promising potential of nanoemulsions in oral drug delivery shown by these works 

has been also reported for other drugs such as saquinavir 81 , dabigatran 99, granisetron 83 

or anti-hypertensive drugs, e.g. cadersartan or olmesartan 82,100. Besides, the interest of 

nanoemulsions for improving the oral delivery of nutraceuticals and natural extracts and 

molecules with therapeutic potential, e.g. curcumin, quercetin, flavones or carotenoids 

derivatives has also been increased 30,84,85,101–110.  

In fact, the ability of orally-administered curcumin-loaded nanoemulsion to treat obese 

women with high risk of breast cancer is being assessed in a clinical trial (NCT01975363) 
111. A second trial is currently recruiting participants to evaluate the potential of curcumin 

oral nanoemulsions to reduce joint pain in breast cancer survivors with aromatase inhibitor-

induced joint disease (NCT03865992) 112 . 

Microemulsions  

Microemulsions are colloidal dispersions of two immiscible phases stabilized by 

surfactants added in higher concentrations (≥ 20%) than the required to obtain 

nanoemulsions (3-10%). This confers microemulsions with thermodynamic stability 75,113.  

Microemulsions usually exhibit mean sizes lower than nanoemulsions 75. However, 

there is not stablished size threshold that finely separates nanoemulsions from 

microemulsions, although microemulsions usually have size values below 100 nm 114–116. 

Another distinctive characteristic of microemulsions is their capacity to adopt different 

shapes, apart from spherical, e.g., hexagonal or worm-like, what could have implications on 

the flow characteristics of the systems. This could affect to their biodistribution or diffusion 

through biological barriers, as observed for other type of differently-shaped nanocarriers 
117,118. Besides, although not deeply studied, it has been proposed that the interaction of 

nanocarriers with cellular membranes and/or their endocytosis may also be influenced by 

their shape 119,120. 

Regarding their preparation methods, microemulsions are spontaneously formed by 

mixing all their components. This is due to the low interfacial tension provided by the high 
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surfactant concentration. This has been proposed as a practical method to differentiate 

microemulsions from nanoemulsions, since nanoemulsions are only obtained after adding 

the surfactant to the oil before mixing the oily phase to the aqueous phase 78.  

During last years, microemulsions have been developed to enhance the oral 

bioavailability of drugs such as heparin, insulin or docetaxel 121–123. In this sense, low-

molecular weight heparin was complexed with deoxycholic acid and incorporated into 

microemulsions of tricaprylin as the oily phase and a mixture of Tweens 80 and 20 as 

surfactants. The administration of the microemulsion significantly enhanced the oral 

bioavailability of the conjugate to 1.5 % in mice without causing intestinal damage 121. More 

recently, Li et al. have proposed w/o microemulsions loaded with insulin as oral delivery 

systems of the peptide. These authors observed a significant decrease of 67 % in peak 

blood glucose levels in response to the glucose tolerance test when the microemulsion was 

orally administered to mice 122. Microemulsions have also shown potential for the oral 

delivery of nutraceuticals, like curcumin, lycopene or myricetin 107,114,115. In this line, Guo et 

al. have recently developed a lycopene-loaded microemulsion based on limonene as oil, 

Tween 80 as surfactant and Transcutol HP as co-surfactant. The microemulsion, sized < 

15 nm, doubled the lycopene oral bioavailability in rats compared to a control oily solution 

of lycopene. Interestingly, authors found that lycopene microemulsion showed a preferable 

distribution in brain after its oral administration to mice, showing promise as an oral drug 

delivery system targeting the brain 114.  

Nanocapsules 

Lipid nanocapsules are vesicular nanocarriers constituted by an oily phase and an 

aqueous phase, stabilised by surfactants and a polymeric shell. Many physicochemical 

properties, and therefore the biological identity, of nanocarriers depend on their surface 

characteristics. Thus, the polymeric shell of nanocapsules has a relevant impact on their 

properties, e.g. surface charge or hydrophilicity, and gastrointestinal behaviour, e.g. 

interaction with mucus and/or enzymes. Some polymers widely used in the preparation of 

lipid nanocapsules include polyethylene glycol (PEG) derivatives, chitosan, hyaluronic acid, 

caprolactone, Eudragit or PLA.  

The preparation of nanocapsules involves two steps: first, the formulation of 

nanoemulsions and second, the formation of the polymeric shell, which can be achieved 

through a variety of methods, including interface polymerization 124,125 or interfacial 

deposition 126, among others.  

Nanocapsules have been applied to enhance the oral bioavailability of a wide variety 

of drugs, including fondaparinux 127, sn-38 128, paclitaxel 129,130, exenatide 131, tacrolimus 132, 

psorialidin 133 or furosemide 134, as well as of nutraceuticals, such as curcumin 135, lutein 136 

or resveratrol 137,138. As an example, Peltier et al. developed paclitaxel loaded nanocapsules 

that were able to enhance the bioavailability of the antitumour drug after oral administration 

to rats. Concretely, the AUC of paclitaxel was increased about 3-fold, compared to free 
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paclitaxel 130. More recently, Michalowski et al. have developed multiwall chitosan lipid 

nanocapsules loaded with furosemide that included a captopril-functionalised shell. The 

nanocapsules sized <200 nm and had positive charge. After their oral administration to 

spontaneously hypertensive adult rats, authors observed a prolonged antihypertensive 

effect compared to control solutions of captopril and furosemide. Besides, they reported a 

potential renal protective role of the loaded functionalised nanocapsules, which showed 

great promise as an innovative antihypertensive treatment 134.  

Self-nano and microemulsifying drug delivery systems  

Although self-emulsifying drug delivery systems, also known as emulsion 

preconcentrates, were first described by Panton et al. in 1985 139, this type of formulation 

has experienced massive grown in the last 15 years, as shown in Figure 3. Self-

nanoemulsifying drug delivery systems (SNEDDS) are anhydrous forms of nanoemulsions. 

They offer several advantages over conventional nanoemulsions, based on their 

composition. First, as they do not include water, they show better long-term stability profiles 

and allow the administration of lower volumes. Additionally, they can be incorporated within 

dosage vehicles such as soft/hard gelatin or hydroxypropylmethylcellulose capsules, what 

improves their palatability and therefore the patient compliance 113,140,141.  

SNEDDS are mixtures of drug, oil and surfactant. If required, cosurfactant or 

solubilisers may be added. The main characteristic of SNEDDS is that they spontaneously 

form nanoemulsions when introduced in an aqueous environment under mild stirring, e.g. 

the gastrointestinal motility [84,111–114]. According to Reiss et al., the free energy required 

for self-emulsification depends on the number and radius of the dispersed droplets as well 

as on the interfacial tension of the system 142. The high surfactant ratio of SNEDDS allows 

 

Figure 3. Publication tendency of scientific papers focused on SNEDDs and SMEDDs in last 

20 years. Data obtained from the Scopus database, filtering publications that included the words 

“self-nanoemulsifying drug delivery system”, “SNEDD”, “self-microemulsifying drug delivery 

system” and/or “SMEDD”. 
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the reduction of the energy threshold required for the dispersion of oil droplets up to zero or 

negative values and so the system tends to emulsify 140,143. Similarly, self-microemulsifying 

drug delivery systems (SMEDDS) turn to microemulsions in aqueous media. 

Self-emulsifying systems have been developed in last years to increase the oral 

bioavailability of antiviral 144,145, cardiovascular 146–150, antitumour 151–158, antiemetic 159 or 

immunosuppressive 160 drugs, as well as of peptides 161–165, vitamins 166, nutraceuticals and 

natural compounds, such as resveratrol, curcumin or bruceine 167–173.   

Despite the apparent simplicity of SNEDDS and SMEDDS preparation, their design 

must be carefully performed. First, their oil core should solubilize the maximum possible 

amount of drug and to enable the emulsification of the system in fine droplets once in contact 

with an aqueous phase. In order to achieve this double objective, a mixture of oils may be 

required 146. Secondly, the gastrointestinal fluids that constitute the aqueous phase of 

SNEDDS and SMEDDS should also be considered during their development, since 

temperature, electrolytes or pH variations could affect the stability of the system and their 

emulsification 113. Simulated gastric and intestinal fluids can be used to predict the 

emulsifying properties of the system, e.g. emulsifying time. In this line it is important to 

consider that gastrointestinal alterations, such as IBD or bacterial infections may alter the 

intestinal conditions, what should be considered during the design and development of oral 

self-emulsifying drug delivery systems for these diseases.  

Besides, conventional SNEDDS and SMEDDS may present serious limitations, such 

as the long-term incompatibility of their components with capsule shells or drug precipitation 

during low-temperature storage. To minimize these problems, current efforts are being 

made to obtain solid SNEDDS and SMEDDS, which are more stable and convenient for 

long-term storage. In this line, Taha et al. developed oral solid tablets based on vitamin A 

SNEDDS, composed by soybean oil, Cremophor, and Capmul. Tablets were obtained by 

adsorption of the formulation to microcrystalline cellulose and compression of the powder. 

These authors observed that the oral bioavailability of vitamin A was enhanced by 1.4 fold, 

showing higher peak plasma concentration (Cmax) and a rapid onset of action (faster Tmax) 

compared to an oily solution of vitamin A when administered to rats 166. 

As a result of the intense research of last decades focused on this type of lipid-based 

nanocarriers, several oral SNEDDS and SMEDDS have been marketed. A well-known 

example is Neoral cyclosporine formulation (Novartis), which was approved by the FDA in 

1995. It includes corn oil mono, di and triglycerides and polyoxyl 40 hydrogenated castor oil 

as surfactant. This formulation is able to spontaneously form a system of less than 100 nm 

when dispersed in an aqueous media 174. Another example of marketed self-emulsifying 

system is Norvir (Abbott), which was designed to increase the oral bioavailability of the anti-

HIV drug ritonavir and it is currently used in clinics 175. The clinical translation of these self-

emulsifying systems has encouraged the development of novel nanocarriers able to 

improve the oral delivery of anti-HIV drugs. In this line, Lei et al. proposed a novel ritonavir 
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loaded SMEDDS that exhibited improved bioavailability and reduced gastrointestinal side 

effects, compared to Norvir 176.  

STRATEGIES FOR ORAL DELIVERY VIA LIPID-BASED NANOCARRIERS 

Different strategies have been proposed to enhance the potential of oral lipid-based 

nanocarriers by overcoming the physical and chemical barriers that they may encounter 

along the gastrointestinal tract. This includes the modulation of the interaction between 

nanocarriers and mucus, the targeting to specific cell populations or uptake pathways (i.e. 

lymphatic transport) or the inhibition of intestinal drug efflux (Figure 4). It is worth to remark 

 

Figure 4. Strategies for efficient oral delivery via lipid-based nanocarriers. 1) Improvement of 

the stability of nanocarriers in the harsh gastrointestinal environment that includes enzymes, 

salts and microbiota. 2) Enhancement of mucoadhesion. Nanocarriers remain adhere to the 

mucus and thereby their residence time is increased. The cargo molecule may be released. 3) 

Enhancement of mucodiffusion. Nanocarriers diffuse through the mucus, increasing the chances 

for their interaction with the epithelium. 4) Inhibition of by P-glycoprotein. Drug efflux may be 

decreased, increasing drug effective absorption. 5) Active targeting. 5.1) The surface of lipid-

based nanocarriers can be functionalised with ligand that interact with specific cell populations, 

e.g. enterocytes or goblet cells. 5.2) Lipid-based nanocarriers can act as targeting ligands by 

themselves. 6) Enhancement of lymphatic transport, transport pathway that avoids first pass 

effect. 6.1) Chylomicrons, including lipids and hydrophobic cargo molecules from the 

internalised nanocarriers, are generated within enterocytes and absorbed by the lymphatic 

system. 6.2) Lymphatic uptake can be also achieved via M cells.  
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that the design of oral nanocarriers should involve not a single but a combination of 

absorption-enhancing strategies e.g. diffusion through mucus and inhibition of drug efflux. 

This section reviews the recent advances on oral lipid-based nanocarriers, and the 

strategies followed.   

Improvement of the gastrointestinal stability  

The gastrointestinal tract has a complex medium in which different species, such as 

electrolytes can reduce the surface charge of lipid-based nanocarriers. According to the 

DLVO theory, the interaction between two approaching nanoparticles can be expressed as 

the balance between an attractive potential of interaction (caused by the hydrophobic Van 

der Vaals forces) and a repulsive electrostatic potential of interaction (caused by the 

ionisable groups of the nanoparticle). In this respect, the loss of electrostatic repulsive 

forces may lead to the destabilisation and aggregation of the nanocarriers 12,177,178. Besides, 

the presence of bile salts and enzymes, such as lipases or phospholipases, may also affect 

their stability, compromising their integrity. The instability of nanocarriers may lead to the 

prompt leakage of their cargo drugs, what could negatively affect their oral bioavailability. 

The stability of lipid-based nanocarriers depends on their composition. For example, the 

polymeric shell of nanocapsules or the solid core of solid lipid nanoparticles may protect 

them from enzymatic degradation 2. Regarding the lipid matrix, long-chain fatty acids are 

associated to slower degradation rates, compared to medium and short-chain fatty acids 
179,180.  

A strategy commonly followed to enhance the gastrointestinal stability of lipid-based 

nanocarriers is to modify their surface with hydrophilic polymers, such as PEG. On one side, 

the steric stabilization granted by polymer chains may compensate electrostatic instability. 

On the other side, the hydrophilic surface may provide further stability by the enhancement 

of hydration forces 12. It can also help to avoid the adsorption of enzymes and other surface 

active molecules to the nanocarriers. In this sense, Kashanian et al. demonstrated that the 

coating of solid lipid nanoparticles with PEG-stearate entailed higher stability in gastric 

simulated fluids, compared to uncoated nanoparticles 181. Coating lipid-based nanocarriers 

with chitosan may also have a positive effect on their stability in gastrointestinal media, as 

observed by Garcia-Fuentes et al. These authors reported that chitosan coated tripalmitin 

solid lipid nanoparticles remained practically unaltered in gastrointestinal simulated fluids 
182. Both the molecular weight and the acetylation degree affect to the stability of 

nanocarriers offered by chitosan. Concretely, low molecular weight chitosan with acetylation 

degree around 50% was proposed as optimal stabilization conditions for the nanocapsules. 

This was probably due to the achievement of a more hydrophilic surface, what enabled the 

stabilization of nanocapsules through hydration forces, compared to chitosan with higher 

molecular weight and lower acetylation degree 183.  

Bile salts have also been proposed as stabilizing agents against enzymatic 

degradation. For example, Niu et al. demonstrated that insulin loaded liposomes containing 

sodium glycholate provided increased protection against gastrointestinal enzymatic 
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degradation, compared to conventional liposomes 184. Similar results were reported in a 

separated work, which concluded that insulin loaded liposomes containing sodium 

glycholate showed no significant size variations and were able to retain more entrapped 

insulin, in comparison to conventional liposomes 185.  

Traditionally, enzymatic degradation of lipid-based nanocarriers has been considered 

as an issue to avoid or at least minimize. Nevertheless, it is important to highlight that under 

certain circumstances, where drug integrity is not a concern, enzymatic degradation may 

lead to the solubilisation of the carriers and the formation of mixed micelles, which will be 

easily absorbed by enterocytes 186,187. Indeed, it is believed that the composition of lipid-

based nanocarriers may determine the type and degree of interaction with gastrointestinal 

enzymes, and thereby the negative (e.g. precipitation) or positive (e.g. solubilisation) effects 

on the oral bioavailability of their cargo payloads. Additionally, the adsorption of enzymes 

to the surface of the nanocarriers could lead to the formation of an enzymatic corona that 

may affect the mucodiffusion behaviour of the nanocarriers. 

Interaction with the intestinal mucus 

The intestinal mucus is a strong barrier for the penetration of nanocarriers through the 

intestinal mucosa. A strategy that can be used to overcome this obstacle is to directly disrupt 

the mucus layer by the use of mucolytics excipients, such as N-acetyl cysteine or papain 
188,189; however, this could lead to undesired effects on the physiology of the mucosa 15,190. 

Mucus renewal, based on the elimination of the loosely adhered layer, has a protective 

function against pathogens, but it may also entail a prompt clearance of oral nanocarriers. 

Thus, many efforts have been driven towards the development of adhesive nanocarriers 

that are able to remain adhered to mucus. The aim is to increase the residence time of 

nanocarriers in the gastrointestinal tract and their possibilities to interact with the epithelium 

to promote drug absorption. Another approach is to develop nanocarriers that minimize the 

interactions with the mucus in order to diffuse across it before clearance and renewal occur 
191. These two complementary approaches have been recently merged by researchers to 

balance the mucoadhesion/mucodiffusion properties of nanocarriers in order to enhance 

their chances to reach the intestinal epithelium.  

In this sense, lipid-based nanocarriers offer unique advantages. On one side, they 

enable the encapsulation of hydrophobic molecules in their oily cores, what may enhance 

the gastrointestinal stability and permeability of their cargo molecules across the intestinal 

epithelium, as previously discussed. On the other side, their surface can be easily modified 

with a wide variety of polymers and molecules in order to modulate their interaction with the 

intestinal mucus. 

Enhancing mucoadhesion 

Different strategies to increase the mucoadhesion of nanocarriers have been followed, 

being the more frequently used those that rely on bioadhesive materials that interact with 
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the mucus through different mechanisms, e.g., electrostatic interactions, hydrogen bounds, 

Van der Waals forces or covalent bounds. For that purpose, lipid-based nanocarriers have 

been modified with mucoadhesive materials. Chitosan, a polysaccharide derived from chitin, 

has been widely used for the formulation of nanocarriers due to its biocompatibility, 

biodegradability and bioadhesion. Chitosan-modified lipid-based nanocarriers have positive 

charge that facilitates the interaction with the intestinal mucus by electrostatic interactions; 

although Van der Waals forces, hydrogen and hydrophobic bonds can also be involved 192. 

Additionally, chitosan can reversibly open tight junctions between enterocytes, what may 

enhance the paracellular transport and oral bioavailability 108,193.  

The group headed by M.J Alonso has greatly contributed to the development of 

chitosan based nanocarriers 194–197. Results from these studies led the authors to conclude 

that chitosan nanocapsules loaded with salmon calcitonin did not cross the Caco-2 cells 

monolayer, but remained at their apical side, showing preferable association to mucus 

secreting cells. Following oral administration to rats, they observed a prolonged and 

enhanced oral absorption of the peptide as well as higher hypocalcemic effect. Authors 

attributed the adhesive properties of chitosan to play a relevant role in the improved oral 

bioavailability of salmon calcitonin 194. Shalaby et al. also used chitosan coated nanocarriers 

to enhance the oral delivery of peptides. Concretely, they prepared chitosan coated 

liposomes loaded with insulin. They observed that coated liposomes adsorption to mucin 

was 3-fold higher compared to uncoated liposomes. This result was confirmed by an ex vivo 

intestinal mucoadhesion test, which showed that chitosan coated liposomes tended to 

accumulate in the mucus, opposite to uncoated liposomes. Following intragastric 

administration, coated liposomes showed a prolonged hypoglycaemic effect compared to 

uncoated liposomes, what was probably due to their enhanced residence time in the 

intestinal mucosa achieved by chitosan 48. In another study, Han et al. pointed out the ability 

of chitosan to 8-fold increase liposomes adsorption to mucin. They proposed these 

mucoadhesive liposomes as oral carriers of alendronate, reporting more than doubled 

increase in its oral bioavailability in rats, compared to free alendronate 21.   

Chitosan is highly versatile in terms of chemical modification with different moieties like 

thiol groups. The thiolisation of chitosan promotes its interaction by disulphide bonds with 

the cysteine-rich residues of glycoproteins in the mucus 192. This enhanced mucoadhesion 

may increase the intestinal residence time of nanocarriers and therefore boost their 

opportunity to interact with the intestinal epithelium, what may led to enhanced oral 

bioavailability of their cargo molecules 85,108,164. This was observed by Vecchione et al. for 

iminothiol-modified chitosan nanocarriers, showing that the iminothiol degree of 

modification determines the oral performance of curcumin. Concretely, they reported a 33.2-

fold increase in the oral bioavailability of the molecule in rats when high degree of iminothiol 

was used, compared to unformulated curcumin. Additionally, the co-encapsulation of 

piperine, inhibitor of the intestinal metabolism of curcumin, led to an increase in the oral 

bioavailability of curcumin by more than 64 times 85. In a separated study, Gradauer et al. 

coupled thiolated chitosan to liposomes and reported an almost 2-fold increase in their 

intestinal mucoadhesion, compared to uncoated liposomes 198.  



Introduction (Article I) 

36 
 

Chitosan has also been used in combination with other adhesive materials, as 

proposed by Li et al., who developed a multiple w/o/w nanoemulsion that included the 

adhesive polymer alginate and was further coated with chitosan. The oral administration of 

insulin-loaded nanoemulsions allowed a strong decrease of glucose levels, i.e. 60 % from 

basal levels, in Goto-Kakizaki diabetic rats and a significant enhancement of the peptide 

bioavailability (8.19 %) compared to free insulin 199.  

Despite the vast experience accumulated with chitosan coated nanocarriers, further 

polymers with the potential to adhere to mucus have been exploited, including hyaluronic 

acid, caprolactone, hydroxypropylmethylcellulose, alginate or pectin, among others 22,83,200–

202. Hyaluronic acid has negative charge and the potential to interact with the mucus via 

hydrogen bonds. Aguilera-Garrido et al. have recently developed lipid nanocapsules coated 

with hyaluronic acid that strongly interact with mucin. This interaction was higher when high 

molecular weight hyaluronic acid was used 22. Cattani et al. developed adhesive 

caprolactone nanocapsules that behaved as an intestinal reservoir of a pro-drug of 

indomethacin, restraining its prompt metabolism in the intestinal lumen 200. Pectin coated 

liposomes loaded with calcitonin demonstrated strong mucoadhesion properties and were 

able to enhance the intestinal absorption of the peptide and to prolong its pharmacological 

effect, compared to uncoated liposomes, after oral administration to rats 202. 

There are more factors that may affect to the mucoadhesion of nanocarriers that have 

been barely investigated and require further attention, such as the use of additional 

components to obtain the pharmaceutical dosage forms 23,203. It is also important to bear in 

mind that the biological modification of the adhesive shell of nanocarriers may change their 

properties and behaviour once administered. In this sense, further research is required 

regarding the potential metabolism of adhesive materials based on polysaccharides, e.g. 

chitosan or hyaluronic acid, by the intestinal microbiota, and the implications that this may 

have on the final mucoadhesiveness of the system.  

Enhancing mucodiffusion  

Mucodiffusive nanocarriers, also known as mucus penetrating nanocarriers, emerged 

as a strategy to improve the interaction with the epithelium and promote their absorption 

before being cleared by the mucus renewal. To facilitate the diffusion, nanocarriers must be 

able to minimize their interaction with the mucus and pass through the channels of the 

mucus matrix. The group headed by Hanes proposed coating nanocarriers with hydrophilic 

neutral polymers able to minimize the hydrophobic interactions with the mucus. Particularly, 

they proposed dense coatings with low molecular weight (<10 kDa) PEG to yield 

mucodiffusive nanocarriers 191,204,205. Since then, PEG has become the gold-standard in the 

development of mucodiffusive nanocarriers 206. Yuan et al. prepared PEGylated solid lipid 

nanoparticles and evaluated their permeation through Caco-2 and Caco-2/HT29 cells 

monolayers. The permeation of unmodified nanoparticles was higher in the Caco-2 

monoculture but the incorporation of PEG to their surface improved their Caco-2/HT29 co-

culture uptake rates, indicating the role played by mucus in the permeability of 
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nanoparticles. The mucodiffusion capacity of PEGylated nanoparticles, confirmed by 

everted gut sac technique, led to enhanced oral bioavailability in rats of loaded doxorubicin, 

compared to the achieved by unmodified loaded nanoparticles 65.  

A common strategy for the PEGylation of lipid-based nanocarriers is via non covalent 

bonds between the nanocarriers and PEG containing molecules, such as Pluronics® 

(Poloxamers) 206. Pluronics® are amphiphilic polymers consisting of hydrophobic 

polypropyleneoxide (PPO) blocks and hydrophilic PEG chains. The PPO blocks allow the 

PEGylation of hydrophobic surfaces, and their number vary depending on the type of 

Pluronic®, e.g. Pluronic®-F127 (PF127, with 30 PPO units) or Pluronic®-F68 (PF68, with 65 

PPO units). On this basis, Li et al. reported that PF127-inlaid liposomes 7-fold enhanced 

the diffusion efficiency through intestinal rat mucus 207. Chen et al. evaluated the 

mucodiffusion capacity of PF127 modified liposomes, compared to chitosan modified 

liposomes. PF127 modified liposomes showed higher diffusion and penetration through 

intestinal rat mucus epithelium. As a result, in vivo studies showed enhanced oral absorption 

cyclosporine A when it was encapsulated in PF127 modified liposomes, compared to the 

chitosan modified liposomes 56. Mucodiffusive lipid carriers require dense Pluronic® 

coatings, as confirmed by Santalices et al. These authors studied the effect that the 

Pluronics® coating has on different nanocarriers (lecithin nanoemulsions and chitosan or 

polyarginine nanocapsules) with respect to their diffusion through intestinal mucus using 

particle tracking. PF127 coated nanoemulsions showed significant (p<0.0001) enhanced 

mucodiffusion compared to uncoated nanoemulsions, what was indicative of dense 

PEGylation achieved by PF127. However, the presence of chitosan or polyarginine did not 

allow the formation of dense PF127 coatings of nanocapsules and consequently their 

diffusion was not enhanced 19.  

As previously introduced, there is a current trend to balance mucoadhesion and 

mucodiffusion properties, in order to enhance the residence time of nanocarriers in the 

intestinal mucosa, but also to increase their opportunities to reach the epithelium. On this 

context, Liu et al. have recently developed liposomes functionalized with both thiolated 

chitosan and PF127. The multifunctional liposomes absorbed 3-fold more mucin compared 

to unmodified liposomes, due to chitosan functionalization. Additionally, their intestinal 

penetration was enhanced compared to unmodified and chitosan modified liposomes, due 

to PF127 functionalization. This work showed the promising potential of nanocarriers with 

mucus adhesion and diffusion balance to increase the efficiency of oral drug delivery 208.  

The diffusion of nanocarriers through the intestinal mucus is affected by their surface 

but also by their inner core. Santander et al. indicated that the hydrophobicity of the core 

determined the PF127 coating and subsequently the mucodiffusion of the system. They 

observed that the addition of -tocopherol, a highly hydrophobic molecule, to the oily core 

of nanoemulsions enhanced their mucodiffusion by 2 orders of magnitude, compared to less 

hydrophobic nanoemulsions, probably due to the achievement of denser PF127 coatings. 

This diffusion enhancement by PF127 coating became more evident on polystyrene 
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nanoparticles which higher hydrophobicity led to denser coatings, thus confirming the 

hypothesis of the authors 17.  

The size of nanocarriers is another factor that may influence their diffusion through 

mucus. However, its impact on mucodiffusion may be difficult to assess since mucodiffusion 

depends on multiple factors, such as the surface chemistry or the intestinal contents 20. In 

general terms, it is accepted that nanocarriers in the range of 200-500 nm have the potential 

to diffuse through mucus 23,209. Shape may also impact the diffusion of nanocarriers. In 

particular, nonspherical nanocarriers, e.g. cylindric microemulsions or SMEDDS, could 

diffuse differently to spherically shaped nanocarriers, due to their distinct flow properties 117. 

Nevertheless, the real impact of these parameters on mucodiffusion is still to be elucidated.  

It is important to consider that the physicochemical properties of the nanocarriers, such 

as size, hydrophilicity or surface charge and composition, can be modified by the 

environment where they are immersed. In the oral route, a protein corona (PC) may be 

formed around the nanocarriers when they reach the complex gastrointestinal fluids 210. 

Indeed, the gastrointestinal environment includes a wide variety of surface-active molecules 

that may coat ingested nanocarriers, such as enzymes, peptides, bile salts, lipids, food 

proteins and their digestion products 210. The formation of the PC may transform 

nanocarriers and influence their oral performance, including their interaction with the mucus 

layer, as recently studied by Plaza et al. These authors pre-incubated mucoadhesive 

nanoemulsions with simulated gastrointestinal fluids including intestinal enzymes. The 

enzymatic coating, confirmed by transmission electron microscopy, led to the reduction of 

the size of the nanoemulsion. Interestingly, this PC was able to significantly enhance the 

diffusion of the nanoemulsions. Indeed, the fraction of immobile particles decreased a 56 

%, whereas freely diffusive particles experienced 20 % increase. Authors observed a similar 

trend with indigestible polystyrene nanoparticles, confirming that the mucodiffusion 

enhancement was mainly due to the superficial PC, rather than to a possible size reduction 

by the enzyme action 18. Similarly, Wang et al. prepared PC coated liposomes by the 

adsorption of bovine serum albumin to liposomes. Coated liposomes showed effective 

mucus penetration, which was dramatically increased compared to uncoated liposomes. 

Concretely, particle tracking experiments revealed that the mean square displacement of 

coated liposomes was 21-fold increased. When insulin was encapsulated within coated 

liposomes, its oral delivery efficiency was increased in diabetic rats. Uncoated liposomes 

showed a 3.7 % relative bioavailability, compared to subcutaneous insulin, whereas PC 

coated liposomes achieved an 11.9 %, thereby confirming the impact of PC in the ability of 

nanocarriers to overcome gastrointestinal barriers and improve oral drug delivery 49.  

Inhibition of P-glycoprotein 

P-glycoprotein (Pgp) is an ATP-dependent transporter found in the apical surface of 

epithelial cells in the kidneys, intestine, placenta, or endothelial brain cells. It has a 

protective function, identifying and expelling toxins and xenobiotics. Therefore, Pgp may 

play a relevant role in drug pharmacokinetics. Indeed, intestinal Pgp is responsible of the 
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efflux from the enterocytes to the intestinal lumen of many drugs, including docetaxel, 

paclitaxel or saquinavir. This efflux decreases the chance that drugs might have to reach 

systemic circulation and thereby it has a negative impact on their oral bioavailability 211. To 

solve this limitation, different strategies have been used to overcome or reduce the drug 

efflux, such as the coadministration of Pgp substrates with Pgp inhibitors. This approach 

has been also applied in nanotechnology, since a vast variety of nanocarriers, including 

lipid-based, incorporate at least one Pgp inhibitor in their composition. 

Verapamil and cyclosporine have been traditionally used as Pgp inhibitors for improving 

the oral bioavailability of Pgp substrates. In particular, cyclosporine A (CsA) inhibits Pgp 

through a double mechanism: interfering with the substrate-binding sites and promoting 

ATP hydrolysis 211. In this respect, Cui et al. have recently proposed the co-encapsulation 

of docetaxel and CsA into SNEDDS (DTX-CsA SNEDDS) for improving the oral 

bioavailability and efficacy of the antitumour drug. Interestingly, they observed a sequential 

drug release, being CsA released from the system prior to docetaxel probably by stronger 

interaction of docetaxel with the oily core of the SNEDDS. Both the intestinal permeability, 

assessed by in situ single-pass intestinal perfusion, and the plasma concentration of 

docetaxel were significantly higher (p<0.05) in rats compared to those of docetaxel 

SNEDDS or solution (Figures 5A and B, respectively). Besides, oral DTX-CsA SNEDDS 

exhibited marked antitumour efficacy in 4T1 tumour bearing mice, comparable with 

intravenous injection of docetaxel, as depicted in Figure 5C-D 152. 

The use of the classic Pgp inhibitors (verapamil and CsA) may be limited by their toxicity 

profile; therefore, alternative Pgp inhibitors have been proposed. Interestingly, there are 

indications that several surfactants commonly used in the formulation of nanocarriers can 

act as low-toxic Pgp inhibitors 211. These excipients, like Cremophor, Tween 80 and PEG, 

inhibit the Pgp by altering the integrity of membrane lipids and the fluidity of the membrane. 

On this context, Yin et al. developed docetaxel-loaded microemulsions that were mainly 

stabilised by Cremophor and studied their impact on the Pgp-mediated efflux of docetaxel 

by Caco-2 cells, which also express Pgp in their apical membrane. Authors reported a 

significant increase of docetaxel permeability and a decrease in the drug efflux from Caco-

2 cells when administered in microemulsions compared to Taxotere®, showing more than 

5-fold increase in docetaxel oral bioavailability after the administration of the formulation to 

rats 123. Similarly, the oral administration of andrographolide, a Pgp substrate, encapsulated 

in Cremophor-stabilised nanoemulsions strongly increased the oral bioavailability of the 

drug in rats. This improved the in vivo anti-inflammatory efficacy of the formulation to rats 

with indomethacin-induced intestinal lesions, significantly reducing the ulcer index and the 

histological intestinal damage 212.  

The ability of Tween 80 (polysorbate) to inhibit Pgp has also shown a promising role in 

the bioavailability enhancement of Pgp substrates 149,156,213. In this line, Goo et al observed 

4.1-fold permeation enhancement of valsartan, a Pgp substrate, through rat jejunum by its 

encapsulation in SNEDDS stabilized by Tween 80, as well as a 470 % increase in its oral 

bioavailability in rats. Authors pointed the Pgp inhibition by Tween 80 to play a relevant role 
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in this improvements 149. Similarly, Zhou et al. have recently exploited the potential of 

polysorbate-80 to inhibit drug efflux. These authors reported higher intestinal permeability 

of tilmicosin loaded solid lipid nanoparticles when polysorbate-80 was added as Pgp 

inhibitor213.  

Additional molecules routinely used in the formulation of lipid-based nanocarriers that 

have shown promise as intestinal Pgp inhibitors include D--tocopheryl polyethylene glycol 

succinate (TPGS), and deoxycholic acid 81,89,135,156. Vyas et al. developed o/w 

nanoemulsions containing saquinavir that incorporated deoxycholic acid in their aqueous 

phase. They observed a significant (p<0.05) increase in the oral bioavailability of saquinavir 

when it was delivered to mice in nanoemulsions, compared to aqueous suspension, 

suggesting that the inhibition of saquinavir efflux by Pgp could have contributed to improve 

its oral performance 81.  

 

Figure 5. (A) Permeability of co-loaded SNEDDS across different intestinal sections. (B) 

Docetaxel plasma concentrations after the different treatments: oral administration of DTx 

solution, DTX SNEDDS or co-loaded SNEDDS, or intravenous administration of DTX solution 

to rats. (C) Tumour volume in 4T1 tumour bearing mice following each treatment. (D) Images 

of tumours. (*p<.05, **p<.01, ***p<.001). Data are presented as mean ± standard deviation. 

DTX: docetaxel; Co-loaded SNEDDS: SNEDDs loaded with docetaxel and cyclosporine A; p.o.: 

oral; i.v.:intravenous. Adapted with permission of 152. 
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Natural compounds like myricetin, curcumin or quercetin have also demonstrated 

potential for the inhibition of Pgp 211. In this line, Jain et al. reported an 8-fold increase in the 

oral bioavailability of tamoxifen, a Pgp substrate, when quercetin was co-encapsulated into 

SNEDDS, achieving higher antitumour effect in tumour bearing mice. Besides, quercetin 

contributed to lower the hepatotoxicity of tamoxifen 153. A similar strategy was proposed by 

Singh et al., who exploited the ability of curcumin to inhibit Pgp efflux to enhance the oral 

bioavailability of paclitaxel. They encapsulated both molecules within SNEDDS containing 

dietary lipids and observed that the intestinal permeability and the oral bioavailability of 

paclitaxel was enhanced compared to SNEDDS without curcumin or to paclitaxel solution 
155. In this line, Nasirizadeh et al. have recently reported higher cytotoxicity in Caco-2 cells 

of solid lipid nanoparticles loaded with the antitumour drug sn38 when piperine and 

quercetin were added as Pgp inhibitors. Studies performed in tumour bearing mice showed 

an enhanced survival time when animals received the oral combination treatment (sn38 

nanoparticles, piperin and quercetin), compared to free sn38 and to sn38 nanoparticles 

without these Pgp inhibitors 66.  

Targeting the intestinal mucosa 

Intestinal cells present a wide variety of transporters and receptors in their membranes 

that interact with specific ligands, e.g. vitamins or hormones. Taking advantage of such 

receptors and transporters, active targeting implies the surface functionalization of 

nanocarriers with ligands able to enhance their interaction with particular cell populations 
214. On this basis, different targeted lipid-based nanocarriers have been proposed in last 

years as a potential strategy to enhance their intestinal internalisation and therefore their 

chances to reach the systemic circulation.  

The surface modification of nanocarriers with vitamins, such as folic acid (B9), biotin 

(B7) or thiamine (B1), has been used to target enterocytes, with the aim to mimic the 

intestinal absorption pathways of the vitamins, and hence facilitate the absorption of 

nanocarriers. Folic acid is internalised by enterocytes following receptor-mediated 

endocytosis. It has been deeply exploited as target ligand of oral nanocarriers, due to its 

high biocompatibility and affinity to folic acid receptors, which are expressed at the apical 

membrane of enterocytes. Ling et al. demonstrated that cefotaxime loaded liposomes 

functionalised with folic acid were able to significantly increase the AUC of cefotaxime after 

their oral administration to rats, compared to folic acid-free loaded liposomes 215. In this line, 

Agrawal et al. developed insulin-loaded liposomes and decorated their surface with folic 

acid by multilayer electrostatic deposition. In vivo studies revealed an achievement of 20 % 

insulin relative oral bioavailability, compared to subcutaneous insulin 51. Similarly, in the 

intestine, biotin can be transported through sodium-dependent multivitamin transporter and 

by the biotin receptor. To exploit this target, Zhang et al. developed biotin modified 

liposomes loaded with insulin. These authors reported an enhanced oral bioavailability of 

insulin after their oral administration to diabetic mice, which doubled that of non-modified 

liposomes53. The potential of vitamins-decorated liposomes as targeted drug carriers has 

been recently confirmed by He et al., who have shown that insulin loaded liposomes 
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decorated with thiamine or niacin are able to achieve a sustained hypoglycemic effect after 

their oral administration in rats, superior to that achieved by conventional liposomes 50.  

In addition to vitamins, some peptides have also been described as ligands to target 

the intestinal mucosa, such as lectins (agglutinins), which show strong affinity to 

carbohydrates attached to lipids or proteins. The rationale behind the selection of lectins as 

targeting ligands relies on the glycosylated lipids and proteins that are highly present in 

cellular membranes 64,216. Concretely, wheat germ agglutinin has been used to target the 

intestinal mucosa, since it binds to N-acetyl-D-glucosamine and sialic acid residues, found 

at the intestinal cells surface 214. Considering this ligand-target interaction, Pooja et al. 

prepared paclitaxel loaded solid lipid nanoparticles conjugated with wheat germ agglutinin. 

This nanocarrier turned to enhance the oral bioavailability of paclitaxel in rats. Besides, 

nonspecific toxicity of paclitaxel was decreased, since it accumulated preferentially in the 

lungs, opposite to free paclitaxel, which tended to accumulate in the liver 64.  

Not only enterocytes, but further intestinal cells can be targeted, such as goblet cells or 

M cells 214. The peptide CSKSSDYQC (CSK) has been described to target goblet cells217. 

Tian et al. developed atorvastatin calcium loaded solid lipid nanoparticles whose surface 

was modified with CSK. Compared with unmodified nanoparticles, CSK-modified 

nanoparticles showed a more efficient uptake across Caco2/HT29 cells monolayer. It was 

also demonstrated, using an in situ perfusion method in rats, that CSK-modified 

nanoparticles showed significant higher intestinal permeability, compared to free 

atorvastatin calcium 218. M cells may act as an entrance for microorganisms, and they are 

involved in the start of the antigen-specific immune responses. Therefore, their targeting 

through appropriate lipid-based nanocarriers has arisen as an appealing alternative to 

conventional vaccination by the parental route. In this line, Gupta et al. encapsulated 

hepatitis B surface antigen into liposomes coupled with lectin. Authors reported higher 

immune response and antibodies levels in mucosal secretions in mice after oral 

administration of lectin-functionalised loaded liposomes, compared to unmodified loaded 

liposomes. Authors attributed this effect to the M cells targeting and longer persistence of 

antigen in Peyer’s patches achieved by lectin-functionalised liposomes 219.  

Opposite to the surface engineering of nanocarriers for cell targeting, there is a current 

approach based on exploiting the components used for the preparation of nanocarriers as 

targeting ligands themselves. In this line, the group headed by V. Préat proposed an 

innovative approach for targeting enteroendocrine L cells, which secrete hormones such as 

glucagon-like peptide-1 (GLP-1). This peptide stimulates insulin secretion, showing 

potential for type-2 diabetes treatment. L-cells present at their apical membrane receptors 

that could be activated by dietary nutrients, such as lipids or proteins. In this respect, these 

authors introduced the concept that lipid-based nanocarriers may act as endogenous 

ligands to stimulate GLP-1 secretion from L cells, without needing a surface-ligand modified 

system 220. A study from the same group evaluated the size effect of lipid nanocapsules on 

GLP-1 secretion from murine L cells, reporting that 200 nm but not 25-150 nm nanocapsules 

were able to increase GLP-1 secretion by GLUTag cells, an enteroendocrine cell model. 
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This work prompt the authors to conclude that the stimulation of GLP-1 secretion by L cells 

achieved by nanocapsules was size dependent 221. However, the short half-life of GLP-1 

suggested the use of other GPL-1 analogues, such as exenatide, as an alternative 

molecule. On this context, Xu et al., have recently developed dual-action reverse micelle 

 

Figure 6. (A) GLP-1 secretion in GLUTag and NCI-H716 cells (murine and human L cells, 

respectively) after a 2 h incubation period with RM-LNC (n=6-10). (B) GLP-1 levels detected 

60 or 180 min after the oral administration of RM LNC to normoglycaemic mice (n=7-8). (C) 

Plasmatic exenatide concentration after the oral administration of EXE RM LNC to 

normoglycaemic mice, compared to a solution of EXE (n=4). (D) Plasma glucose levels after 5 

weeks of oral treatment, showing the effect of EXE RM LNC on glucose homeostasis in type 2 

diabetic mice (13 weeks of HFD feeding)(n=10). Data are presented as the mean ±SEM. EXE: 

Exenatide; RM LNC: Reverse micelle lipid nanocapsules; EXE RM LNC: Exenatide reverse 

micelle lipid nanocapsules; HFD: High Fat diet; EXE s.c.: subcutaneous exenatide; Byetta s.c.: 

subcutaneous administration of a marketed form of exenatide. Adapted with permission of 131. 
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nanocapsules loaded with exenatide for the treatment of type-2 diabetes. Unloaded 

nanocapsules, sized 220 nm, were able to stimulate GLP-1 secretion both in human and 

murine L cells and in normoglycaemic mice, as shown in Figure 6A-B. Besides, exenatide 

encapsulation led to a 4-fold enhancement on its oral bioavailability, compared to an 

exenatide solution (Figure 6C). Interestingly, the combination of increased GLP-1 secretion 

and increased exenatide bioavailability was able to achieve normal glycemia of 

obese/diabetic mice after 5 weeks of daily oral administration (Figure 6D), as well as to 

reduce levels of inflammatory markers associated with type 2 diabetes. 131.  

The targeting strategy based on unmodified surface nanocarriers has also been 

recently followed by Plaza et al. These authors have developed nanoemulsions stabilized 

by ascorbyl-dipalmitate, an amphiphilic surfactant that derives from ascorbic acid, with the 

aim to target the ascorbic acid transporter (SVCT-1). This transporter is expressed at the 

apical brush of both enterocytes and differentiated Caco-2 cells. Authors reported that the 

nanoemulsions were taken up and retained within Caco-2 cells. The cellular internalisation 

decreased after pre-incubating the cells with ascorbic acid at the SVCT-1 saturation range, 

indicating that the transporter could be involved in the uptake of the nanoemulsion. The 

developed nanoemulsion thereby showed promise as a targeted carrier able to deliver drugs 

to the intestinal mucosa with no need of surface modification. Authors confirmed this 

potential by the preparation of curcumin loaded nanoemulsions, which were able to deliver 

curcumin within Caco-2 cells, where it 4-fold reduced ROS levels, compared to a curcumin 

suspension 30.  

Enhancement of lymphatic transport 

The lymphatic system is a complex network of conducts that reabsorbs the extracellular 

fluid to maintain the water balance of the body and plays a major role in the oral absorption 

of macromolecules such as dietary lipids or insoluble vitamins. It drains directly into the 

systemic circulation, avoiding the hepatic first pass 222,223. In this transport system, the 

carriers are chylomicrons, which are lipoproteins showing the lowest density, mainly 

composed of triglycerides.  

Lipid-based nanocarriers, particularly those including unsaturated long chain fatty 

acids, have the potential to enhance the synthesis of chylomicrons and the lymphatic 

transport of their hydrophobic cargo molecules 222,223. Besides, excipients commonly used 

in the formulation of lipid-based nanocarriers, e.g. phospholipids, Tween 80 or TPGS, may 

provide an additional enhancement of the lymphatic transport, as assessed in a recent study 

by Liao et al. These authors developed SMEDDS stabilized by Tween 80 and loaded with 

the flavonoid baicalain. The in vivo evaluation in rats indicated that baicalain-loaded 

SMEDDS showed a relative oral bioavailability of 342.5 %, compared to free drug. These 

levels were further increased to 448.7 when a phospholipid complex of baicalain was used. 

In order to investigate the role played by the lymphatic system in this enhancement, authors 

also used a chylomicrons flow blocking rat model, i.e. pre-treated with cycloheximide. 

Interestingly, this study revealed that <20 % of orally absorbed free baicalain entered the 
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systemic circulation through the lymphatic system, whereas this transport respectively 

increased to >56 and >70.2 % after the administration of SMEDDS loaded with the flavonoid 

or its phospholipid complex. Taken together, these results revealed the ability that 

phospholipids and SMEDDS stabilized by Tween 80 have to enhance the lymphatic uptake 

of poor-water soluble molecules 173. Sangsen et al. reported an increase of the oral 

bioavailability of oxyresveratrol by its encapsulation in SMEDDS, which was significantly 

higher than the improvement observed when Labrasol was used as surfactant. Authors 

hypothesized that the lymphotropic properties of Tween 80 and the resulting bypass of the 

hepatic first pass could contribute to the enhanced oral bioavailability of SNEDDS loaded 

with oxyresveratrol 167. Similar conclusions were reported by Patel et al. in a recent study. 

These authors prepared solid lipid nanoparticles that included TPGS in their formulation to 

increase the oral bioavailability of asenapine maleate, a drug which undergoes extensive 

first pass metabolism. They reported a 50-fold improvement in the oral bioavailability of 

asnapine maleate in rats, compared to free drug. The plasmatic concentration of the drug 

significantly decreased when animals were pre-treated with cycloheximide, unveiling the 

contribution of lymphatic transport in the enhanced drug bioavailability 68. 

The lymphatic system has a relevant role in the metastasis of solid tumours, and it is 

also a transport pathway for lymphocytes, being associated with the development and 

spread of immunodeficiency virus (HIV) or hepatitis B and C virus, among others. For this 

reason, achieving an enhanced lymphatic transport may be especially desirable for 

antitumour, antiretroviral and immunomodulatory drugs 224–227. Garg et al. developed solid 

SNEDDS stabilized by Tween 80 and loaded with lopinavir. After their oral administration to 

rats they observed an enhancement of the oral bioavailability of lopinavir, showing AUC 

values 3.9-fold higher compared to the free drug. Cycloheximide pre-treated rats 

experienced a significant decrease in the oral absorption of lopinavir, indicating the ability 

of SMEDDS to enhance the lymphatic uptake of the antiretroviral drug. Since the lymphatic 

system is the main reservoir of HIV, the proposed SMEDDS showed great promise for  

development of future of antiretroviral therapies 225. In this line, Makwanaa et al. developed 

solid lipid nanoparticles to improve the oral delivery of efavirenz. Following oral 

administration of efavirenz loaded nanoparticles in rats, authors reported reduced hepatic 

concentrations of the drug, a fact that contributed to increase its bioavailability, since 

efavirenz undergoes extensive first pass effect. Opposite, drug hepatic concentrations were 

higher in the case of rats pre-treated with cycloheximide 71.  

Apart from the chylomicron uptake, drugs can reach lymphatic circulation via GALT 

from M cells, although the former is thought to be the major mechanism 228. Ge et al. 

developed nanoemulsions loaded with a protein complex including a tumour antigen. After 

their oral administration, loaded nanoemulsions elicited an immune response in tumour-

bearing mice that was similar to the immune response observed when nanoemulsions were 

administered by the parenteral route. Authors hypothesized that this effect could be 

explained by the intestinal lymphatic uptake of the nanoemulsion at M cells 224. In this sense, 

achieving targeting to M cells may also be interesting to enhance the lymphatic transport of 

lipid-based nanocarriers.  
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CONCLUSIONS 

During the last two decades there has been an intense and increased research focused 

on lipid-based nanocarriers as oral drug delivery systems. This has been boosted by their 

potential to improve oral drug stability, solubility and intestinal permeability together with a 

low toxicity profile. However, despite the advances achieved and the increasing number of 

filed patents in this field, only a limited number of oral lipid-based nanocarriers have reached 

clinical trials and few of them have been approved for clinical use. They face many obstacles 

in their way to clinical translation, but the poor in vitro-in vivo correlation plays a major role. 

The gastrointestinal tract entails a harsh and complex environment difficult to replicate by 

the conventional models available. Additionally, the gastrointestinal tract includes 

physicochemical barriers to oral drug delivery, such as extreme and variable pH, enzymes 

or mucus, among others. Interestingly, these extreme conditions that are challenges for 

lipid-based nanocarriers, may be turned into opportunities if they are designed considering 

them predicting the biological behaviour of the systems. For this purpose, a rational 

selection of the materials used to formulate the nanocarriers according to the strategy aimed 

is mandatory. The knowledge that we currently have and the advances towards more 

refined techniques have promoted the great progress observed in lipid-based nanocarriers 

for oral delivery.  

FUTURE REMARKS 

In last years it has been well understood that oral nanocarriers require a design and 

development based on the real gastrointestinal conditions that they will encounter at the 

gastrointestinal tract. However, there are still some characteristics of the gut that have been 

overlooked when developing nanocarriers, like the gut microbiota and its effects on the gut 

physiology, pathology and metabolism of nanocarriers, as well as the role of enzymes on 

their performance. In-depth knowledge about the plausible gut-nanocarriers interactions 

may contribute to a better understanding of the role played by the surface of lipid-

nanocarriers and, consequently, to the development of more active targeted lipid-based 

nanocarriers in the future. On this basis, the progress of in vitro models towards more 

sophisticated and bioinspired prototypes is a must for the success of oral lipid-based 

nanocarriers. In this regard, 3D cell culture based on microfluidics devices, e.g. gut on a 

chip, is expected to grow in the near future for the evaluation of nanocarriers. These systems 

are able to recapitulate the complex gastrointestinal environment, including gut microbiota, 

mucus and peristaltic movements, so they are predicted to play a relevant role in the 

development of novel bioinspired lipid-based nanocarriers in the near and mid-term future. 

The implementation of these techniques will have a clear impact on the clinical translation 

of these technologies, helping to gradually narrow the current gap between academic 

research and industrial development of lipid-based nanocarriers in the next years. 
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JUSTIFICATION 

The characteristics of the gastrointestinal tract determine the behaviour of lipid-based 

nanocarriers, which may compromise their efficacy as oral delivery systems. The broad 

range of pH values and the presence of electrolytes or enzymes may affect the stability of 

the nanocarriers. Gastrointestinal biomolecules, such as enzymes, co-enzymes or bile salts 

may cover the surface of these systems, leading to coatings that give new biological 

identities to the nanocarriers and modify their predicted behaviour. Indeed, the formation of 

a protein corona is an effect already reported for nanocarriers administered by the 

parenteral route 1. 

The mucus layer that lines the intestinal epithelium is another barrier for lipid-based 

nanocarriers. In this sense, the surface properties of these systems have a remarkable 

impact on their mucodiffusion properties. It is important to consider that the biomolecules in 

the gastrointestinal environment, such as enzymes, could modify those surface properties, 

leading to unpredictable results. In addition, there is a lack of information about the role 

played by the inner core of nanocarriers in their mucodiffusion. Among the different 

approaches developed to evaluate the mucodiffusion of nanocarriers, it is worth to highlight 

particle tracking, a potent microscopy technique that enables to quantify and classify the 

diffusion properties of nanocarriers in complex and undiluted media 2. 

The functionalization of nanocarriers with targeting moieties has been a successful 

approach for promoting the interaction with specific cell populations 3. In this sense, 

transporters and receptors expressed at the apical brush of enterocytes, such as the 

sodium-dependent ascorbic acid transporter 4, have been proposed for increasing the 

uptake of nanoparticles by the enterocytes of the intestinal epithelium. 

Lipid-based nanocarriers have a great potential for oral drug delivery, but it is still 

limited due to the barriers of the gastrointestinal tract. On this context, understanding the 

interactions of lipid-based nanocarriers with those barriers could improve the design 

process of the systems, facilitating their development and translation to clinics.  
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HYPOTHESIS  

i. The physicochemical properties of nanoemulsions (NE), and consequently their 

interaction with the biological barriers of the gastrointestinal tract, may be determined 

by the composition of both the core and the shell of the system.  

ii. The enzymes and other biomolecules of the gastrointestinal tract may cover NE 

leading to the formation of a protein corona. This coating could change the surface 

properties or the size of the systems affecting their behaviour at the gastrointestinal 

tract.  

iii. The optimization of data analysis protocols carried out in particle tracking analysis 

experiments could improve the applicability of this technique and the reliability of the 

results obtained.  

iv. Hydrophobic ascorbic acid derivatives could be used for the formulation of NE by 

stabilizing the interface of the system and facilitating the targeting of NE to the 

intestinal mucosa through sodium-dependent ascorbic acid transporters.   
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OBJECTIVES 

The overall goal of this thesis has been to understand the relationship between the 

composition of nanoemulsions (NE) and their behaviour in the intestinal media. This 

information will contribute to improve the development of lipid-based nanocarriers and even 

other drug delivery systems as oral nanocarriers. The specific objectives proposed in this 

work were: 

i. Formulation of NE based on different cuali- and quantitative compositions.  

This objective focuses on the formulation and characterization of NE stabilized by lecithin 

or by ascorbic acid derivatives for studying the interaction with the gastrointestinal media. 

Lecithin stabilized nanocarriers were used for studying the effect of the oily core of the NE 

in the gastrointestinal performance of the system; meanwhile, ascorbic acid derivatives 

stabilized NE were proposed as intestinal targeted system.  

The results derived from this part constitute Article II and Article III.  

ii. Evaluation of the behaviour of NE in contact with gastrointestinal biomolecules. 

This objective aims to study the gastrointestinal stability and the digestion of the different 

NE, but also the formation of an intestinal protein corona and the potential impact that it may 

have on the properties and gastrointestinal behaviour of the NE.  

The results related to this objective are included in Article II and Article III. 

iii. Analysis of the NE properties that enhanced diffusion through intestinal mucus.  

This objective focuses on the refinement of particle tracking technique data analysis, to 

stablish more accurate and user-friendly protocols. This information was applied to assess 

the diffusion of the NE through porcine intestinal mucus.  

The results related to the protocol development are contained in Article IV, while those 

referring to the evaluation of the NE are in Article II and Article III.  

iv. Intestinal targeting potential of NE stabilized by ascorbic acid derivatives.  

This objective aims to obtain NE for the targeting of the intestinal epithelium through the 

sodium-dependent ascorbic acid transporter by using NE stabilized by ascorbic acid 

derivatives.  

The results from this objective are enclosed in Article V. 
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This section describes the main features of the procedures and techniques used in this 

thesis. Details referring to specific parameters, e.g., time, concentrations, or reagents, are 

included in the corresponding Materials and Methods section of each article (see Results 

Section) to avoid duplicate content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: 

ABTS: 2,2 azino-bis 3-ethylbenzothiazoline-6-sulphonic acid. α: coefficient of anomalous diffusion. 

CC: curcumin. CLSM: confocal laser scanning microscopy. D: coefficient of diffusion. DAPI: 4,6-

diaminidino-2-pheny-lindalole. DCFH-DA: dichlorofluorescein diacetate. DLS: Dynamic Light 

Scattering. DPPH: 1,1-diphenil-2-picryhydrazyl. EE: encapsulation efficacy. HPLC: high 

performance liquid chromatography. MSD: mean square displacement. NE: nanoemulsion. Papp: 

coefficient of permeability. PT: particle tracking. ROS: reactive oxygen species. SGF: simulated 

gastric fluid. SIF: simulated intestinal fluid. TEER: trans-epithelial electrical resistance. TEM: 

transmission electron microscopy. 
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1. Solvent displacement technique.  

The solvent displacement technique was the methodology selected for obtaining the 

nanoemulsions (NE) developed in this thesis. This technique is a low-energy and 

unexpensive procedure that has been widely described for the formulation of these systems 
1–6. Generally, it can be divided in three basic steps, schematized in Figure 1: i) mixture of 

an organic and an aqueous phase under magnetic stirring, ii) diffusion of the organic 

solvents to the aqueous phase leading to the formation of oil droplets, and iii) elimination of 

the organic solvents, generally by low pressure devices (rotary evaporators).  

In further detail, the organic phase includes oils and surfactants dissolved in organic 

solvents that are miscible with water, e.g., mixtures of ethanol and acetone. The aqueous 

phase is normally composed of ultrapure water, and it may be enriched with hydrophilic 

surfactants, such as poloxamers (e.g., Pluronic®F127 (PF127)) when required.  

Figure 1. Formulation of nanoemulsions (NE) by the solvent displacement technique. The 

organic phase is added to the aqueous phase under magnetic stirring (1). After mixing, part of 

the surfactant migrates from the organic to the aqueous phase, generating slight interfacial 

tensions (2) that lead to the spontaneous formation of oil droplets (3). Organic solvents are 

evaporated, and the final volume is adjusted (4).  
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After combining the organic and the aqueous phases, NE are spontaneously formed, 

which is visually noticeable by the whitish opalescence of the mixture. Briefly, when the two 

phases are combined, a fraction of the surfactant that was originally in the organic phase 

migrates to the other phase. This creates slight interfacial turbulences that lead to the 

formation of oil droplets which are dispersed in the aqueous phase. The surfactant located 

at the interface of the droplets stabilizes the formulation by decreasing the interfacial tension 

7. Different compositions and experimental conditions (e.g., speed of stirring or viscosity of 

the oil) may determine the size of the oil droplets 5,8. After stirring for the selected time, the 

organic solvents in the NE must be eliminated, due to safety concerns, and the remaining 

volume can be adjusted as desired with ultrapure water.  

The encapsulation of drugs in the NE requires their dissolution in the organic phase 

before its addition to the aqueous phase. Similarly, fluorescently labelled NE can be 

prepared by the dissolution of lipophilic fluorescent dyes in the organic phase. In this thesis, 

DiD (λex= 644 nm; λem=665 nm) was the selected marker for the obtention of fluorescent 

NE, which were dialysed with ultrapure water including periodic renewals of the media for 

up to 24 h. The objective of the dialysis step was to remove the non-encapsulated dye that 

could interfere with the accuracy of the experiments.  

2. Techniques for the characterization of nanocarriers.  

 
2.1 Dynamic light scattering measurements.  

The physicochemical properties of nanocarriers may determine their biological 

behaviour. Thus, in parallel to their formulation, nanocarriers are normally characterized in 

terms of their hydrodynamic mean size, polydispersity index (PDI) and ζ-potential. This can 

be assessed by Dynamic Light Scattering (DLS) using a Nanosizer. The physicochemical 

properties of all the NE described in this thesis were characterized following this approach 

(Nanosizer model ZS90, Malvern, UK). 

Size distribution can be determined by the fluctuations of the light intensity scattered 

by the colloids. These fluctuations are due to the Brownian motion of the particles in 

suspension, and they can be used to determine both the hydrodynamic mean size and the 

PDI through the photon auto-correlation function. The Brownian motion is defined by the 

translational diffusion coefficient (D), which is used to calculate the hydrodynamic mean 

size of the particles as follows (Stokes-Einstein equation):  

𝐻 =  𝑘𝑇 3пƞ𝐷⁄           Eq.1 

where H is the hydrodynamic mean size, k is Boltzmann’s constant, T refers to the 

absolute temperature and ƞ to the media viscosity 9.  

With respect to the PDI, if the size shown by the different particles in suspension is 

homogeneously distributed it can be plotted in a smooth gaussian peak (low PDI). Opposite, 
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multiples and/or sharp peaks may be indicative of heterogeneous samples (high PDI). 

Consequently, low PDI values are desired, being PDI < 0.3 normally associated with 

homogeneous samples 10.  

The ζ-potential value is also used to characterize nanocarriers, it depends on their 

composition, and it determines their stability and interactions with the biological medium. 

The net charge in the particle surface conditions the distribution of surrounding ions, 

resulting in a double liquid layer with high electrolytes concentration (Figure 2A).  The layer 

closer to the surface of the nanocarriers is called the Stern layer and it is formed by firmly 

associated counter ions. The second layer is formed by ions less firmly associated but that 

move with the particle as an entity, while ions beyond this limit (slipping plane) remain in the 

bulk dispersant. The charge of this second layer is the ζ-potential, and it can also be 

measured using a Nanosizer. These measurements require the use of specific cuvettes 

including two electrodes (Figure 2B) for determining the diffusion of the particles under an 

electric field. 11.  

According to the DLVO theory, the interactions among nanocarriers droplets can be 

understood as a balance between attractive and repulsive forces (Van der Waals 

interactions and electrostatic forces, respectively). If repulsive are imposed to attractive 

forces, aggregation chance is reduced and nanocarriers may remain stable. In this sense, 

 

Figure 2. (A) Schematic representation of the ζ -potential. (B) Cuvette used to measure ζ -

potential with a Zetasizer NanoZS. 
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ζ-potential values higher than 30 mV (absolute value) are enough to confer electrostatic 

stabilization to nanocarriers. Nevertheless, there are also other processes involved, such 

as ageing or flocculation, which may lead to massive aggregation and irreversible phase 

separation 12. On the other hand, nanocarriers can show a non-DLVO behaviour that may 

affect to their stability. This includes the steric stabilization conferred by hydrophilic 

polymers, such as PF127.  In any case, the study of the long-term stability of nanocarriers 

is important for their development process.  

In this work, long-term stability of NE was studied by periodic DLS measurements of 

their physicochemical properties, both at refrigerated (4ºC) and accelerated (40ºC) 

conditions.  

2.2 Transmission electron microscopy.  

Imaging of nanocarriers by transmission electron microscopy (TEM) is a 

complementary technique to DLS widely exploited for their characterization 13. The images 

obtained by TEM allow the evaluation of the size, population distribution and morphology of 

nanocarriers. This microscopy technique uses an electron beam applied to the sample for 

obtaining high resolution images. 

TEM was used in this work to confirm the formation, size, and shape of NE. In these 

studies, sample preparation consisted of the NE staining with a phosphotungstic acid 

solution and the deposition of a drop onto carbon-coated copper grids. It was important to 

optimize the concentration of NE for avoiding the damage of the sample due to the electron 

beam. Technical and human support for images acquisition was provided by the provision 

of services unit at the Renewable Energy Research Institute (University of Castilla-la 

Mancha (Albacete, Spain). 

2.3 High Performance Liquid Chromatography and encapsulation efficacy 

assessment.  

High Performance Liquid Chromatography (HPLC) is an analytical method extensively 

used to quantify bioactive molecules. Broadly, HPLC requires a mobile phase, a column 

with a stationary phase, a sample injector, a pump that flows the mobile phase through the 

column, and a detector 14. The retention times of the molecules depend on their relative 

affinity towards the mobile and stationary phases, which are mainly determined by the 

polarity of the molecules and the phases. The rest of the parameters, e.g., flow rate, injection 

volume or detection type, must be previously defined (HPLC method development) to 

ensure reproducible measurements and reliable results. Last, the area under the curve of 

the peaks that appear in the chromatograms is used to calculate the concentration of the 

molecules in the samples.  

HPLC equipped with a diode array detector was used in this work to quantify α-

tocopherol and CC, following previously described methods with minor modifications 15–19.  
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One of the applications of HPLC is related to the calculation of the encapsulation 

efficiency (EE), which is a parameter that provides information about the fraction of drug 

that is successfully encapsulated into nanocarriers. The EE value can be directly or 

indirectly calculated. In both cases it is required to separate the droplets of nanocarriers 

from the dispersant media containing the non-encapsulated drug, what can be achieved by 

centrifugation, ultracentrifugation or ultrafiltration. After this separation, the direct 

determination consists of the disruption of the nanocarriers with the appropriate organic 

solvents followed by the quantification of the encapsulated drug. On the other hand, indirect 

encapsulation is based on the quantification of the total (theoretical 100%) drug added and 

the free drug that has not been encapsulated. The EE determination by the indirect method 

can be calculated as follows:  

𝐸𝐸 = (100 𝑥 (𝐶0 − 𝐶))/𝐶0)          Eq. 2 

where C0 refers to the theoretical total drug concentration and C to its quantified 

concentration in the dispersant media.  

In this thesis, the indirect method was followed for the determination of the encapsulation 

efficacy of CC, which was quantified by HPLC. A similar procedure was followed to assess 

the potential release of the encapsulated CC from the NE to assess that the molecule was 

maintained within the oil core of the system. 

3. ABTS and DPPH chemical assays. 

The antioxidant potential can be evaluated in terms of the ability of the samples to 

scavenge free radicals by using chemical assays such as ABTS (2,2 azino-bis 3-

ethylbenzothiazoline-6-sulphonic acid) and DPPH (1,1-diphenil-2-picryhydrazyl). These 

methods are based on coloured free radicals (ABTS+ or DPPH+) whose UV absorbance 

decreases in presence of antioxidant molecules that reduce them, as schematized in Figure 

3. Concretely, ABTS+ has an intense blueish-greenish colour (absorbing at λ=734 nm) and 

DPPH+ is purple (absorbing at λ=515 nm) 20. 

In these assays, the absorbance of the corresponding radical (ABTS+ or DPPH+) is 

measured at the initial time and, e.g., 5 min later, using an UV spectrophotometer. The 

fraction of ABTS+ or DPPH+ inhibition (%) can be calculated following next equation:  

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
((𝐴𝑏𝑠0𝑅𝐴𝐷𝐼𝐶𝐴𝐿 𝑥 𝐴𝑏𝑠5𝑅𝐴𝐷𝐼𝐶𝐴𝐿)−(𝐴𝑏𝑠5𝑆𝐴𝑀𝑃𝐿𝐸 𝑥 𝐴𝑏𝑠0𝑅𝐴𝐷𝐼𝐶𝐴𝐿))

(𝐴𝑏𝑠0𝑆𝐴𝑀𝑃𝐿𝐸 𝑥 𝐴𝑏𝑠0𝑅𝐴𝐷𝐼𝐶𝐴𝐿)
          Eq. 3 

where Abs0RADICAL and Abs0SAMPLE are respectively the initial absorbance values of 

ABTS+ or DPPH+ solutions and the sample, and Abs5RADICAL and Abs5SAMPLE refer to these 

absorbance values after 5 min.  

Both ABTS and DPPH assays were used to assess the ability of the NE described in 

this thesis to scavenge free radicals. In these experiments, the antioxidant Trolox was used 
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as an internal control to obtain the appropriate standard curves. Therefore, the results were 

represented in terms of Trolox equivalents (mmol). 

4. Stability under simulated gastrointestinal conditions.  

The study of the colloidal stability of nanocarriers under simulated gastrointestinal 

conditions is critical for understanding their behaviour following oral administration. To 

assess this, nanocarriers are incubated, for a fixed time interval, with simulated fluids that 

mimic the main features of the gastrointestinal tract, such as pH or presence of enzymes. 

Variations in the physicochemical properties of nanocarriers under these conditions are 

periodically studied during the experiment by DLS, as described in Section 2.1. 

In this thesis, normal and plain (without enzymes) simulated gastric and intestinal fluids 

(SGF and SIF, respectively) were prepared according to United States Pharmacopeia XXIX 

guidelines 21, as detailed in Table 1. The stability of NE was assessed under these 

conditions for 4 h, maintaining the mixture under agitation at 37ºC.  

Table 1. Composition of simulated gastric and intestinal fluids, according to the United States 

Pharmacopeia XXIX guidelines. In all cases, ultrapure water was used as dispersant. For the 

formulation of plain fluids, enzymes were not included, and pH was adjusted with HCl 37% 

(gastric) or with NaOH 0.1 M (intestinal).  

 

Simulated Fluid Salt (% w/v) Enzymes (% w/v) pH 

Gastric KH2PO4 0.68% Pepsin 1% 1.2 ± 0.1 

Intestinal  NaCl 0.2% Pancreatin 1% 6.8 ± 0.1 

 

 

Figure 3. Principle of (A) DPPH and (B) ABTS assays. Free radicals are coloured, while their 

reduced forms are colourless, this can be measured by the decrease of the absorbance 19. 

Difference between initial and final (5 min) absorbance values is used to calculate % of radical 

inhibition, following Equation 3.  
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5. Lipolysis assay.  

Considering the composition of lipid-based nanocarriers, their oral administration may 

imply their digestion by enzymes that are involved in dietary lipid digestion at the 

gastrointestinal tract, this may determine the behaviour of the nanocarriers. In this sense, 

mixtures containing pancreatin, bile salts and calcium have been used for evaluating the 

lipolysis of lipid-based nanocarriers 22. Bile salts and calcium are required to enable the 

activity of lipases included in pancreatin. When lipid-based nanocarriers are incubated with 

this mixture, lipase may degrade triglyceride molecules releasing one monoglyceride and 

two fatty acids. The acidification of the mixture due to the increasing fatty acids 

concentration can be monitored performing a titration with a basic solution. This allows to 

calculate the amount of released fatty acids and ultimately, the digestion ratio (% 

degradation) of lipid-based nanocarriers. 

Lipolysis assay was used in this work to assess the digestion of NE as depicted in 

Figure 4.  For this purpose, after mixing NE with a mixture containing SIF (Table 1), CaCl2 

and porcine bile salts, a titration with NaOH 0.025 N was carried out at different timepoints.  

 

Figure 4. Experimental procedure for lipolysis study. Nanoemulsions were mixed at 37ºC with 

SIF including pancreatin, CaCl2 and bile salts. Under these conditions, lipase may gradually 

digest the droplets of nanoemulsions, releasing fatty acids. The acidification of the media was 

monitored with a pH electrode, and it was titrated with a basic solution at specified timepoints. 

The required volume of NaOH was used to calculate the released fatty acids and ultimately the 

fraction of nanoemulsions which had been digested.  
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6. Particle tracking experiments.  

The mucus layer lining the intestinal epithelium may retain and prematurely clear 

nanocarriers, decreasing their opportunities to reach and interact with the cells in the 

epithelium. Consequently, it is required to have techniques available that enable to 

characterize the mucodiffusion of oral nanocarriers. Particle tracking (PT) has been widely 

exploited for this purpose.  

PT is a powerful microscopy technique that enables to quantify the diffusion of single 

particles in complex undiluted biological media, such as mucus 23,24. In these experiments, 

mucus and nanocarriers are mixed together at previously optimized concentrations. Then, 

using highly sensitive camera integrated in fluorescence microscopes, time lapse videos of 

this mixture are recorded, and each particle is located in every recorded frame. Next, frame-

to-frame trajectories are obtained. Collected trajectories can be characterized by the 

evolution of the mean square displacement (MSD) as a function of the time. This data can 

be analysed to obtain the coefficient of diffusion  of each particle by next equation 23,24:  

𝑀𝑆𝐷 = 4𝐷𝜏𝛼          Eq. 3 

Where D is the coefficient of diffusion,  is the time interval elapsed between the initial 

and the final position of a particle (also known as lag time), and α is the coefficient of 

anomalous diffusion. The mode of diffusion of the individual particles correlates with α as 

follows 25–29:  

• Immobile (α < 0.2) 

• Hindered (0.2 < α < 0.4) 

• Subdiffusive (0.4 < α < 0.9) 

• Diffusive (α >0.9) 

Although both D and α serve to characterize the diffusion pattern of nanocarriers, 

complementary parameters may be used, such as Dm/Dr (D presented by nanocarriers in 

mucus is compared to that of a reference sample); Dm/Dsaline (D presented by nanocarriers 

in mucus in compared to its D in a saline media, e.g. PBS buffer or water) 23,27 or Dlong/Dshort 

(D presented by nanocarriers in mucus is compared to its D in an early temporal point) 30–

32. 

PT was used to characterize the mucodiffusion of NE described in this thesis, using 

porcine intestinal mucus that was obtained from local slaughterhouses. In these 

experiments, fluorescently labelled NE were used. For each NE sample, 20-30 videos of 

800 frames each were recorded at a frame rate of 100 fps, obtaining at least 100 trajectories 

per video. Figure 5 shows an overview of the basic experimental steps that were followed 

in this assay. Last, calculations were carried out using in-house developed protocols and 

software.  
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7. In vitro studies using Caco-2 cells.  

Caco-2 cells, derived from human colorectal adenocarcinoma, are widely used as in 

vitro model of the intestinal epithelium, since these cells share many morphological and 

functional features with enterocytes 33, including the expression of receptors and 

transporters, such as the sodium-dependent ascorbic acid transporter 34. 

7.1 Cell viability studies. 

It is important to study the potential toxicity of oral nanocarriers at their early 

development stages since this enables to select safe concentrations of nanocarriers for the 

following studies and to reconsider their composition when needed. Among the different 

methodologies available, the crystal violet assay was used in this thesis to evaluate the 

toxicity of the described NE in Caco-2 cells.  

 

Figure 5. Experimental workflow of particle tracking studies used to assess the intestinal 

mucodiffusion of nanoemulsions.  
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Cell viability studies are based on the incubation of cells with increasing concentrations 

of the corresponding treatment for the stablished time; these assays must include positive 

and negative controls. The crystal violet assay is based on the incubation of pre-treated 

cells with crystal violet, a dye that stains both alive and death cells by binding to DNA and 

proteins. Then, cells are washed leading to the removal of the dead cells, which are 

detached from the wells. Thus, only those stained cells which were alive before the addition 

of the dye, remain adhered to the culture plate wells 35. After the staining step, alive cells 

show a bright violet colour, which is indicative of cellular density, as depicted in Figure 6A. 

Last, the stain must be solubilized, e.g., using methanol, and the optical absorbance density 

(λ=570 nm) is measured with a plate reader. Absorbance values are proportional to cell 

viability.  

7.2 Permeability studies across Caco-2 cells monolayers. 

The systemic absorption of oral nanocarriers depends on their ability to interact with 

the intestinal epithelial cells and permeate through them. This can be studied in vitro using 

cell culture inserts (Transwells®), which are devices constituted by a porous polycarbonate 

membrane that divide the wells into an apical and a basolateral compartment (Figure 6B). 

Caco-2 cells are grown in these inserts and maintained for 21 days 16,17,36. Once Caco-2 

cells reach confluence, they grow as a monolayer, showing a polarized structure that 

resembles enterocytes, including microvilli apical brush and the expression of tight junctions 

between cells 37. 

The integrity of the monolayers must be checked before and after the transport 

experiments by measuring the trans-epithelial electrical resistance (TEER) with an epithelial 

voltmeter. Only those monolayers showing TEER above certain threshold, e.g.,200 Ω/cm2, 

are used. Cellular monolayers are then incubated with the corresponding treatment, e.g., 

proposed nanocarriers. After the selected time, the media in the basolateral side of the 

inserts is collected and the studied molecule used to trace the nanocarriers is quantified.  

The coefficient of permeability (Papp (cm/sec)) of the studied molecule is then determined 

by using the following equation:  

𝑃𝑎𝑝𝑝 =  𝑑𝑄 𝑑𝑡⁄ 𝑥 1 𝐴𝐶0⁄           Eq. 4 

where dQ/dt refers to the transport rate (µg/s), A to the surface area of the membrane 

filter in the inserts (cm2) and C0 to the initial concentration of the studied molecule in the 

apical side of the inserts (µg/mL) 16,17. Normally, Papp ≥ 1 x 10-6 cm/sec are attributed to high 

transport, whereas Papp ≤ 0.1 x 10-6 cm/sec indicate very low transport 33.  

In this thesis, this methodology was followed to assess the permeation of NE across 

Caco-2 cells monolayers. Both α-tocopherol and CC Papp values were calculated after the 

quantification of these molecules in the basolateral side of the inserts, performed by HPLC 

as described in Section 2.3. 
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7.3 Confocal microscopy studies.  

In addition to understanding the permeation of nanocarriers through Caco-2 cells 

monolayers, knowing their intracellular presence and/or location may also contribute to 

predict their potential interaction with the intestinal epithelium. In this sense, confocal laser 

scanning microscopy (CLSM) has been used in drug delivery, since it enables to obtain 

high-resolution imaging of thick samples, such as cells monolayers38,39. By focusing on thin 

planes and removing out-of-focus signal, the images obtained by CLSM have improved 

resolution and contrast compared to other microscopy techniques 38. 

In these experiments, Caco-2 monolayers are incubated with fluorescent samples for 

the stablished time. Then, inserts must be washed, and cells fixed, using, for example 

paraformaldehyde 4% (v/v). Cellular components may be stained to ease the identification 

 

Figure 6. (A) Representation of crystal violet results. This dye stains both alive and dead cells. 

Dead cells are washed away during the procedure. Thus, higher absorbance is indicative of higher 

cellular survival. (B) Cell culture insert structure, based on an apical and a basolateral side 

separated by a porous membrane where Caco-2 cells are grown for 21 days to obtain a 

monolayer. TEER: trans-epithelial electrical resistance. HPLC: high performance liquid 

chromatography. Papp: coefficient of permeability. CLSM: confocal laser scanning microscopy.  
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of the cell borders and to locate the nanocarriers. Last, inserts are carefully cut and properly 

mounted on glass slides, and CLSM images based on different sections of the samples are 

acquired.  

In this work, fluorescent NE were used to assess the interaction of the NE with Caco-2 

cells monolayers by CLSM. Cellular borders were stained with rhodamine: phalloidin and 

nuclei with DAPI (4’,6’-diamidino 2-pheny-lindole), following previous protocols with minor 

modifications 40. Technical and human support for images acquisition was provided by the 

service of biomedical instrumentation in the Medicine Faculty of Albacete (University of 

Castilla-la Mancha, Spain).  

7.4 Dichlorofluorescein diacetate assay.  

The dichlorofluorescein diacetate (DCFH-DA) assay is a fluorescence technique used 

to evaluate the oxidative cellular stress generated by reactive oxygen species (ROS). In 

particular, it is based on the conversion of a non-fluorescent reagent to its oxidized 

fluorescent form due to the effect of oxidative environments. The oxidation of the DCFH-DA 

reactive to DCF-DA (λem= 535 nm; λex=485 nm) produces fluorescence intensity that can be 

directly associated to intracellular ROS levels.  

Briefly, in these studies, Caco-2 cells are incubated with the corresponding treatment 

for the stablished time. After, cells are washed and treated with DCFH-DA. Following a 

washing step, oxidative stress is induced to Caco-2 cells using oxidative agents. Last, 

fluorescence is quantified using a plate reader, being directly correlated to ROS levels 41.  

In this work, this technique was used to assess the intracellular antioxidant potential of 

NE. Cellular oxidative stress was induced with H2O2 0.3% (v/v), and appropriate controls 

were included, indicative of both maximum and basal ROS levels (H2O2 and cell culture 

media controls, respectively).  
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ABSTRACT 

Since the past decade, there has been growing interest to grant nanoparticles with 

diffusion properties across mucosae. In this sense, the nonionic block copolymer Pluronic 

F127 (PF127) has emerged as a promising coating agent to formulate mucus-penetrating 

particles. In the journey to find efficient coating agents, researchers have focused more on 

the effect of the coating agent architecture rather than on the role of the physicochemical 

properties of the nanoparticle used as the substrate. The current knowledge about 

mucodiffusive particles is in general based on model-like nanoparticles, such as polystyrene 

or poly(lactic-co-glycolic) acid nanoparticles, but there is a lack of information about the 

potential of PF127 on other colloidal systems. This work aims to shed some light on this 

issue by selecting three oils, palm (solid), coconut (semisolid), and wheat germ (liquid), with 

different physicochemical properties to formulate PF127-coated nanoemulsions. The 

obtained nanoemulsions were characterized, and their colloidal stability was tested. Their 

diffusion capacity was determined by particle tracking after challenging the nanoemulsions 

across an intestinal porcine mucus layer. In accordance with the evidence of model-like 

nanoparticles, our results state that PF127 allows mucodiffusion, but its effectiveness as a 

coating agent clearly depends on the physicochemical properties of the nanostructure core 

over which PF127 is placed. Among other physicochemical properties, the results certainly 

showed that the hydrophobic character of the nanostructure core emerges as a critical factor 

in the formulation of successful PF127 coatings 

 

 

 

 

 

 

 

 

Journal: Langmuir. 

History: Received 1st February 2017. Revised 15th March 2017. Published 8th April 2017. 

DOI: 10.1021/acs.langmuir.7b00351. 

Keywords: Nanoemulsions. Oral delivery. Mucodiffusion. Hydrophobicity. PF127. 

Abbreviations: α: coefficient of anomalous diffusion. Φ: volume fraction. ρ: coating density. δ: length. 

τ: lag time. API: active pharmaceutical ingredient. ccc: critical coagulation concentration. CN: coconut 

oil. D: coefficient of diffusion. DLS: dynamic light scattering. GIF: gastrointestinal fluids. GIT: 

gastrointestinal tract. MPP: mucus penetrating particles. MSD: mean square displacement. Mw: 

molecular weight. NCE: new chemical entities. NE: nanoemulsions. O/W: oil in water. P: palm oil. PBS: 

phosphate buffer saline. PDI: polydispersity index. PEG: polyethylene-glycol. PEO: poly(ethylene 

oxide). PF127: Pluronic® F127. PLGA: poly(lactic-co-glycolic) acid. PPO: poly(propylene-oxide). PS: 

polystyrene. SGF: simulated gastric fluid. SIF: simulated intestinal fluid. TEM: transmission electron 

microscopy. VA: van der Waals attractive hydrophobic forces. VE: electrostatic repulsive interactions. 

VEL: elastic repulsive potential. VOSM: osmotic potential. W: stability/Fuchs factor. WG: wheat germ oil. 



Langmuir 2 (33) (2017) 4269-4279 

91 
 

1. INTRODUCTION 

One of the most popular strategies for nanoparticle modification is the use of non-ionic 

PEG derivative surfactants. These components can modulate the inherent reactivity of the 

system and, if properly designed, stabilize the formulation through a steric repulsive 

potential of interaction. The intensity of this repulsive force will depend on the Mw and length 

() of the polymer, as well as on its coating density () or volume fraction ()1, 2. Interestingly, 

apart from the role of PEG on increasing the stability of the particles, it also facilitates the 

pass of the nanostructure across different biological barriers 3, and therefore it is advisable 

to properly select the most adequate conditions for each formulation. 

Broadly, there are two approaches for the modification of the nanoparticle surface with 

PEG, which are the covalent modification of the nanostructure surface with activated PEG 

derivatives or the adsorption of PEG derivatives onto the nanostructure surface by 

electrostatic or hydrophobic forces 4, 5. Covalent modification offers suitable control of the 

PEG coating density and avoids the probable desorption of the polymer by the 

macromolecules present in the physiological fluids. However, this approach entails the 

creation of new chemical/molecular entities (NCE/NME) through the covalent core-shell 

binding. This aspect will hamper (or even block) the potential clinical development of the 

formulation, as these new species must be approved by regulatory agencies before the 

clinical use of the formulation that contains them. On the contrary, the use of nanomedicines 

entirely formulated by the non-covalent interactions of GRAS (generally recognized as safe) 

materials, such as the adsorption of PEG derivatives onto the nanoparticle core, will not 

have that economic and time impact on the clinical development of the formulation 6. 

There are numerous studies in the literature related to PEG decorated nanoparticles 

obtained by the adsorption of PEG derivatives onto a previously formulated core/substrate4, 

5, 6. These types of studies are mainly focused on the role that PEG derivative architecture 

has on its arrangement onto the nanostructure surface6, 7, 8, 9, 10, 11. In this sense, Pluronics 

are one of the most deeply studied. These PEG derivatives have two identical poly-

(ethylene oxide), PEO, hydrophilic side arms and a hydrophobic poly-(propylene oxide), 

PPO, central block. The different members of the Pluronic family, which share the same 

PEOx-PPOy-PEOx, will differ in the specific number of PEO and PPO monomers per 

molecule. Pluronics with longer PPO central block have the best properties for the 

formulation of stealth nanoparticles 6, 10, 11, 12, among them PF127 (x= 100, y=65) is probably 

the most studied one for the superficial modification of nanostructures12, 13, 14. 

Different authors have shown that PF127 coatings can improve the formulation process 

as well as the colloidal stability of the system after oral administration through its steric 

stabilization. Interestingly some of these studies have shown that the use of PF127 can 

substantially reduce the undesirable desorption process by the digestive enzymes, co-

enzymes and bile salts of the aggressive duodenum milieu classically observed for other 

PEG derivatives 11, 12, 14. The stripping of the surface would end up in the premature 

intestinal degradation of the formulation, compromising the efficacy of the nanosystem. 
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More recently, the studies carried out by the research group headed by Dr. J. Hanes have 

demonstrated the potential of PF127 for producing mucus-penetrating particles (MPP). The 

proper selection of PEO/PPO Mw as well as coating density () yields nanoparticles able to 

efficiently overcome different mucosal tissues due to their facilitated diffusion across the 

mucus layer6, 11, 15. These findings open up new possibilities and lead to a more efficient 

and rational design of drug delivery nanoplatforms for mucosal administration, such as oral, 

nasal, pulmonary, ocular or vaginal routes 16. 

As commented above, most of these studies focused on the adsorption of different 

surfactant architectures to the same colloidal carrier and on the analysis of their effect. The 

most representative studies are those developed with model polystyrene (PS) or poly-

(lactic-co-glycolic) acid (PLGA) colloidal systems17, 18, 19, 20, 21, 22, 23. This settles that PF127 

is an efficient coating agent on model colloidal systems, but what remains as an open 

question is whether this approach is applicable to more diverse colloidal systems entirely 

formulated with GRAS raw materials. In other words, it would be interesting to determine 

which physicochemical properties of the colloidal systems are key parameters in the 

formulation to obtain efficient PF127 coatings. 

Bearing this in mind, this work has selected nanoemulsions as model nanosystems for 

analysing the effect of the physicochemical properties of the nanostructure core on its 

PF127 coating. By using the solvent diffusion method, we have formulated three 

nanoemulsions that share the same PF127 coating but inner cores with different 

characteristics, which could affect to the adsorption and the arrangement of this surfactant: 

• State of matter 

• Composition 

• Viscosity 

More specifically, we have chosen three edible oils with different physicochemical 

properties, namely coconut (semisolid), palm (solid) and wheat germ (liquid). All together, 

these studies try to identify the key parameters of GRAS raw materials that makes feasible 

the formulation of efficient PF127 coated systems for oral delivery.      

2. MATERIALS AND METHODS 

2.1. System formulation 

Nanoemulsions were formulated with three different oils (obtained from Sigma-Aldrich, 

Spain) to obtain coconut nanoemulsion (CN-NE), palm nanoemulsion (Palm-NE) and wheat 

germ nanoemulsion (WG-NE). The procedure followed was the solvent displacement 

technique, which briefly consists on the spontaneous emulsification of an organic phase 

added to an aqueous phase under magnetic stirring 24. In further detail, the organic phase 

was 50 mg of lecithin (Epikuron 145V), a hydrophobic surfactant kindly donated by Cargill 

(Spain) and 0.2 ml of oil in a mixture of acetone/ethanol. Aqueous phase was a solution of 
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the hydrophilic surfactant poloxamer PF127 (Sigma, Spain) in 10 ml of ultrapure water 

(0.25% w/v). The addition of the organic phase onto the aqueous one led to the diffusion of 

the organic solvents and the immediate formation of the nanoemulsion, maintained 10 min 

under stirring. Finally, it was rota-evaporated to a volume of 2.5 ml in order to yield a 

nanoemulsion concentration of 8% v/v. 

2.2. Latex Nanoparticles 

Ikerlat S.A. Laboratories (Spain) synthesized, cleaned and characterized the 

fluorescent polystyrene (PS) latex nanoparticles used in the study. In order to maintain the 

same superficial charged groups as those existing in the nanoemulsions, a carboxylic PS 

latex was chosen. The size of this PS sample was 123±1 nm and its polydispersity index 

was equal to 1.008. 

2.3. Characterization and Colloidal stability under oral conditions. 

Physicochemical characterization and colloidal stability studies were performed by 

measuring the hydrodynamic mean diameter, polydispersity index and -potential of the 

nanoemulsions by dynamic light scattering (DLS) technique using a Z-sizer NanoZS from 

Malvern (UK). The simulated gastrointestinal fluids (GIF) used in this work to analyse the 

colloidal stability of the formulations under oral conditions were prepared according to the 

USP (XXIX). Briefly, short-term colloidal stability assays were performed in the desired plain 

(formulated without enzymes) gastric or intestinal medium using NaCl and CaCl2 as 

aggregating electrolytes. Salt concentration ranged from 2mM-1 M and the hydrodynamic 

mean size of the formulation in such medium was monitored during 5 min. 

According to the classical DLVO theory 2,  the increased salinity triggers the coagulation 

of a colloidal system. During aggregation, the hydrodynamic size increase of the 

nanoemulsion droplets can be monitored by DLS. Then, we calculated the stability through 

the Fuchs factor (also called “stability factor”), a parameter related to the number of 

collisions that must suffer two colliding particles before they keep definitively stuck. 

Therefore, when W=1 the system is completely unstable, while W → indicates total 

stability. It is easy to calculate the Fuchs factor at every salt concentration by using the 

following equation: 

𝑊 =
𝑘𝑓

𝑘𝑠
=

(𝑑𝑠𝑖𝑧𝑒 𝑑𝑡⁄ )𝑓

(𝑑𝑠𝑖𝑧𝑒 𝑑𝑡⁄ )𝑠
          Eq. 1 

Where kf refers to the fastest aggregation-kinetics constant, and ks refers to slower 

coagulation rates. The double logarithmic scale becomes very useful to estimate the critical 

coagulation concentration (ccc), salt concentration where W reduces to 1, which is a 

fundamental parameter in colloidal stability studies. The ccc value is related to 

destabilization processes and it indirectly gives information on the surface physicochemical 

properties; a low ccc means low stability. 
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We carried out the long-term colloidal stability by incubating the formulations in the plain 

and normal GIF during 4 h at 37ºC. Pepsin and pancreatin used to prepare simulated gastric 

and intestinal fluids (SGF and SIF respectively) were supplied by Sigma (Spain), USP XXIX 
25.   

2.4. In vitro enzymatic degradation. 

We studied the lipolysis of the CN, Palm and WG nanoemulsions as a function of their 

surface composition by titrating the free fatty acids released to the aqueous phase as result 

of the digestion of the oil matrix triglycerides by the lipases present in the SIF. Briefly, 1 ml 

of formulation was diluted up to 5 ml with plain SIF. A volume of 5 ml of SIF supplement 

with twofold concentration of pancreatin mixed with the nanoemulsion led to a final volume 

of 10 ml (1% w/v pancreatin, USP XXIX). Lipases present in the pancreatin mixture will 

degrade each triglyceride molecule releasing two free fatty acids per monoglyceride. 

Acidification of the medium was monitored with a pH electrode and titrated with NaOH 0.025 

N during 2 h at 37ºC under magnetic stirring 25, 26, 27. 

2.5. Mucodiffusion assay 

As model of the human intestinal mucosa, we used fresh porcine intestinal mucus 

obtained from the local slaughterhouse. Nanoemulsions were fluorescently labelled by 

incorporating the lipophilic tracer DiD (DiIC18(5) oil (1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine perchlorate)) (λex≈644nm, λem≈665nm), supplied by 

Invitrogen, to the oil core during the formulation process. Briefly, 5 µl of nanoemulsion or 

PS nanoparticles previously diluted in PBS 2mM were mixed with 100 µl of mucus. Volumes 

of 10 μl of each sample were placed between a microscope slide and a cover glass in a 

chamber created by a double-sided adhesive sticker of 120 μm thickness in between 

(Sigma). We focused the Nikon microscope equipped with an Andor Zyla 4.2 camera and a 

PLAN APO 100X 1.4 oil-immersion objective at 8-12 µm above the coverglass. For each 

sample, we recorded 20-30 movies of 800 frames at a frame rate of 100 fps, obtaining more 

than 100 trajectories per movie. Effective diffusion coefficient of each particle was obtained 

off-line from the dependence of the mean square displacement MSD with the time scale 

(or time lag) using an in-house developed software as follows: 

𝑀𝑆𝐷 = 4𝐷𝑐𝜏𝛼        Eq. 2 

Where Dc is the effective diffusion coefficient,  the time lag and α gives information 

about the nature of the diffusion mode of the nanoparticle in mucus28, 29. 

2.6. Statistical analysis 

Experimental results were compared by statistical ANOVA (one way) analysis, p (0.05), 

using OriginPro 8.0 software (OriginLab Corp, Buckinghamshire, UK). 
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3. RESULTS AND DISCUSSION 

3.1. Systems formulation 

The landmark in formulation design is to overcome the technological limitations of new 

and existing therapeutic molecules by enclosing them in a more efficient delivery system 16. 

Concerning the oral route, they demand protection against degradation and improvement 

in their transport across the intestinal epithelium. Nevertheless, new formulations for oral 

delivery should also afford therapeutic blood levels of their cargo molecules 16. This aim is 

achieved by properly designing the delivery system in terms of composition but also in 

concentration; therefore, formulations with high drug loading are quite desirable. Increasing 

the amount of drug in the formulation is a strategy to attain high drug loadings in 

nanomedicines, but it is usually related to coarse populations, instabilities and phase 

separation. Herein we describe the optimization of formulations that achieve high oil yields 

and fulfil the requirements of efficient oral nanoplatforms. 

The procedure followed consists on the solvent displacement technique, based on the 

spontaneous emulsification of an organic phase added to an aqueous phase under 

magnetic stirring. This low energy emulsification method is well stablished for the 

formulation of vesicular systems 30; but in our case it was not suitable for obtaining high oil 

yield formulations. The nanoemulsions were not formed by pouring the organic phase 

directly into the aqueous one. Hence, an improvement of the solvent displacement 

technique was proposed by combining it with the classical injection method 31, 32. The 

injection method consists on the rapid injection of an organic solution containing lipids into 

an aqueous phase. This upgrade of the solvent displacement technique allowed the 

formation of nanoemulsions, observed by the opalescence appearance of the mixture. 

We have evaluated both oil yield and lecithin content. In this sense, oil content reached 

a remarkable 8% v/v in the formulations, this value is quite satisfactory facing the typical 

formulation concentrations required for the in vivo evaluation of the systems. Higher 

proportions (10 and 20% v/v) led to coarse nanoemulsions, which were completely unstable. 

The amount of lecithin in the formulation, fixed at 50 mg, was the minimum amount 

necessary for the emulsification of the oils into small and low polydispersed populations. 

The reason behind this selection was that an excess of lecithin would produce different 

structures apart from nanoemulsions, such as vesicular lecithin aggregates, as observed by 

the appearance of two differentiated populations in such formulations constituted by 75 and 

100 mg of lecithin per batch. Following the procedure commented above it was possible to 

formulate coconut, wheat germ and palm oils in nanoemulsions with adequate 

polydispersity (0.2). The three systems had size values ranging from 200 to 230 nm and 

about -30 mV, which confers them with suitable electrostatic stability to avoid vesicle 

coalescence (Table 1). Slightly smaller size of the palm nanoemulsion could be attributed 

to the higher viscosity of this oil 33, 34. Morphological analysis of the systems by TEM 

confirmed the DLS results (see Figure S1 from the supplementary information). 
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3.2. Colloidal stability under oral conditions. 

The first biological barrier that nanomedicines face after oral administration is the harsh 

environment of the gastric and intestinal cavities. Therefore, colloidal systems should be 

properly designed in order to overcome this barrier and preserve both the original 

physicochemical properties of the nanoparticle and the integrity of the encapsulated API. 

Bearing this in mind, we focused the first set of experiments on the analysis of the 

colloidal stability of the three nanoemulsions in simulated gastrointestinal fluids (USP XXIX). 

In these complex media, parameters such as pH, electrolytes and macromolecules of the 

simulated milieu can affect the colloidal stability. Then, we analysed the nanoemulsions in 

non-supplemented media (SGF and SIF without enzymes) for a better understanding of the 

colloidal response of the formulations to the different parameters.  

As shown in Figure 1 (solid lines, closed symbols), the three nanoemulsions maintained 

their initial hydrodynamic mean size during the whole incubation in non-supplemented SGF 

at 37ºC. As stated by the DLVO theory1, 2, nanoparticles must strike a balance between the 

attractive potential due to the Van der Waals hydrophobic forces (VA) and the repulsive 

potential created by the electrostatic interactions (VE) in order to be stable. The 

electrophoretic analysis of this type of nanoemulsions has shown the typical behaviour of 

nanoparticles with weak carboxylic acids on its surface (see Figure S2 from the 

supplementary information)8, 14, 35, 36, 37. This means that at gastric pH (1.2) nanoemulsions 

present a superficial charge close to zero 36, 37. Under this scenario, DLVO states that the 

formulation should aggregate due to the imbalance between the attractive Van der Waals 

forces and the null repulsive electrostatic forces.2 However, the results displayed in Figure 

1 make plausible the hypothesis that the presence of PF127 on the nanoemulsions surface 

is exerting a steric stabilization of the formulation that hampers the collapse of the system 
5, 8, 13, 38. 

Contrary to the repulsive electrostatic potential, one of the main characteristics of steric 

stabilization mechanism is that it does not depend on the medium salinity1, 2, 9. To confirm 

our hypothesis we studied the stability of the three formulations at pH 1.2 in the presence 

of increasing amounts of NaCl or CaCl2 (from 2mM up to 1M), data not shown. In this assay, 

the three systems presented a constant hydrodynamic mean size at pH 1.2 with no 

dependence on the medium salinity. These results support our assumption about the 

Table 1. Hydrodynamic mean size, polydispersity index and -potential of CN-NE, WG-NE, 

Palm-NE. (Mean ± s.d., n=3). 

 

System Size (nm) PDI -Potential (mv) 

CN-NE 223 ±32 0.180 -34±8 
WG-NE 231 ±7 0.238 -33±4 

Palm-NE 209 ±9 0.200 -37±2 
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existence of a steric stabilization of the formulations in charge of the PEG derivatives that 

decorate the nanoemulsions surface. 

Interestingly, the same assay carried out in the presence of enzymes led to different 

behaviours related to the nanoemulsions core composition (see Figure 1; dashed lines, 

empty symbols). Despite the good colloidal stability of the three formulations in SGF, palm 

nanoemulsions mimic the behaviour displayed in the non-supplemented gastric medium; 

wheat germ formulation presented a slight size increase due to the presence of the enzymes 

and the coconut system almost double its initial size. The stability differences of the systems 

perceived when the medium contained enzymes can be related to the affinity of the PEG 

derivative towards the nanoemulsions core10, 11, 35, 39.  It is important to bear in mind that the 

presence of other macromolecules with higher affinity for the hydrophobic surface can 

displace the adsorbed PF127 molecules from the oil/water interface by. The results obtained 

for palm oil showed good affinity of the oil for the PF127 molecules, ensuring the steric 

stabilization of the formulation even in the presence of the enzymes in the medium. In this 

line, the size modification observed for the coconut and wheat germ formulations suggests 

that the enzymes of the gastric medium could displace some of the PF127 surfactant from 

the O/W interface 39. 

The analysis of the colloidal stability of the formulations in non-supplemented and 

normal SIF at 37ºC, led to similar results to those obtained in gastric conditions, see Figure 

2. In the absence of enzymes, the systems were completely stable. Despite the higher 

 
Figure 1. Colloidal stability of the CN-NE (square), Palm-NE (circle) and WG-NE (triangle) 

incubated in non-supplemented SGF, USP XXIX, (solid line, closed symbols) or in normal SGF, 

USP XXIX, (dashed line, open symbols) at 37ºC for 4h (mean ± s.d., n3). 
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contribution of the electrostatic repulsion forces to the colloidal stability (due to the higher 

superficial charge of the systems at intestinal pH; around -40mV); the analysis of the 

colloidal stability in the presence of NaCl or CaCl2 confirmed that the steric stabilization was 

the main force driving the colloidal behaviour of the formulations, data not shown. 

In addition, the incorporation of pancreatic enzymes to the medium did not result in the 

aggregation of the systems, Figure 2 (dashed lines, open symbols). Compared to their 

behaviour in gastric conditions, the coconut and wheat germ systems displayed improved 

stability in the presence of intestinal enzymes. Even so, the high standard deviation of the 

coconut formulation after 4h of incubation (±140 nm) suggests that the presence of the 

PF127 does not totally isolate the system from the intestinal enzymes 10, 39. 

It is important to highlight that the similar behaviour displayed by the three formulations 

in non-supplemented and normal SIF could be a result either i) from the steric stabilization 

of the system by the PF127 corona 5, 14, 40 or ii) from the progressive displacement of the 

PF127 by the pancreatic enzymes and the formation of an homogeneous enzymatic coating 
14, 41. To clarify this point we analysed not only the colloidal stability of the formulations, but 

also the degradation of the systems by the intestinal enzymes.   

3.3. In vitro enzymatic degradation 

Figure 2. Colloidal stability of the CN-NE (square), Palm-NE (circle) and WG-NE (triangle) 

incubated in non-supplemented SIF, USP XXIX, (solid line, closed symbols) or in normal SIF, 

USP XXIX, (dashed line, open symbols) at 37ºC for 4h (mean ± s.d., n3). 
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Figure 3 represents the degradation of the different nanoemulsions during their 

incubation in SIF at 37ºC. The low degradation values of the palm oil nanoemulsion (close 

to 20%) suggested that pluronic molecules properly sheltered the O/W interface of this 

system. These results confirmed that the physicochemical properties of palm oil facilitated 

the formation of an O/W interface that minimized the displacement of the surfactant by the 

enzymes, co-enzymes or bile salts of the intestinal medium,10, 11, 35, 39 subsequently reducing 

the enzymatic degradation of the formulation.  

Following this line of thought, wheat germ oil formulation presented lower ability to avoid 

the desorption of pluronic at the O/W interface by the intestinal enzymes.This fact ended up 

with a faster kinetic of degradation and a final core degradation close to 30%. In agreement 

with the colloidal stability results, the lipolysis assay confirmed that the coconut core was 

the matrix with the lowest capability to maintain the assembling of PF127 at the O/W 

interface in the presence of other tensioactive macromolecules. Indeed, coconut core 

experienced around 40% total degradation values apart from the fastest digestion profile. 

The colloidal stability results in non-supplemented gastrointestinal fluids clearly settled 

that the coating of coconut, wheat germ or palm oil cores with PF127 led to the formation of 

a surfactant shell able to sterically stabilize these formulations (see Figures 1 and 2). 

However, the studies carried out in normal SGF and SIF have shown that the presence of 

enzymes, co-enzymes and other tensioactive macromolecules, such as bile salts, can 

displace the pluronic molecules from a surfactant shell O/W interface. Our results suggest 

that the balance of this competitive adsorption process will depend on the physicochemical 

Figure 3. Percentage of lipolysis of the CN-NE (square), Palm-NE (circle) and WG-NE 

(triangle) incubated in SIF (USP XXIX) at 37ºC for 60 min, (mean ± s.d., n3). 
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properties of the oil core. Mainly coconut oil but also wheat germ oil favour the replacement 

of the pluronic molecules at the O/W interface by the macromolecules of the SGF and SIF 

enzymatic cocktail; this process was hampered when palm oil was the constituent of the 

nanoemulsion core. 

It has been recently shown that the adsorption of different pluronics onto nanoparticles 

largely depends on the hydrophobic interactions between the surfactant and the 

nanoparticle core 6, 10, 11, 35. The core properties of these nanoemulsions may depend on the 

different compositions of the oils used, so it is assumable that this aspect can affect to their 

hydrophobic character and then  to the adsorption of PF127 to their surface. We determined 

the relative hydrophobicity of the three oil surfaces by contact angle measurements. Briefly, 

a water drop was carefully placed on a flat surface made of coconut, wheat germ or palm 

oil, and the contact angle was measured with a goniometric technique 35, 42.  As expected, 

coconut and wheat germ oils gave lower contact angle (22±10 and 21±10 respectively) than 

palm oil (30±40); this means that coconut and wheat germ oils present lower hydrophobic 

character than palm oil does. These results suggest that the hydrophobic character of both 

coconut and wheat germ oils is enough for the formation of a PF127 shell able to stabilize 

sterically the formulation under physiological concentration of electrolytes. However, the 

weaker hydrophobic interactions between the nanoemulsions core and PF127 (in 

comparison to palm oil) led to the displacement of the surfactant by other competitive 

tensioactive species in gastrointestinal fluids, which could result in the premature 

degradation of the formulation in the intestinal tract. 

Interestingly, it seems that the degradative action of the enzymes present in the SIF 

(Figure 3) did not affect the colloidal stability of the formulation (Figure 2; dashed lines, open 

symbols). Pancreatic lipase, as interfacial enzyme, binds to the oil droplets surface 

displacing the pre-adsorbed PF127. This will lead to an enzymatic homogeneous coating 

that stabilize the oil droplets thanks to the electrostatic repulsion forces created by the 

enzymes 41. Once the enzymes are in the nanoemulsions surface, they will degrade the oil 

core through a surface-to-core erosion process being difficult to appreciate clear size 

modifications of the nanostructure 35, 40. This could explain why coconut oil nanoemulsions 

did not show a clear size increment during its incubation in SIF. 

3.4. Mucodiffusion assay 

The properties of PF127 coatings for yielding MPP have been widely reported 6, 29, 43. 

Additionally, this work shows that PF127 layer affect the colloidal stability and digestion 

pattern of the nanosystems and how this is rule out by the nature of the particle core. 

It has been recently reported that PF127 coating density can also modify the capacity 

of the formulation to diffuse across the mucus blanket that protects the intestinal epithelium 
7, 43. This fact is important, as crossing the mucus blanket is decisive for nanosystems to 

reach the intestinal epithelia and improve the transport of their cargo molecules. Bearing 

this in mind, we evaluated the effect of the nanoemulsion core properties on the formation 



Langmuir 2 (33) (2017) 4269-4279 

101 
 

of the PF127 stealth corona to determine the best characteristics for developing efficient 

oral delivery systems. The procedure consisted on the quantification of the in vitro the 

capacity of the three formulations to diffuse across porcine intestinal mucus.      

The mucodiffusion experiment required the use of mucoadhesive and mucodiffusive 

controls that allow us to define properly the characteristics of the formulations tested. Due 

to their affinity to stick to mucus, bare fluorescent polystyrene (PS) nanoparticles (123 nm) 

with –COOH functional groups were used as mucoadhesive control 18, 43. The same PS 

nanoparticles were coated with increasing amounts of PF127 (PS-127) to obtain the coating 

density required for nanoparticles able to diffuse in mucus like in saline,15, 18, 29 used as 

mucodiffusive control. The effective diffusion coefficient of both control nanoparticles and 

the nanoemulsion prototypes were calculated by analysing their Brownian motion in PBS 

2mM as well as in porcine intestinal mucus by Particle tracking 28, 29. Briefly, the plotting of 

the MSD as a function of the time lag (, 2, 3, 4, etc…) enables the calculation of the 

effective diffusion coefficient of each particle as indicated in section 2.5 at a time scale of 1 

second 18, 29. The same expression was used to get access to the α parameter, which gives 

information about the nature of the diffusion mode of the nanoparticle in the corresponding 

biological matrix:28 

• Active transport (α2). 

• Super diffusion (2>α>1). 

• Free diffusion (α1). 

• Subdiffusion (α<1). 

• Stuck nanoparticles (α0). 

As shown in Table 2, PS control presented the typical behaviour of mucoadhesive 

nanoparticles, with mucus diffusion values  4 orders of magnitude lower than in PBS 6, 18. 

Additionally, α value (0.01±0.01) clearly indicated that PS nanoparticles were highly 

immobilized in the mucus matrix. The same assay carried out with PS-127 nanoparticles 

showed that this system had a clear mucodiffusive behaviour; with comparable diffusion 

coefficients in both mucus and PBS (Dm/DPBS= 0.36±0.11) and α1. 

The duration of natural mucus clearance depends on the specific mucosa, being from 

4 up to 6 h in the case of the intestinal mucosa 17, 43, 44. This means that for overcoming the 

intestinal mucus blanket that covers the intestinal epithelium, mucodiffusive nanoparticles 

must cross it in less than 240-360 min. If we consider that the mean thickness of the 

intestinal mucus layer is around 100 µm,17, 43 we could use the mean effective diffusion 

coefficient and the following expression to calculate the mean time required by the 

formulations to diffuse across 100 µm of mucus matrix:45 

𝑟 = √4𝐷𝑐𝑡𝑙𝑛(1 1 − 𝑝)⁄          Eq.3 
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where r is the distance (100 µm), Dc the effective diffusion coefficient, t the time and p 

the probability (set as 99.9%).  

As expected, mucoadhesive PS nanoparticles where highly retained in the mucus 

matrix, requiring a mean time of almost 400 h to go through 100 µm of mucus. Meanwhile, 

the PS127 formulation would spent a mean time of just 7 min to diffuse across the 100 µm 

layer.    

Effective diffusion coefficient, Dm/DPBS as well as α value of coconut, wheat germ and 

palm oil nanoemulsions in intestinal porcine mucus are also shown in Table 2. Surprisingly 

the three prototypes displayed a similar mucoadhesive like behaviour more than a 

mucodiffusive one independently of their core physicochemical properties. 

In spite of their mucoadhesion and thanks to the calculation of the time required to 

diffuse across a layer of mucus of 100 µm, the nanoemulsions seemed not to be totally 

stuck in the mucus matrix, as happened with the PS control (see Table 2). Nevertheless, 

the time spent by the nanoemulsions to overcome the layer of mucus was much higher than 

the typical time to clear intestinal mucus out.17, 43, 44 These results suggest that once in the 

intestine, the three nanoemulsion prototypes would strongly attach to the intestinal mucosa, 

with very little chances to overcome this barrier due to the clearance process of the intestinal 

mucosa 46. 

Table 2. Effective diffusion coefficient at a time scale of 1 second, Dm/DPBS, α parameter and the 

time required by the CN-NE, WG-NE, Palm-NE nanoemulsions to cross a layer of 100µm of 

porcine mucus. 

 

System Dif. Coef.  
(µm2/sec) 

Dm/DPBS α 

PS 2.52*10-4±2.1*10-4 1.09*10-4±9.46*10-5 0.01±0.01 
PS-127 0.82±0.26 0.36±0.11 0.88±0.10 

CN-NE 6.26*10-4±2.24*10-4 2.72*10-4±9.74*10-5 0.09±0.10 
Palm-NE 6.65*10-4±2.90*10-4 2.89*10-4±1.26*10-4 0.05±0.11 
WG-NE 3.90*10-4±1.80*10-4 1.63*10-4±7.66*10-5 0.06±0.06 

 

Table 2. (continued) 

System Time to cross a layer of 
mucus of 100 µm 

PS 399 (h) 
PS-127 7 (min) 

CN-NE 160 (h) 
Palm-NE 151 (h) 
WG-NE 257 (h) 
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We have demonstrated in section 3.2. that PF127 coating sterically stabilized the 

different prototypes. Traditionally steric forces have been associated with homogeneous 

and dense coatings of the nanoparticles with PEG derivatives 2, 9. There are two stabilizing 

mechanisms created by an adhered polymer that contribute to the steric stabilization of a 

nanoparticle, an osmotic (Vosm) and an elastic repulsive potential (Vel). According to Vincent 

et al,47 when two PEG decorated nanoparticles are closer than 2 (being  the PEG 

thickness), an osmotic repulsive potential will appear between both particles. If the approach 

between the particles continues to a distance lower than , then some of the PEG moieties 

will suffer an elastic compression, originating an elastic repulsive potential. Vosm mainly 

depends on the volume fraction of the PEG segments () and , while the main contributions 

to Vel are the coating density () and the PEG Mw 9, 47. Considering these contributions, the 

steric stabilization potential can be expressed as VST=Vosm (, )+Vel (, Mw). Based on this, 

the steric stabilization as well as the mucodiffusion capacity of a formulation will depend on 

the PEG coating density 9, 15. However, despite the dependence of the steric stabilization 

with the coating density (), it is well known that the osmotic contribution is the most 

stabilizing term.2, 47 In line with our results, the minor contribution of Vel (, Mw) to the steric 

stabilization indicates that it is not enough to formulate sterically stabilized nanostructures 

in order to ensure the mucodiffusive character of the final formulation. 

These results confirmed that apart from the PEG derivative Mw, coating density is a 

condition of great concern for achieving mucodiffusive particles 15. Indeed, steric 

stabilization of the formulation does not provide a mucodiffusive character, being only 

possible to obtain mucodiffusive nanoparticles from a certain value of PEG coating density. 

In this sense, particle tracking arises as an excellent tool for the characterization of PEG 

coatings, which will help us to understand which physicochemical variables are involved in 

obtaining the adequate coating.   

3.5. Reformulation of the nanoemulsions. 

Previous studies carried out for model-like poly-lactic-co-glycolic acid (PLGA) and PS 

nanoparticles have shown that the substrate hydrophobic character can play a relevant role 

controlling the coating density of the system. Remarkably, a contact angle of 820 for PS led 

to almost 4-fold the amount of macromolecules adsorbed compared to PLGA nanoparticles, 

with a contact angle of 740) 35. 

The hydrophobic character of coconut, wheat germ and palm oil led to clear differences 

in terms of colloidal stability and digestion profile. Nevertheless, none of these oils promoted 

PF127 coatings comparable to PS-127, so the colloidal systems formed were unable to 

diffuse across the intestinal mucus layer. The results obtained also showed that increasing 

the hydrophobicity of the cores improved the PF127 coating density. This led us to 

hypothesized that increasing the hydrophobic character of coconut, wheat germ or palm 

nanoemulsions cores could yield nanoemulsions with denser PF127 coatings, able to 
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facilitate not only their steric stabilization along the GIT but also their diffusion across the 

intestinal mucosa.  

The candidate selected to improve the performance of the nanoemulsions core was α-

tocopherol. This oil has a contact angle of 53±20 and higher hydrophobic character than 

coconut, wheat germ and palm oils, so it is likely that it would accommodate PF127 better 

to its surface. Besides, the higher viscosity of α-tocopherol can lead to improved control of 

the hydrodynamic mean size of the nanoemulsions formulated following the previously 

explained solvent displacement technique 14, 33. Additionally, the presence of this antioxidant 

will preserve the nanoemulsion from the undesirable oxidation of the fatty acids and 

triglycerides present in the oil core, which can result in the physical instability of the 

formulation.   

Figure 4 shows the hydrodynamic mean size and the -potential of the coconut, wheat 

germ and palm nanoemulsions formulated with a 66% of α-tocopherol. By comparing Table 

1 and Figure 4, it is clear to see that the incorporation of α-tocopherol to the nanoemulsions 

resulted in a size reduction of 40-70 nm (depending on the oil combination). The 

physicochemical mechanisms behind the size modification of nanoemulsions droplets 

during their formulation by the solvent displacement technique are not totally clear yet 14, 33. 

Nevertheless, as commented above, the size reduction observed for the three oils could be 

related to the increase of oil core viscosity and the modification of the interfacial tension of 

the O/W interface by the incorporation of α-tocopherol to the oil core matrix.14, 48 Besides, 

the reduction of the polydispersity index of the three formulations (PDI< 0.15, data not 

shown) suggests that the incorporation of α-tocopherol did not only reduced the 

hydrodynamic mean size of the formulation and promoted the accumulation of the PF127 

onto the oil droplets, but also homogenized the nanoemulsion size populations. In this line, 

the reduction of the –potential magnitude is clearly indicative of higher accumulation of the 

non-ionic PF127 tensioactive polymer on the O/W interface, which results in an increase of 

9, 15. Interestingly, the three blend formulations displayed slightly different electrophoretic 

response to the α-tocopherol incorporation, coconut nanoemulsion presented the higher 

screening of its –potential followed by wheat germ and palm oil systems (see Table 1 and 

Figure 4). This reduction suggests a slightly lower incorporation of PF127 when palm oil 

constituted the core with respect to the ones formed by coconut or wheat germ oil.  

The physicochemical properties of the blend nanoemulsions confirmed the improved 

coating of PF127. Bearing in mind the colloidal stability results obtained by the non-modified 

systems it is reasonable that the higher incorporation of PF127 to α-tocopherol modified 

nanoemulsions would lead to: 

i) A slight reduction of VE; due to the reduced –potential magnitude.9 

ii) A clear rise on the repulsive potential barrier created by the steric hindrance of the 

PF127 coating thanks to the increase in both Vosm (through ) and Vel (through ) 2, 9, 47. 
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Under this scenario, α-tocopherol blend nanoemulsions should present the same 

colloidal behaviour that the non-modified formulations along the GIT tract before reaching 

the intestinal mucosa 1, 2, 14, 40. Based on this, the first set of experiments for the blend 

nanoemulsions was the analysis of their capacity to diffuse across the intestinal mucus. 

As shown in Table 3, the three α-tocopherol modified formulations presented mean 

effective diffusion coefficients in porcine intestinal mucus in the range of 2-3*10-2 µm2/sec 

(no significant differences). This implicated that the capacity of the formulations to diffuse 

across the intestinal mucus was improved by 2 orders of magnitude. These noticeable 

effective diffusion coefficients were just one order of magnitude slower than the positive 

mucodiffusive PS-127 control. To get a better insight on the mucodiffusion capacity of the 

blend nanoemulsions we analysed not only the mean effective diffusion coefficient, but also 

the population distribution of each formulation as a function of their effective diffusion 

coefficient in PBS and porcine mucus. As shown in Figure 5 the three formulations 

presented a single population histogram in mucus that overlapped with the one obtained in 

PBS; with the vast majority of the oil droplets presenting an effective diffusion coefficient 

higher than 10-2µm2/sec (85%, 83% and 71% for the blend coconut, wheat germ and palm 

nanoemulsions respectively). These results agree with the electrophoretic characterization 

of the blend nanoemulsions, where the -potential values clearly indicated that the palm oil 

blend nanoemulsion presented a slightly lower coating density than the other two 

formulations. This can be the reason behind the higher population with hindered diffusion 

(1*10-4<Dc <1*10-2) observed in Figure 5 for the palm oil blend formulation.  

Figure 4. Hydrodynamic mean size and (black columns) -potential (grey columns) of the CN, 

Palm and WG α-tocopherol blend nanoemulsions, (mean ± s.d., n3). 
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These results support our hypothesis about the modulation of the coating density of oil 

droplets by the physicochemical properties of its core. Indeed, the analysis of the original 

and the blend nanoemulsions results stablishes PF127 coating as an appealing tool for 

improving mucodiffusion, which can be adjusted depending on the substrate 

physicochemical properties.  

 

Based on this set of data we calculated the time required by each droplet of the three 

blend nanoemulsions to diffuse across a layer of mucus of 100 µm (with a probability of 

99.9%),45 see Figure 6. The mucodiffusion behaviour of the nanoemulsions, depicted in 

Figure 6, represents the population distribution as well as the cumulative percentage of oil 

droplets able to diffuse across a 100 µm thick mucus layer at a specific time point. The 

positive control PS-127 had the fastest profile, estimating that 50% of the population was 

able to overcome this 100 µm layer in less than 10 min (Diffusion time-50%, DT50=7 min) 

meanwhile the other 50% required up to 100 min to diffuse across the barrier. The blend 

formulations containing α-tocopherol displayed a slower diffusion pattern, having DT50 

values for coconut, wheat germ and palm blend nanoemulsions of 120, 129 and 164 min 

respectively. Once again, it is clear that the effectiveness of the PF127 coating is closely 

linked to the physicochemical properties of the core of the nanostructure. Independently of 

the specific DT50 of each blend nanoemulsion, a relevant fraction of the formulation would 

be able to penetrate the intestinal mucus layer taking into account the time frame of 240 to 

360 min for intestinal mucus turnover.17, 43, 46   

Additionally, the calculation of the α parameter, at a time scale of 1 second, confirmed 

the mucodiffusive character of the blend nanoemulsions, having all of the systems a clear 

improvement in their diffusion mode in intestinal mucus with α parameter in the 0.7-0.75 

range (see Table 3). 

Table 3. Effective diffusion coefficient at a time scale of 1 second, Dm/DPBS, α parameter and 

the time required by the CN-NE, WG-NE, Palm-NE α-tocopherol blend nanoemulsions to cross 

a layer of 100µm of porcine mucus. 

 

System Dif. Coef.  
(µm2/sec)*102 

Dm/DPBS*102 α 

CN-NE 3.2±0.8 1.4±0.4 0.72±0.08 
Palm-NE 2.8±1.2 1.2±0.5 0.73±0.11 
WG-NE 2.8±0.9 1.2±0.4 0.72±0.07 

Table 3. (continued) 

System Time to cross a layer of 
mucus of 100 µm 

CN-NE 188 (min) 
Palm-NE 212 (min) 
WG-NE 213 (min) 

 



Langmuir 2 (33) (2017) 4269-4279 

107 
 

 

  

Figure 6. Time required by the PS-127 control (green line) and the CN (black line), Palm (red 

line) and WG (blue line) α-tocopherol blend nanoemulsions to cross a layer of porcine mucus of 

100 µm, n100. 
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Figure 5. Histogram of the diffusion coefficient of the CN (black line), Palm (red line) and WG 

(blue line) α-tocopherol blend nanoemulsions in PBS (dashed lines) or in intestinal porcine 

mucus (solid line), n100. 
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It is important to highlight that an efficient nanosystem for oral drug delivery should 

attain a balance between mucoadhesive/mucodiffusive properties. As stated before, the 

success of an oral formulation will depend on its capability to diffuse across the mucus layer, 

but it should be borne in mind that the first step for the interaction with the intestinal mucosa 

is the attachment of the nanoparticles to the luminal part of the intestinal mucus. Hence, the 

formulations herein described display adequate conditions for the oral route. Pure 

mucodiffusive character will hamper the attractive nanoparticle-mucus interaction and then 

the nanoparticle entrapment in the intestinal mucus. Meanwhile nanoparticles with lower 

mucodiffusive character, and then higher attraction for the mucus mesh, will be more easily 

captured by the intestinal mucosa in their journey along the intestinal tract. 

The illustration of Figure 7 summarizes how the physicochemical properties of 

nanoemulsion cores determine the characteristics of PF127 coatings. Our results suggest 

that the use of oils with low hydrophobic character, such as coconut or wheat germ, can 

promote the formation of PF127 coronas able to stabilize sterically the nanoemulsion. 

However, these oils entail core-shell hydrophobic interactions not strong enough to avoid 

the competitive adsorption of enzymes, co-enzymes, bile salts and other tensioactive 

macromolecules of the GIT, leading to the displacement of PF127 from the nanoparticle 

surface. This scenario is the most suitable for the formulation of concentrated edible 

nanoemulsions for enhancing the absorption of nutraceuticals 10, 14, 25. As shown along the 

manuscript, this core-shell combination produces nanostructures that would reach intact the 

intestinal tract, where their protective PF127 shell would be replaced by digestion 

associated macromolecules such as bile salts, co-enzymes and pancreatic enzymes 10, 14. 

Under this scenario, nutraceutical enriched oil nanoemulsions benefit from the enormous 

surface area available for intestinal enzymes to produce mixed micelles that will transport 

the nutraceuticals across the intestinal mucosa 49. This approach would improve the 

bioavailability of the encapsulated nutraceutical in comparison to the administration of 

classical supplements as has been reported in the literature 50. 

The selection of higher hydrophobic oils, like palm oil, would hamper the displacement 

of PF127 from the O/W interface by the macromolecules dispersed in the intestinal milieu. 

Despite the stronger core-shell interaction force, the moderate hydrophobic character of 

palm-like oils will result in the formation of PF127 coatings, but not dense enough to facilitate 

the diffusion of the nanostructure across the mucus layer (see Figure 7). These 

nanostructures will behave as mucoadhesive formulations which will constitute transient 

nanoemulsion reservoirs in the intestinal mucosa 51. Numerous studies support the use of 

these nanostructures to improve the bioavailability of therapeutic molecules such as 

peptides and other labile APIs, which would otherwise be prematurely degraded during their 

journey along the GIT by the gastric and intestinal enzymes 51. 

Finally, the incorporation of a more hydrophobic oil to the core, such as α-tocopherol, 

improved the adsorption of PF127 onto the O/W interface. The blend nanoemulsions 

obtained exhibit a PEG derivative shell dense enough to facilitate the diffusion of the 

nanostructure across the intestinal mucus. Interestingly, these mucodiffusive formulations 
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present slower diffusion pattern than the PS-127 positive control of this work or PF127 

coated PLGA nanoparticles from the literature 17, 46. These results are in line with our 

hypothesis about the role of the hydrophobic character of the nanostructure core on the 

architecture of PF127 surfactant shell, as both PS and PLGA present much higher 

hydrophobic character than coconut, wheat germ or palm oils 35. Consequently, stronger 

hydrophobic character of oils would lead to heavier PF127 shells, which will be decisive to 

ensure the mucodiffusive behaviour of the systems.   

4. CONCLUSIONS 

Vesicular systems are oil compartments surrounded by a surfactant shell that stabilizes 

them. Classically, the characteristics of the cargo molecule determine the oil selection, 

trying to obtain the highest affinity between them to maximize parameters such as drug 

loading. The selection of surfactants is also paramount in the design of nanoemulsions, 

obviously affecting their formation, stability and diffusion across biological barriers. In the 

general practice both criteria have been individually optimized, but this study bring up that 

both components are truly interrelated. The three vesicular systems herein described, 

formulated with coconut, wheat germ and palm oils were able to accommodate efficiently 

the surfactant PF127 on their surface. Nevertheless, the hydrophobic character of the oil 

core determined the behaviour of the systems in biological media, as well as their interaction 

with the intestinal mucosa. In summary, this work highlights the relevance of the fine tune 

 
Figure 7. Outline of the arrangement of Pluronic F127 onto the o/w interface as a function of 

the physicochemical properties of the substrate and its effect on the behaviour of the colloidal 

system along the GIT.  
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up of the physicochemical properties of the nanostructure core on the formulation of efficient 

coatings for mucosal administration. In this sense, particle tracking arises as an excellent 

tool for a better understanding of the structuration of these coatings agents on nanoparticles 

surface.   
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SUPPLEMENTARY MATERIAL 

The morphological analysis of the different nanoemulsions was carried out by 

Transmission Electron Microscopy (TEM, Jeol JEM 2100 electron microscope) operating at 

200 kV. The TEM is equipped with a side entry (±20°) double tilt sample holder, EDS 

detector (Oxford Link) and a Gatan Orius (2x2 MPi) digital camera. TEM specimens were 

prepared by staining the samples with a phosphotungstic acid solution (2%, w/v) and 

depositing a drop of the suspension on to a holey carbon-coated copper grid (EMS). After 

drying the samples overnight, TEM images were recorded under low-dose conditions to 

avoid beam damaged and analysed using Digital Micrograph™ software from Gatan

 

 

Figure S1. Representative TEM images of the nanoemulsions.  

 

Figure S2. -potential (mV) of the CN-NE (square), Palm-NE (circle) and WG-NE (triangle) as 

a function of the pH (mean ± s.d., n3). 
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ABSTRACT 

Nanoemulsions are vesicular systems with great potential for the delivery of drugs, 

which significantly depends on the appropriate selection of the components that constitute 

them. In this sense, the use of materials with adequate toxicity profiles for the oral route 

provide additional advantages in terms of safety concerns avoidance. This work describes 

the formulation of novel two-component nanoemulsions constituted by α-tocopherol and 

ascorbyl-palmitate derivatives. Among them, ascorbyl-dipalmitate allowed the formation of 

nanoemulsions with size values around 170 nm and negative charge; additionally, they 

showed strong antioxidant capacity. These nanoemulsions are proposed to the oral route, 

so their behaviour in intestinal conditions was evaluated by incubating the nanoemulsion in 

simulated intestinal fluid. This process led to the formation of an intestinal-protein corona (I-

PC) at the colloidal surface that determined the interaction with the mucus barrier. The I-PC 

displaced the immobile-hindered particles towards a subdiffusive-diffusive population. 

These studies report for the first time the effect of the I-PC on the mucodiffusion behaviour 

of vesicular systems, a finding that may help to comprehend the performance of 

nanocarriers under intestinal conditions. 
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1. INTRODUCTION 

Nanoemulsions are characterised by their versatility, efficacy and low hazard profile 1, 

so they are highly promising  delivery systems for dermal, ocular or parenteral 

administration 2. Concerning oral delivery, nanoemulsions enhance drug absorption due to 

their strong solubilisation capacity and the facilitated interaction with biological surfaces by 

their high surface area 3. The intestinal milieu is a complex environment where 

nanoemulsions may interact with different components like enzymes, co-enzymes and bile 

salts. The interaction of colloids with biomolecules has been previously described for the 

intravenous route 4–6, where it can affect the stability of the formulation as well as its final 

biodistribution. The explanation for the uncontrolled aggregation is the formation of a 

heterogeneous coating of the biological components onto the colloidal surface 7. The 

presence of bare and biomolecule coated-patches ends up in the aggregation of the 

particles through a bridging mechanism 7–9. Nevertheless, if the physicochemical properties 

of the formulation and the biological medium composition promote the formation of full-

coated colloidal systems, this biomolecule corona can stabilise them in the biological 

medium 8,10,11. Recent studies have also shown the relevance of this systemic protein 

corona (PC) on the pharmacokinetic and pharmacodynamic profiles of colloids. Indeed, it 

has been concluded that the formation of a PC gives a new biological identity to the system, 

regardless of its original surface properties 6,12,13. The composition of the PC evolves with 

time and the medium composition, affecting the circulation and the clearance profiles as 

well as the potential interaction of the formulation with specific cells populations or biological 

barriers 4,12,14.   

Currently, the knowledge on the intestinal-protein corona (I-PC) indicates that it 

determines colloidal stability depending on the coating density, i.e. homogeneous vs 

heterogeneous. Coating density is controlled at the same time by the superficial 

physicochemical properties of the colloids and by the medium composition 7–11. In this 

sense, the presence of biomolecules on the surface of colloids can modulate the uptake of 

nanoparticles by the intestinal cells 15,16. This was recently reported by Walczak et al. 

showing that the incubation of differently charged polystyrene (PS) nanoparticles with 

intestinal enzymes significantly enhanced their translocation across an in vitro intestinal 

model 17. Similarly, Di Silvio et al. observed enhanced uptake of magnetite nanoparticles by 

Caco-2 cells after simulating their in vitro digestion in the presence of food matrixes 16. 

Another important component of the intestinal milieu is mucin, the main protein of the 

intestinal mucus. Recently, Yang et al. have shown that the adhesion of mucin to gold 

nanoparticles altered their trafficking compared to the uncoated nanoparticles, increasing 

their endocytosis but reducing their transcytosis to the basolateral side of the monolayer 18. 

Within this scenario, it is important to highlight the lack of information of the I-PC on the 

colloidal interaction with the intestinal mucus, which is especially relevant, as mucus is the 

last biological barrier for colloids before reaching the enterocytes 19. Intestinal mucus is a 

complex gel that controls the diffusion of molecules, particles and microorganisms from the 

intestinal lumen to the enterocytes 19–21. One of the main efforts of researchers in oral drug 
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delivery is overcoming this barrier to improve the bioavailability of oral drugs. Different 

approaches have been developed in order to successfully achieve this aim 22, like slippery 

nanoparticles densely coated with PEG derivatives or with zwitterionic polymers, mucolytic 

enzyme-decorated nanoparticles or virus-like nanoparticles 22,23. Despite these promising 

results, recent studies have raised safety concerns about the disruption of the mucus 

blanket or the use of high surfactant concentrations 22,24–26. 

The formulation of nanoemulsions requires the appropriate selection of the oil, not only 

as drug solubiliser but also as a determinant component for the surfactant disposition. We 

have previously reported that α-tocopherol promotes the formation of an efficient surfactant 

shell that protects the nanoemulsion against its premature digestion in the intestinal tract, 

facilitating its diffusion across intestinal mucus 8. Additionally, surfactants reduce the 

interfacial tension to preserve long-term droplet stability, which is the major limitation of 

nanoemulsions 27. Among the different surfactants, lecithin (phosphatidylcholine) either 

from egg yolk or soybean, has been frequently used in nanoemulsions 28. Other examples 

of surfactants are Tween (polyoxyethilene sorbitan monolaurate), Span (sorbitan 

monolaurate), cremophor EL (polyoxyl-35 castor oil), block copolymers of PEG or 

amphiphilic proteins like casein or β-lactoglobulin 2,29. In general, the use of materials with 

low toxicity contributes towards safer formulations 30. In this sense, hydrophobic ascorbic 

acid derivatives, like ascorbyl-2-palmitate or ascorbyl-2,6-dipalmitate (AMP and ADP, 

respectively) have been commonly used as antioxidant food additives and excipients 

(Figure S1), due to their amphiphilic character and maintenance of the antioxidant activity 

of ascorbic acid. These same characteristics have led to their recent use in different 

nanocarriers 31–35. 

Within this scenario, we envisaged that a novel two-component antioxidant 

nanoemulsion could be achieved by the combination of α-tocopherol and ascorbyl-

derivatives. Then, we evaluated these formulations as carriers for oral delivery and studied 

their interaction with the intestinal mucus.  As edible systems, nanoemulsion-enzyme 

interactions can reduce the hydrodynamic mean size of the oil droplets 36,37. Therefore, we 

have also analysed whether the mucodiffusion behaviour only depends on the I-PC or on 

both I-PC and size modification 19.  

2. MATERIALS AND METHODS 

2.1 Systems formulation  

Nanoemulsions of α-tocopherol (Sigma-Aldrich, Spain) were obtained by the solvent 

displacement technique 38,39 . For that purpose, an organic phase constituted by 5 mL 

acetone solution of α-tocopherol (38 mg) and different amounts of AMP or ADP (Sigma-

Aldrich, Spain) was poured onto ultrapure water (10 mL). After 10 min under magnetic 

stirring, it was rota-evaporated to a final volume of 5 mL to obtain the nanoemulsions with 

α-tocopherol concentration of 7.6 mg/mL. AMP-stabilised (NEE1-AMP, NEE2-AMP and 

NEE3-AMP) and ADP-stabilised (NEE1-ADP, NEE2-ADP and NEE3-ADP) nanoemulsions 
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were formulated, maintaining the same ascorbic acid ratio whether AMP or ADP was used 

as surfactant (Table 1). 

2.2 Polystyrene nanoparticles 

Fluorescence polystyrene (PS) latex nanoparticles were synthesised, cleaned and 

characterised by Ikerlat S.A. Laboratories (Spain). In order to maintain the same superficial 

charged groups as those existing in the nanoemulsions, a carboxylic PS latex was chosen. 

The size of this PS sample was 123±1 nm and its polydispersity index was equal to 1.008.  

2.3 Characterisation of the systems 

The morphology of the nanoemulsions was visualised by Transmission Electron 

Microscopy (TEM, Jeol JEM 2100 electron microscope) operating at 200 kV under low-dose 

conditions. The equipment was assembled with a side entry (±20°) double tilt sample holder, 

EDS detector (Oxford Link) and a Gatan Orius (2x2 MPi) digital camera. Nanoemulsions 

were pre-treated with a phosphotungstic acid solution (2 % w/v) and a 5 µL drop of the 

suspension was placed overnight on a holey carbon-coated copper grid (EMS). TEM 

images were analysed using Digital Micrograph™ software from Gatan. 

The nanoemulsions physicochemical characteristics, namely hydrodynamic mean 

diameter, PDI and ζ-potential, were determined by dynamic light scattering (DLS) using a 

Z-sizer NanoZS from Malvern (UK) after properly dispersing them in phosphate buffer 2 

mM.  The long-term stability studies of the formulations were performed at 4 °C and at 40 

°C. These studies helped to identify the most promising prototypes for further experiments. 

2.4 Free radical scavenging activity 

The antioxidant potential of ADP-stabilised nanoemulsions was evaluated in terms of 

their ability to scavenge free radicals, by both ABTS (2,2 azino-bis 3-ethylbenzothiazoline-

6-sulphonic acid) and DPPH (1,1- diphenil-2-picryhydrazyl) assays. The procedures 

Table 1. Composition and physicochemical properties of α-tocopherol nanoemulsions stabilised 

by ascorbic acid derivatives (mean ±SD, n≥ 3). 

Formulation Surfactant 
concentration 

[mg/mL] 

Ascorbic 
acid: α-

tocopherol 
ratio 

Size 
(nm) 

PDI -
Potential 

(mV) 

NEE1-AMP 1.2 2.6 : 38.0 269 ± 
10 

0.151 -70.7 ± 8.4 

NEE2-AMP 2.2 4.8 : 38.0 240 ± 7 0.141 -77.7 ± 3.4 

NEE3-AMP 4.0 8.5 : 38.0 250 ± 
49 

0.113 -68.8 ± 7.0 

NEE1-ADP 1.8 2.6 : 38.0 166 ± 5 0.091 -60.9 ± 3.6 

NEE2-ADP 3.4 4.8 : 38.0 167 ± 7 0.089 -59.6 ± 8.4 

NEE3-ADP 6.0 8.5 : 38.0 161 ± 4 0.117 -61.7 ± 3.3 
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followed were similar to those previously described but with minor modifications 40,41. Free 

radical ABTS+ solution was obtained by mixing 7 mM ABTS (Sigma, Spain) with 2.45 mM 

potassium persulfate (aqueous solution), a reaction that was carried out for 12-16 h at room 

temperature in darkness. Regarding DPPH+, a 60 µM methanolic solution of DPPH (Sigma, 

Spain) was prepared. Methanolic solutions of trolox (Sigma, Spain) were used to obtain 

standard curves (0.1-0.8 mM). Different concentrations of trolox standards were mixed with 

ABTS+ or DPPH+ and the absorbance (λ= 734 nm for ABTS+ and 515 nm for DPPH+) was 

measured at the initial time and 5 min after, using a UV-spectrophotometer (T70 UV/VIS 

Spectrophotometer, PG Instruments Ltd).  

The percentage of ABTS+ or DPPH+ inhibition (% inhibition) was calculated by the 

following equation:  

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
((𝐴𝑏𝑠0𝑅𝐴𝐷𝐼𝐶𝐴𝐿 𝑥 𝐴𝑏𝑠5𝑅𝐴𝐷𝐼𝐶𝐴𝐿)−(𝐴𝑏𝑠5𝑆𝐴𝑀𝑃𝐿𝐸 𝑥 𝐴𝑏𝑠0𝑅𝐴𝐷𝐼𝐶𝐴𝐿))

(𝐴𝑏𝑠0𝑆𝐴𝑀𝑃𝐿𝐸 𝑥 𝐴𝑏𝑠0𝑅𝐴𝐷𝐼𝐶𝐴𝐿)
          Eq. 1 

Where Abs0RADICAL and Abs0SAMPLE are respectively the initial absorbance values of 

ABTS+ or DPPH+ solutions and the sample, and Abs5RADICAL and Abs5SAMPLE refer to these 

absorbance values after 5 min. 

ADP-stabilised nanoemulsions (NEE1-ADP, NEE2-ADP and NEE3-ADP) were 

previously diluted in ultrapure water in order to fit their free radical inhibition activity within 

the range of the standard curve. Results were expressed in terms of trolox equivalents 

(mmol). These experiments were also carried out with freshly prepared methanolic solutions 

of α-tocopherol and ADP. In order to assess the ability of ADP-stabilised nanoemulsions to 

protect α-tocopherol against light degradation, ABTS and DPPH assays were performed 

after UV irradiation of the samples with an UV-transiluminator (Syngene SYTC2/1067). The 

duration of this UV-induced stress was previously optimised at 15 min (data not shown). 

After this time, ABTS and DPPH assays were carried as described. 

Finally, the loss of trolox equivalents after UV-irradiation of the samples was calculated 

and compared to the initial trolox equivalents as follows: 

𝐿𝑜𝑠𝑠 𝑜𝑓 𝑡𝑟𝑜𝑙𝑜𝑥 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 (%) = 100 − ((EUV x 100)/E)          Eq.2 

Where E and EUV are respectively the trolox equivalents (mmol) before and after UV-

induced stress.  

2.5 Stability of the systems under intestinal conditions 

Colloidal stability studies under intestinal conditions were performed by incubating the 

nanoemulsions in plain (without enzymes) and normal SIF prepared according to the USP 

XXIX guidelines for 4 h at 37 °C. Pancreatin used to prepare simulated intestinal fluid was 

supplied by Sigma (Spain). Samples were collected at different time intervals (0.2, 0.5, 1.5, 

3 and 4 h) and the size was determined as described in section 2.3. 
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2.6 Colloid-mucus interaction, the role of the I-PC 

Fresh porcine intestinal mucus obtained from the local slaughterhouse was used as 

model of human intestinal mucus. Nanoemulsions were fluorescently labelled by 

incorporating the lipophilic tracer DiD (DiIC18(5) oil (1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine perchlorate), Invitrogen) (λex≈644nm, λem≈665nm) to the 

oil. Briefly, 5 µL of ADP-stabilised nanoemulsions or PS nanoparticles previously diluted in 

PBS 2 mM were mixed with 100 µL of mucus. Then, 10 μL of each sample were placed on 

a microscope slide with a double-sided adhesive sticker of 120 μm thickness (Sigma) and 

covered with a cover glass. The Nikon microscope equipped with an Andor Zyla 4.2 camera 

and a PLAN APO 100X 1.4 oil-immersion objective was always focused at 8-12 µm above 

the cover glass. For each sample, 20-30 movies of 800 frames were recorded at a frame 

rate of 100 fps, obtaining more than 100 trajectories per movie. Diffusion coefficient of each 

particle was obtained off-line from the dependence of the mean square displacement 𝑀𝑆𝐷 

with the time scale (or time lag) using an in-house developed software as follows: 

𝑀𝑆𝐷 = 4𝐷𝑒𝑓𝑓𝜏𝛼         Eq. 3 

Where Deff is the effective diffusion coefficient, τ the time lag and α gives information 

about the nature of the diffusion mode of the nanoparticle in mucus 42,43, both parameters 

were calculated at a sample time of 1 second. The value α gives information about the 

nature of the diffusion mode of the nanoparticle in the biological matrix: 

• Actively transported nanoparticles (α≥2). 

• Super diffusive nanoparticles (2>α>1). 

• Free diffusive nanoparticles (α1). 

• Subdiffusive nanoparticles (α<0.9). 

• Hindered nanoparticles (α<0.4). 

• Immobile nanoparticles (α<0.2).  

2.7 Statistical analysis  

OriginPro 8.0 software (OriginLab Corp, Buckinghamshire, UK) was used for statistical 

analysis. Normal distribution of data was confirmed using the Shapiro-Wilk normality test. 

Afterwards, data were compared by statistical ANOVA (one-way) analysis, considering p-

values lower than 0.05 as statistically significant. Results are expressed as mean ± SD, 

unless otherwise stated. 

3. RESULTS AND DISCUSSION  

This work describes for the first time the development of a two-component 

nanoemulsion constituted by α-tocopherol and stabilised by ascorbyl-derivatives. The 

design of the system pursued to obtain new nanoemulsions as versatile platforms for the 
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oral delivery of bioactive molecules. These systems have been evaluated in simulated 

gastrointestinal environments for understanding the role of I-PC across intestinal mucus.  

3.1. Nanoemulsion formulation and characterisation  

The formulation method to prepare the biphasic O/W nanoemulsions stabilised with 

ascorbyl-derivatives was slightly adapted from the solvent displacement technique 38, a non-

expensive procedure for nanoemulsion formation under mild conditions. In this case, the 

substitution of lecithin for ascorbyl-derivatives allowed the elimination of ethanol from the 

organic phase, simplifying the procedure. Despite the excellent properties of lecithin as 

emulsifier, it may cause incompatibilities with other components of the formulation as 

observed by González-Aramundiz et al. when preparing protamine nanocapsules. In this 

case, the authors had to search for alternative surfactants to avoid the use of lecithin 44. In 

this case, the stabilisation of the nanoemulsions by using ascorbyl-derivatives would 

constitute a promising alternative for polymer coating in case of component 

incompatibilities.  

The esterification of ascorbic acid with either one or two palmitate moieties produces 

AMP or ADP respectively (Figure S1). These modifications increase the stability of ascorbic 

acid while maintaining its antioxidant properties 45. Their amphiphilic character granted by 

the inclusion of the acyl chains, provides them with the capacity of self-organization, so we 

selected both surfactants at three different ratios as indicated in Table 1. The stabilisation 

of the oil droplets is achieved by the surfactant reduction of the interfacial tension, caused 

by the increased surface area as new α-tocopherol droplets are formed. Achieving the 

thermodynamic equilibrium by properly selecting the surfactants and their concentration 

avoids droplet coalescence and provides nanoemulsions with adequate properties. We 

envisaged that the disposition of the organic acid moiety as polar head group would be 

towards the aqueous phase while the lipophilic side chains would be embedded in the oil.  

The physicochemical characterisation showed narrow size distributions (PDI ranged 

from 0.089-0.151) for all the formulations. Those prototypes formulated with AMP had 

hydrodynamic mean size values 90-100 nm larger than the ones prepared with ADP, which 

had size values around 170 nm (Table 1). Concerning their zeta potential measurements, 

the nanoemulsions had strong negative charge, of –70 mV for NEE-AMP and –60 mV for 

NEE-ADP that provides clues towards their stability, as values below -30 mV are generally 

related to higher long-term stability. The morphological analysis of the nanoemulsions 

showed that they had spherical shape regardless of the ascorbyl-derivative (AMP or ADP) 

and its concentration (Figure 1). 
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3.2. Colloidal stability under storage conditions 

Instability is one of the main limitations of nanoemulsions. Unless properly formulated, 

the storage of the system may lead to aggregation and phase separation. Therefore, we 

evaluated the different prototypes to identify the most promising formulations. This was 

carried out by maintaining the nanoemulsions at two different temperatures (4 °C and 40 

°C) without dilution. AMP-stabilised nanoemulsions displayed a massive aggregation along 

the first day of storage at both temperatures despite having -potential values close to -70 

mV (Table 1). Considering the DLVO theory, this superficial charge is more than enough to 

stabilise the oil droplets and avoid the collapse of the nanoemulsions by the short-range 

attractive Van der Waals forces 46,47. This suggests that the reason behind their collapse 

must be sought in other instability processes apart from the classical DLVO potentials of 

interaction 46,47.  

One possible source of instability could be the structure of both surfactants. The 

presence of one or two palmitic acid residues in the ascorbic acid derivative clearly modifies 

the behaviour of this excipient in the aqueous medium 32,34. Inclusion of two palmitic acid 

residues in the ascorbic acid molecule results in the formation of a low water-solubility 

molecule with two hydrophobic chains and one polar head 32,48. This physicochemical 

property facilitates the incorporation of the molecule to the oil water interface in order to 

minimise the energy of the system, contributing to its overall stability 47. Interestingly, the 

inclusion of just one palmitic acid residue/moiety on the ascorbic acid polar head creates a 

self-assembling derivative that spontaneously forms micelles in the aqueous medium. This 

ends up in the partition of the surfactant between the self-assembling micelles and the 

oil/water interface of the nanoemulsion. In addition, as a function of the critical micellar 

concentration, the oil/water interface of the nanoemulsion can incorporate individual AMP 

molecules but also hemimicelles of this surfactant 11,49. Both processes, together with the 

potential oil droplets-micelles interactions can result in the instability of the formulation and 

its gradual collapse in a short period.  

 

Figure 1. Representative TEM images of (A) AMP-stabilised nanoemulsions; (B) ADP-

stabilised nanoemulsions.  
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Figure 2 shows the size evolution of the α-tocopherol nanoemulsions formulated with 

ADP at 4 °C and 40 °C. In this case, the prototypes kept their original hydrodynamic size 

and PDI values lower than 0.160 along the experiment. This led us to select ADP-stabilised 

nanoemulsions for the next set of experiments to evaluate their potential as oral 

nanocarriers. These results suggest that o/w nanoemulsions can be completely stabilised 

by ascorbyl-derivatives that can be used as interesting materials for the formulation of drug 

delivery systems. 

3.3. Free radical scavenging activity  

The formulation of ADP-stabilised nanoemulsions arises two main questions regarding 

their antioxidant capacity. The first one is whether the manufacturing process may 

compromise the antioxidant capacity of the oil, while the second one is the potential 

protection of the antioxidant activity against external oxidant stimulus by the nanometric 

 

 

Figure 2. Long-term colloidal stability of ADP-stabilised nanoemulsions (A) at 4 °C; (B) at 40 

°C (mean ±SD, n≥ 3). 
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droplets. Therefore, we evaluated the antioxidant capacity of both freshly prepared and 

oxidised nanoemulsions, using non-emulsified α-tocopherol as control. Two different well-

known assays, ABTS and DPPH, were selected to ensure the robustness of the results 40,41 

according to the solid evidence of the methodologies for antioxidant capacity quantification. 

Both methods include methanol, which is required for the dissolution of the reagents but at 

the same time promotes the dissolution of the nanoemulsions, which is crucial for their 

antioxidant determination. This fact was further confirmed by DLS showing the absence of 

nanoemulsions once methanol was added to the formulation at the same ratio as in the 

antioxidant assays. 

Firstly, we focused on the effect that the formulation process may have on the 

antioxidant capacity of the nanoemulsion. Non-emulsified oil presented an antioxidant 

capacity of around 15.5 mM equivalents of trolox (ABTS and DPPH displayed similar results 

(Figure S2A and S2C). Interestingly, none of the freshly prepared nanoemulsions showed 

significant differences (p 0.05) with respect to the non-emulsified oil. These results correlate 

with previous works in which comparable antioxidant activities were obtained for neem oil, 

either free or encapsulated 50. These experiments indicated that the mild conditions of the 

formulation method did not affect the initial antioxidant capacity of the oil. Besides, the 

similar results obtained for ADP-stabilised nanoemulsions and the control of non-emulsified 

α-tocopherol suggest that the ascorbyl-derivative behaves as a surfactant rather than as 

antioxidant, at least at the concentrations used. This was confirmed by formulating a lecithin 

stabilised nanoemulsion, that did not show significant differences in the free radical 

scavenging activity with respect to the ADP prototypes (p 0.05) (Figure S2A and S2C). 

The next set of experiments was focused on the protection against external oxidative 

stimulus. Briefly, ADP-stabilised nanoemulsions and free oil were irradiated with UV light 

for 15 min before the free radical scavenging assays. Figure 3 displays the reduction of the 

equivalents of trolox (mmol) of non-emulsified α-tocopherol and the different 

nanoemulsions. The antioxidant capacity of the free oil was reduced by the irradiation in 90-

95 %, while ADP-stabilised nanoemulsions lost only around 20-25 % of its original 

antioxidant capacity as observed in the ABTS assay (see Figure S2B and S2D for further 

details). This indicates that ADP-stabilised nanoemulsions preserved a remarkable 70-75 

% of their original antioxidant capacity after the UV irradiation, independently of the ADP 

content (no significant differences were observed between the nanoemulsion prototypes (p 

< 0.05)). These results are in line with the studies carried out by other research groups, 

where similar photostabilisation effect has been described for other types of antioxidant-

loaded nanostructures 51. 

The kinetic of the UV light-induced photochemical oxidation of α-tocopherol is deeply 

dependent on the surface area/volume or mass ratio. The greater the α-tocopherol mass 

exposed to the external light source, the stronger is the production of tocopheroxyl radical 

(𝑉𝑖𝑡 𝐸 + ℎ𝑣 → 𝑉𝑖𝑡 𝐸∗ + 𝐻∗). In this sense, the higher resistance of the nanoemulsion against 

light induced degradation can be due to the spherical form of the nanoemulsion droplets, 

which is the geometric form with the smallest surface/mass ratio. This aspect would help to 
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minimise the amount of α-tocopherol directly exposed to the external light and then to its 

photochemical oxidation in comparison with non-emulsified α-tocopherol 52. Additionally, the 

scattering and the reflection of the light by the oil droplets may also contribute to screen the 

interaction of α-tocopherol with light 53–55.  

Finally, we evaluated if ADP presented a double effect, as surfactant and antioxidant. 

In this case, we prepared α-tocopherol controls with analogous ADP content to those of the 

nanoemulsion prototypes. Statistical analysis of the controls with increasing content of ADP 

showed that the ascorbyl-derivative did not play a significant effect on the oxidation of the 

oil. The rationale behind these results can be the low amounts of ADP needed to obtain 

nanoemulsions that do not allow to appreciate clear antioxidant effects 32–34,47. 

3.4. Behaviour in the intestinal tract 

3.4.1. Stability in the intestinal milieu 

The effect of electrolytes on the colloidal stability of the nanoemulsions stability was 

studied by their incubation in plain SIF (intestinal fluid prepared as indicates the USP XXIX 

without pancreatic enzymes). Figure 4 displays the size evolution of the formulations along 

the 4 h of incubation at 37 °C. In the absence of enzymes, NEE1-ADP had slight tendency 

to aggregate along the incubation time; but the effect of the electrolytes of the simulated 

intestinal fluid on the hydrodynamic mean size was insignificant for NEE2-ADP and NEE3-

ADP. Nevertheless, all the formulations had superficial charge close to -60mV. Previous 

studies carried out with similar systems have shown critical coagulation concentrations for 

the transition from a reaction limited cluster aggregation (RLCA) to a diffusion limited cluster 

 

Figure 3. Results of the ABTS assay expressed in terms of loss of antioxidant capacity (% trolox 

equivalents) observed after the UV-irradiation of ADP-stabilised nanoemulsions and non-

emulsified components.  (Mean ± SD, n≥ 3; p<0.05). Results corresponding to DPPH assay are 

included in Figure S3. 
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aggregation, (DLCA) close to 100 mM (NaCl) 56,57, while the SIF medium has ionic strength 

(I) of around 75 mM 58. The slightly lower value of SIF I with respect to the ccc of the 

formulations avoids their massive aggregation (DLCA). Nevertheless, in some cases, this 

metastable state allows the observation of RLCA phenomena, characterised by a slight 

increase of the hydrodynamic mean size as a function of the incubation time 7,49.  

For a deeper understanding of the different behaviour of NEE-ADP prototypes we 

determined the ccc in the presence of CaCl2 (Figure S4). The prototype formulated with 9 

mg (NEE1-ADP) had a slightly lower ccc value that can cause the minor instability in SIF, a 

medium with an I close to the ccc of the formulation.    

When the nanoemulsions were incubated in the presence of the intestinal enzymes 

cocktail (SIF USP XXIX) they maintained their original size during the incubation. The 

reason behind the different response of the nanoemulsions to the external medium 

conditions is based on the effect of the enzymatic coating formed around the colloids under 

intestinal conditions. The adsorption process of a macromolecule presents three main 

energetic contributions i) the water molecules released from the hydrophobic patches of the 

macromolecule and the nanoparticle; ii) the loss of counterions from the macromolecule or 

the nanoparticle or iii) changes on the macromolecule structure (conformational entropy) 59. 

As a function of the macromolecule and the nanoparticle superficial physicochemical 

properties, the adsorption process can end up either in a heterogeneous or a homogeneous 

coating 7,11. A heterogeneous coating results in the creation of superficial coated and non-

coated patches on the particle surface. This scenario leads to bridging flocculation of the 

formulation through the formation of stable bonds between covered patches of one 

nanoparticle and the non-covered patches of another one 7. In this sense, bridging 

flocculation due to the coating of the nanoparticles with macromolecules will depend on their 

 

Figure 4. Colloidal stability of ADP-stabilised nanoemulsions incubated in plain SIF, USP, 

XXIX (solid lines and closed symbols) or in normal SIF, USP, XXIX (dashed lines and open 

symbols) at 37 °C for 4 h (mean ±SD, n≥ 3).  
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coating degree. The reduction of the number of coated and non-coated patches leads to a 

decrease on the aggregation rate of the nanoemulsions due to the bridging flocculation 7. 

This suggests that for the ADP prototypes, the incubation in SIF forms a homogeneous 

coating that colloidally stabilises the formulations by electrostatic repulsive interactions 

between the macromolecules settled on the nanoparticles surface 7,10,11.  

Studies carried out after the systemic administration of colloidal drug delivery systems 

have shown that the PC formed around the nanoparticles just after administration plays a 

key role on the success of the system 4,5,14. These studies pointed out that the specific 

composition of the protein corona clearly affects to the final fate of the formulation 14. PC 

composition evolves with time and is clearly dependent on the nanoparticle superficial 

physicochemical properties 4,6,13. This evidence encouraged us to study the effect of the 

oral enzymatic corona on ADP-stabilised nanoemulsions with the intestinal mucus.  

 3.4.2. Interaction with the intestinal mucus 

Before studying the effect of the enzymatic corona on the interaction of the prototypes 

with the intestinal mucus, we confirmed the formation of that enzymatic shell (Figure 5). The 

different nanoemulsions were incubated for 24h at 37 °C with a mixture including pancreatin, 

porcine bile salts (5 mg/mL) and CaCl2 ·2H2O (0.3 mg/mL) diluted in plain SIF. Afterwards, 

the mixture was centrifuged and the middle fraction of the incubation tubes was collected 

for the following assays 36,37,52. The comparison of Figure 1 (TEM images of the bare 

nanoemulsions) and Figure 5 clearly shows a core-shell nanostructure where the 

nanoemulsion forms the core and the pancreatic enzymes the shell.  

We have recently demonstrated that bare nanoemulsions present great affinity for the 

intestinal mucus, which results in their blockage 8. Then, we determined whether the I-PC 

modified the diffusion capacity of the prototypes across the mucus blanket that covers the 

intestinal epithelium. As commented above, the free diffusion of nanoparticles in the 

medium results in a linear dependence of MSD with . Meanwhile, nanoparticles that 

 

Figure 5. Representative TEM images of the ADP-stabilised nanoemulsions after their 

incubation in SIF (USP XXIX). I-PC can be clearly seen by the comparison of these TEM images 

with those of Fig 1. The arrow points to the I-PC coating the nanoemulsions. 
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interact with the components of the medium (mucin in this case) experience restricted 

diffusivity, defined by an initial phase where the MSD increases with , followed by a plateau 

where MSD does not increase with the time. Therefore, it is expected that free diffusive 

nanoparticles present a constant diffusivity over time, where those with certain affinity for 

mucus will have decreased diffusivity 42,43. Bearing this in mind, the diffusivity factor is 

defined as the ratio between the Deff for a sample time of 1 second and the Deff for a sample 

time of 0.2 seconds (𝐷𝐹 = 𝐷𝑒𝑓𝑓 ∆𝑡=1𝑠𝑒𝑐 𝐷𝑒𝑓𝑓 ∆𝑡=0.2𝑠𝑒𝑐⁄ )  60,61. Particles with a DF ≥ 0.9 

can be considered as mucodiffusive, where those with DF < 0.9 interact to some extent with 

mucus. Calculation of DF for every single particle allows the estimation of the fraction of 

mucodiffusive nanoparticles, which are shown in Figure 6 for both plain and enzyme-coated 

nanoemulsions. While the original formulations presented lower fraction of diffusive 

nanoparticles in mucus (in line with our previous results 8), pre-incubation of the prototypes 

with the enzymes resulted in a significant improvement on the population of mucodiffusive 

nanoparticles (increasing DF up to the 40 % of the formulation).  The calculation of the mean 

Deff in mucus of the enzymes-decorated nanoemulsions and those of the original ones 

confirmed this point (Figure 6). The I-PC led to a (12.6-28.3)-fold increase of the 

mucodiffusion of the nanoemulsions. 

It is important to highlight that the capacity of colloids to efficiently diffuse across a 

mucus layer depends on both surface composition and size 19,20. It is well known that edible 

nanoemulsions can be digested by the pancreatic enzymes leading to the formation of 

mixed micelles with a smaller size that the original formulation 36,37. Bearing this in mind, the 

next set of experiments aimed to elucidate whether the enhancement of the mucodiffusion 

was mainly due to the I-PC or to the potential size reduction of the formulation during the 

digestion process. 

 

Figure 6. Fraction of mucodiffusive particles of the plain and I-PC coated ADP-stabilised 

nanoemulsions (black and dashed bars, respectively). DF ≥ 0.9 was set for mucodiffusive 

nanoemulsions 61. 
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As commented in the 2.6 section, Deff of nanoparticles can be calculated from the MSD 

vs time curve obtained by fluorescence microscopy 42,43,60. From Deff in saline medium we 

can estimate the size of the nanoparticles through the Stokes-Einstein equation 42. The 

digestion assay performed with DiD-labelled nanoemulsions revealed that the enzymes 

reduced the size of the formulations from 160 nm down to 80 nm (data not shown). 

Discrepancy in the size determination either by DLS or fluorescence microscopy can be due 

to the turbidity of the SIF medium, as multiple scattering is an issue to consider when using 

DLS 62. Our fluorescence microscopy experimental setup gives a maximum resolution of 

30 nm; so nanostructures with a mean size smaller than 70 nm would not be detected by 

this technique. However, TEM images agree with the results obtained by fluorescence 

microscopy, showing 70-90 nm size values. 

We used fluorescently labelled PS nanoparticles with a hydrodynamic mean size of 

123±1 nm (PDI 1.008), as model of non-digestible enzyme-decorated colloidal system. After 

the incubation of the PS nanoparticles with the enzymes, we determined both Deff of the 

enzymes-decorated and the bare nanoparticles in mucus and saline. Bare nanoparticles 

presented a Dmucus/Dsaline ratio of 2.9±1.6 x 10-4, a typical value of mucoadhesive 

formulations 20,42. The polystyrene nanoparticles pre-incubated with the enzymes displayed 

a Dmucus/Dsaline ratio of 5.7±12.7 x 10-2 (with a DF close to 25 %). The formation of the I-PC 

at the surface of the nanoemulsions increased their diffusion capacity by more than two 

orders of magnitude. Interestingly, the same PS nanoparticles coated with PEG (used as 

mucodiffusive control 8,10), had a Dmucus/Dsaline ratio of just 1.7±1.7 x 10-1. Similarity between 

the enzyme- and the PEG-decorated PS nanoparticles is a clear indicative of the capacity 

of the I-PC to facilitate the diffusion of the formulation across the intestinal mucus blanket 

by itself 20,21,42. 

To confirm these results we calculated the anomalous diffusion coefficient (α), which 

gives information about the diffusion mode of each individual particle, from the MSD vs  

fitting of the different formulations 42. Figure 7 represents α distributions of the original, the 

enzyme-decorated PS nanoparticles and NEE2-ADP. While the bare formulations mainly 

had immobile or hindered particles, the incorporation of the pancreatic enzymes to the 

particle-medium interface resulted in a clear displacement of the particles populations from 

an immobile-hindered (from 90 % down to 32 %) regime to a subdiffusive-diffusive one (from 

10 % up to 68 %).  

As summary, we can conclude that PS nanoparticles (non-edible formulation) had 

improved diffusion capacity as observed for the ADP-stabilised nanoemulsions (edible 

formulations). Although size and surface composition are involved on the capacity of 

nanoparticles to diffuse across mucus, in this case, the formation of the I-PC is enough to 

facilitate the pass of the formulation across the mucus. Taken together, these results 

highlight the significant role of the I-PC on oral administration and draw attention to this 

undervalued issue in the design of novel nanocarriers for this administration route 14,16. 
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4. CONCLUSIONS 

This study reports for the first time the formulation of an ascorbyl-dipalmitate stabilised 

α-tocopherol nanoemulsion for oral delivery. The simplicity of the design and the safe 

toxicity profile of both components position this nanoemulsion as an interesting nanocarrier 

for drug delivery. In addition, the strong hydrophobicity of the core added to the protection 

against UV degradation are appealing characteristics for the encapsulation of low soluble 

labile drugs. The mucodiffusion pattern observed when the I-PC covered the interface of 

the system helped us to understand the role of intestinal proteins on the colloidal-mucus 

interaction. This fundamental insight can be highly valuable for the rational design of future 

oral delivery systems. 
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Figure 7. Population distribution of PS and NEE2-ADP prototypes bare or I-PC coated as a 

function of the  values. (A) Bare PS nanoparticles; (B) I-PC coated PS nanoparticles; (C) Bare 

NEE2-ADP; (D) I-PC coated NEE2-ADP. Readers are referred to Figure S5 for further 

information about NEE1-ADP and NEE3-ADP. 
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SUPPLEMENTARY MATERIAL 

 
Figure S1. Chemical structures of (A) α-tocopherol; (B) ascorbic acid; (C) ascorbyl-6-

monopalmitate (AMP); (D) ascorbyl-2,6-dipalmitate (ADP). 
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Figure S2. ABTS and DPPH assays. Results expressed in terms of trolox equivalents (mmol). 

(A) ABTS assay; (B) ABTS assay after UV-irradiation of the samples; (C) DPPH assay; (D) 

DPPH assay after UV-irradiation of the samples. NEE-L: lecithin-stabilised α-tocopherol 

nanoemulsion. (Mean ± SD, n≥ 3; p>0.05).  
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Figure S3. DPPH assay. Results expressed in terms of loss of antioxidant capacity (% trolox 

equivalents) observed after the UV-irradiation of ADP-stabilised nanoemulsions and non-

emulsified formulations.  (Mean ± SD, n≥ 3; p>0-05). Results corresponding to ABTS assay are 

included in Figure 3. 
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Figure S4.  Critical coagulation concentration (ccc) determination of ADP-stabilised 

nanoemulsions in the presence of CaCl2.  CaCl2 concentration ranged from 2 mM to 1 M. 

According to the DLVO theory, increasing salinity triggers the coagulation of colloidal 

formulations. Therefore, we monitored the increase of the nanoemulsion hydrodynamic mean 

size in the medium for 5 min by DLS. We estimated the stability of ADP-stabilised 

nanoemulsions through the Fuchs factor (or “stability factor”), a parameter which refers to the 

number of collisions suffered by two colliding particles before they keep definitively stuck. Thus, 

if W = 1, the formulation is completely unstable, whereas W → ∞ indicates total stability. The 

Fuchs factor can be calculated for every CaCl2 concentration by the following equation: 

𝑊 =
𝑘𝑓

𝑘𝑠
=

(𝑑𝑠𝑖𝑧𝑒/𝑑𝑡)𝑓

(𝑑𝑠𝑖𝑧𝑒/𝑑𝑡)𝑠
 

where kf refers to the fastest aggregation−kinetics constant and ks refers to slower coagulation 

rates. Applying the double logarithmic scale enables to calculate the ccc. In other words, the salt 

concentration where W reduces to 1. This is a key parameter for the colloidal stability studies, 

being the ccc value related to destabilisation processes. Indeed, it indirectly gives information 

about the surface physicochemical properties. In this sense, low ccc values mean low stability. 

As can be seen in the Figure, we found that NEE1-ADP had a slightly lower ccc value, which 

could be the reason behind the slight instability displayed by this formulation in plain SIF.  
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Figure S5. Population distribution as a function of the  values. (A) Bare NEE1-ADP; (B) I-PC 

coated NEE1-ADP; (C) Bare NEE3-ADP; (D) I-PC coated NEE3-ADP. For information about 

NEE2-ADP and PS nanoparticles see Figure 7. 
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ABSTRACT 

The success on the design of new oral nanocarriers greatly depends on the capacity 

to link their physicochemical properties with their ability to diffuse across the mucus layer 

that protects the intestinal epithelium. In this context, particle tracking (PT) has arisen in the 

pharmaceutical field as an excellent tool to evaluate the diffusion of individual particles 

across the intestinal mucus. In PT, each particle’s trajectory is characterised by the Mean 

Square Displacement (MSD), which is used to calculate the coefficient of diffusion (D) and 

the anomalous diffusion parameter (α) as 𝑀𝑆𝐷 = 4𝐷𝜏𝛼.Unfortunately, there is not 

stablished criteria to evaluate the goodness-of-fit of the experimental data to the 

mathematical model. In this work, we have studied conventional screening tools, concluding 

that the commonly-used R2 parameter may lead to an overestimation of the diffusion 

capacity of oral nanocarriers. We propose a screening approach based on a combination 

of R2 with further statistical parameters. We have analysed the effect of this approach to 

study the intestinal mucodiffusion of lipid oral nanocarriers, compared to the conventional 

screening approach. Last, we have developed software able to perform the whole PT 

analysis in a time-saving, user-friendly and rational fashion.  
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1. INTRODUCTION 

Lipid nanocarriers have shown a great potential as oral drug delivery systems 1,2. These 

nanocarriers can be formulated either as digestible or non-digestible, depending on the 

cargo molecule and the target of the formulation. In any case, there are components of the 

gastrointestinal tract such as electrolytes and macromolecules that may modify the outer 

composition of the lipid droplets 3,4. This may result in a heterogeneous-shell system that 

must overcome the mucus barrier to reach its target, i.e., the intestinal epithelium. Under 

this scenario, it is mandatory to work with experimental tools that properly analyse the 

mucodiffusion capacity of each individual particle. Those particles would be the ones that 

reach the intestinal epithelial cells, an additional biological barrier for the local treatment or 

for achieving systemic drug levels 5. 

Particle tracking (PT) is a powerful microscopy technique that enables the quantification 

of single particle diffusion in non-diluted and complex biological media 6–10. The use of PT 

in oral drug delivery determines the diffusion of nanocarriers across the intestinal mucus 

and assesses those factors like size, hydrophobicity, or charge that affect mucodiffusion 
3,11–13. Consequently, PT may help to understand the biological behaviour of oral 

nanocarriers and be a useful tool for researchers in the rational design and fine tune-up of 

these formulations. In brief, PT experiments uses fluorescence microscopy with high-

sensitivity cameras to record time-lapse videos of fluorescently-labelled nanocarriers 

incubated with intestinal mucus or mucin reconstituted gels. Then, each particle is located 

throughout the different frames of the videos and these positions are linked to obtain 

plausible trajectories. A deeper vision on how to perform these experiments and further 

technical details are excellently reviewed elsewhere 6,9,10. 

One of the main strengths of PT relies on its capacity to track individual particles. This 

makes it feasible to identify and characterize heterogeneity in the behaviour of the different 

particles that constitute the sample, which is particularly relevant when designing novel 

nanocarriers 5,14,15. The oil/water interface composition of each particle will determine its 

individual interaction with the intestinal mucus, being possible to classify them into the 

different populations that form a batch 3,6,9,10. This is especially relevant in pharmaceutical 

technology as it allows a more accurate estimation of the fraction of the oral administered 

dose that could reach the intestinal epithelium at a certain time point. 

Individual trajectories are characterized by the mean square displacement (MSD), 

given the x and y position data of each particle. In viscous fluids, such as intestinal mucus, 

MSD is proportional to the coefficient of diffusion (D). A typical situation that happens in 

biological media is when particles encounter obstacles that hamper their free diffusion, i.e., 

intestinal mucus, then their movements suffer a deviation from free Brownian motion. This 

process is called anomalous diffusion and can be represented by the dimensionless 

parameter α (anomalous diffusion coefficient) 8,9,16,17. In these cases, the two-dimensional 

diffusion MSD can be calculated using the following Equation (1) 6,8,14,16,18: 

𝑀𝑆𝐷 = 4𝐷𝜏𝛼          Eq.1 
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where τ is the lag time. This fitting is applied to every single particle, generally 

thousands of them within a sample. In this sense, it is mandatory to follow or develop a 

decision-making tool to evaluate the goodness-of-fit of the raw experimental data to the 

theoretical model. Currently, there is a lack of well-established protocols to filter and analyse 

the trajectories as well as of information about the data processing criteria followed in the 

specialized literature 19. Within this scenario, the coefficient of determination of each particle 

(R2) is commonly used as screening parameter, dismissing the particles for which the R2 

from Equation (1) fitting is lower than certain threshold (0.9, 0.8, 0.7, etc…) 20–24. From a 

mathematical point of view (Equation (2)), R2 is expressed as: 

𝑅2 = 1 −
𝑅𝑆𝑆

𝑇𝑆𝑆
          Eq. 2 

where RSS is the residuals sum of squares and TSS is the total sum of squares. The 

term R2 is probably the most accepted expression to determine the goodness-of-fit in 

statistical models. However, it is important to highlight that for close to horizontal lines, that 

is when the MSD of a particle presents a minimal dependence on τ, RSS⁄TSS→1. Under 

this scenario, even if the regression analysis of the MSD vs. τ experimental data with respect 

to the theoretical model shows a good fitting, R2→0. This mathematical issue is especially 

relevant for the study of the interaction of nanocarriers with the intestinal mucus. 

The study of the mucodiffusion capacity of nanocarriers can bring three main scenarios, 

illustrated in Figure 1. Bearing this mind, using R2 as the unique screening parameter of raw 

MSD vs. τ set of data may result in the consideration of those particles with a limited capacity 

to overcome the intestinal mucus as experimental artifacts or erratic trajectories (as R2→0). 

It is important to highlight that the exclusion of this non-diffusing population of particles from 

the final data analysis may result in the overestimation of the therapeutic capacity of a 

nanocarrier. This inaccurate screening issue would lead to the following chain reaction: 

• Underestimation of the fraction of the nanocarrier retained in the mucus layer. 

• Overestimation of the potential therapeutic effect of the nanocarrier after their oral 

administration. 

• Difficulties in stablishing a clear relationship between the physicochemical properties 

of the nanocarrier and its capacity to overcome the intestinal mucus. 

• Amplified in vitro–in vivo divergence. 

• Misuse of test animals in the subsequent in vivo assays. 

 

This work aims to determine the reliability of using R2 as the unique statistic parameter 

to determine the goodness-of-fit of the MSD vs. τ curves obtained in PT experiments. Then, 

we have evaluated the limitations of this conventional approach using model polystyrene 

nanoparticles as control (PSNPs) as well as oral lipid nanocarriers (case study). The acquired 

knowledge is gathered into a free and user-friendly software for PT analysis that aims to 

contribute to the rational design and development of nanocarriers in drug delivery. 
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2. MATERIALS AND METHODS 

2.1. Polystyrene Nanoparticles 

Fluorescent carboxylic polystyrene nanoparticles (PSNPs) (λex = 576 nm, λem = 596 

nm) were formulated and characterized by Ikerlat S.A. Laboratories (Gipuzkoa, Spain). 

Their size and polydispersity index were 123 ± 1 nm and 1.008, respectively. Plain PSNPs 

were used as mucoadhesive control 25,26. The same PSNPs coated with Pluronic® F127 

(PF127) were used as mucodiffusive model nanoparticles 6,11,25,27. 

2.2. Formulation of Lipid Nanocarriers (Case-Study) 

A formulation of o/w nanoemulsions was selected as representative lipid nanocarriers 

and obtained using the solvent displacement technique as recently described 3. The organic 

phase, constituted by 5 mL of acetone, 38 mg of α-tocopherol (Sigma, Madrid, Spain) and 

17 mg of ascorbyl-dipalmitate (CombiBlocks, San Diego, CA, USA) was added to 10 mL of 

ultrapure water. Then, solvents were rota-evaporated to yield a final volume of 5 mL. The 

obtaining of partially digested nanoemulsions was achieved by incubating the particles with 

a mixture containing pancreatin, porcine bile salts (5 mg/mL), and CaCl2·2H2O (0.3 mg/mL) 

(Sigma, Spain) diluted in simulated intestinal fluid (USP XXIX guidelines) for 24 h at 37 °C 
3,28. Partially digested nanoemulsions were recovered after centrifugation at 5000 rpm for 

10 min. 

2.3. Intestinal Mucus Extraction 

Porcine intestinal mucus is a well stablished model of human intestinal mucus 3,11,12,29. 

For that purpose, adult-porcine small intestines were obtained from a local slaughterhouse 

and washed with 2 mM phosphate-buffer saline (PBS) The intestinal mucus was scraped 

 

Figure 1. Three possible scenarios in the regression analysis of experimental Mean Square 
Displacement (MSD) vs. lag time (τ) data (dots) to the MSD = 4Dτα theoretical model (dashed 
line). (A) Erratic trajectories due to uncontrollable experimental artifacts (𝑀𝑆𝐷 =
𝑀𝑆𝐷(𝜏); 𝑅2 → 0). (B) Nanoparticles unable to diffuse across the intestinal mucus (𝑀𝑆𝐷 ≠
𝑀𝑆𝐷(𝜏); R2 → 0). (C) Nanoparticles able to diffuse across the intestinal mucus (𝑀𝑆𝐷 =
𝑀𝑆𝐷(𝜏); 𝑅2 → 1). 
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from the intestine. Finally, 1–2 mL aliquots of mucus were obtained and stored at −20 °C 

until their use. 

2.4. PT Videos Recording and Data Collection 

Mucoadhesive or mucodiffusive PSNPs were diluted in 2 mM PBS. Then, particles and 

mucus samples were heated up to 37 °C to simulate the body temperature. After that, 10 

µL of the diluted PSNPs were gently mixed with 100 µL of mucus, and 10–15 µL of this 

sample was placed on a microscope slide with a double-adhesive sticker (120 µm thickness) 

(Sigma, Oregon, USA) before being covered with a cover glass. The PT experiments were 

performed using a Nikon microscope with a PLAN APO 100 × 1.4 oil-immersion objective 

placed on an anti-vibration table (Vision station, Newport). The microscope was equipped 

with a thermostatic platen (Tokai hit) to maintain the samples at 37 °C during the 

experiments. The Brownian motion of the particles was recorded with an Andor Zyla 4.2 

camera (pixel resolution of 70 nm). All the movies were recorded at a minimum focal plane 

of 8–12 µm from the cover glass to avoid erratic trajectories affected by the interaction of 

the P-NPs with the cover slip 30. For each sample, we recorded 20 movies at 100 fps, 

obtaining a minimum of 100 trajectories per movie. 

2.5. PT Data Processing 

Nd2 Nikon video files were analysed with the tracking module of the NIS elements 

software (Nikon Corp., Melville, New York, USA). This software correlates the position of a 

particle along the sequence of frames with the algorithm developed by Jaqaman et al. 31. 

Under the linear assignment problem (LAP) mathematical framework 32, this algorithm faces 

some of the inherent problems of PT, such as particle concentration, motion heterogeneity, 

particles merging/splitting trajectories or particles disappearance from the focal plane. 

Standard deviation multiplication factor was set to 2. 

This approximation to the multiple-hypothesis tracking (MHT), one of the most accurate 

solutions to PT 33, was used for the determination of the evolution of the MSDijk as a function 

of the time in each i movie (i = 1, …, 20) for each one of the j trajectories (j = 1, … mi, where 

mi is the number of trajectories in video i); k is the segment id (k = 1, …, nij, being nij the 

number of segments in trajectory j in video i). To minimize experimental artifacts, data 

processing only considered those trajectories with at least 10 segments (n ij ≥ 10) 34. 

2.6. Analysis of the Trajectories 

Once MSD vs. lag time curve was trimmed at the selected lag time (up to 1 s, detailed 

information is described in Section 3.1), it was necessary to determine the goodness-of-fit 

for each trajectory to the mathematical model, not considering those with a poor fitting for 

the final D and α estimation. First, we estimate D and α, i.e., �̂�𝑖𝑗 and �̂�𝑖𝑗, respectively, for 

each particle. We use the two main methods for estimating the model parameters (Equation 
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(3)), namely: (1) a non-linear fit of Equation (1), for which several algorithms are available; 

and (2) a linear fit of the log transformation of Equation (1): 

log(𝑀𝑆𝐷) = log(4𝐷) + 𝛼 · log(𝜏) + 𝜀          Eq. 3 

In the former approach, we directly get estimations and confidence intervals for the 

parameters D and α. In the latter, least squares estimates are obtained for the regression 

line in Equation (3), i.e.,log(𝑀𝑆𝐷) = log(4𝐷) + 𝛼 · log(𝜏) + 𝜀. The estimated slope of a given 

particle, �̂�1, is directly �̂�𝑖𝑗, the estimate of the α parameter, whereas �̂�𝑖𝑗  must be computed 

through the estimated intercept, �̂�0, as follows (Equation (4)): 

�̂�𝑖𝑗 =
𝑒�̂�0

4
          Eq. 4 

Then, for each fitted model, i.e., particle trajectory, and for both methods (non-linear, 

and linear transformation), different error measurements can be computed, including the 

coefficient of determination, R2. In the PT screening, it is common to select the trajectories 

whose linear model R2 surpasses a given threshold, say 0.9, or any other criteria selected 

by the researcher 20–24. This may result in misleading decisions, as discussed previously 

and in Section 3. Our approach is to combine further error measures, compare between 

fitting methods, and use combined thresholds to get a more realistic awareness of the 

particle diffusion behaviour. 

2.6.1. Software Implementation 

It is frequent that PT analysts invest much time arranging the results from diverse 

scientific software into spreadsheets, as well as manually screening the trajectories and 

figuring out the diffusion properties of their samples. Despite there being some open-source 

software available for PT users, none of them includes the combination approach for the 

screening and assessment of the goodness-of-fit that is proposed in this work. In this sense, 

we have developed a PT software that implements our methodology, optimizing the analysis 

while keeping the reliability of the results. 

For the development of PT software, we relied on the most recent version of the R 

Statistical Software and Programming Language (currently R 4.0.2) (Vienna, Austria) 35. 

The R scripts are implemented in a Shiny application 36, which are web applications that run 

locally or in a web server, and allow user interactivity, reactive programming, and responsive 

design. A detailed overview of the application and its potential is included in Section 3.4. 

2.6.2. Modular Implementation 

We have developed a dedicated module to get a better insight on the interaction of 

nanocarriers with the intestinal mucus barrier using the advantages offered by R scripts and 

Shiny applications. This module gives quantitative information about different key 
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parameters used to understand the interaction of each individual particle of a formulation 

with the mucus 13,26,37: 

• Dm ⁄ Dr : Although some authors use raw D in mucus (Dm), derived from MSD analysis, 

for the evaluation of the mobility of particles, others tend to compare Dm of the sample 

with a reference (Dr). More concretely, it is common to express Dm compared to D 

measured in a simple reference media, such as saline (Dsaline) or water (Dw). In this way, 

Dm/Dw is calculated and particles are considered diffusive at Dm/Dw ~ 1 10,13. As an 

alternative, Dm might also be compared to Dm of a mucodiffusive control (Dm control), 

obtaining Dm/Dm control value. The Dm/Dm control ratio gains relevance when different samples 

of intestinal mucus are used to perform a PT experiment, since it enables to correct the 

variability occuring due to the intra- and inter-heterogeneity of the mucus porcine 

samples, e.g., different viscosity 3,38,39. 

 

• Dlong  ⁄Dshort : An interesting option to determine whether the particles are able or not to 

diffuse across the mucus is to determine the diffusivity factor for each individual particle 

(DF= Dlong  ⁄Dshort)3,14,40. As for Dm/Dr, it is possible to calculate D for the same trajectory 

at two different temporal scales, namely the lag time threshold and an additional shorter 

lag time (e.g., 1 and 0.2 s); referring Dlong to D. Free diffusing particles may display a 

similar diffusion pattern at long (1 s) and short (0.2 s) lag times, i.e., DF ≥ 0.9. However, 

those particles that interact with the mucus display an MSD vs. τ curve which slopes 

decrease with the time, that is DF < 0.9 11,14,25. 

 

• α: As commented above, while free-diffusing particles display an α ≈ 1, mucus-retained 

particles present α < 1. Depending on the mucins-particle strength of interaction, the 

transport mode of each individual particle can be sorted as follows: (i) immobile (α < 0.2); 

(ii) hindered (0.2 < α < 0.4); (iii) subdiffusive (0.4 < α < 0.9); and (iv) diffusive (α >0.9) 
3,11,13,37,41. On the other hand, α > 1 is usually associated with super-diffusive particles. 

This may occur in case the sample is not properly sealed, which may lead to flow 

channels through which particles rapidly diffuse. Thus, α values > 1.1 are normally 

discarded from the results. Similarly, the fitting of equations Equation (1) or Equation (3) 

may result on an estimation of �̂� < 0. In these cases, �̂� is considered to be equal to 0. 

 

2.6.3. Mean and Median Paradigm in Real Samples 

To achieve an accurate interpretation of the obtained results, it is highly advisable to 

rationally select which statistical measurement fits best to express them. In this sense, the 

most used parameters are the mean and the median. The mean might be an appropriate 

estimator when data follow a Gaussian distribution, but in conditions of high heterogeneity 

with extreme behaviours, the use of the mean might lead to misleading results. In these 

situations, selecting the median may be a more suitable choice, since it would be more 

representative than the mean, and subsequently less biased 42. This could be the situation 

of lipid nanocarriers that are in the gastrointestinal tract, exposed to enzymes that may lead 
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to heterogeneous mixtures including non-digested, partially-digested, and totally digested 

particles 43,44. Each of these populations may interact differently with the intestinal mucus 

(see case-study section). For this reason, it is useful to perform some exploratory data 

analysis of the distribution of the estimators, the R2 and the error measured using 

histograms and numeric summaries. Apart from helping the PT user to select the more 

suitable statistic, this analysis may contribute to the quick understanding of the 

heterogeneity of the sample. This is especially relevant when only a small fraction of the 

sample is required to achieve the desired therapeutic effect. However, this information could 

be missed in case of systematically working only with the mean of the results. 

3. RESULTS AND DISCUSSION 

It is undoubted that PT is a technique of which fundaments are well stablished and 

therefore, highly promising for drug delivery. Nevertheless, there is not a generally accepted 

method for data analysis, so researchers may encounter difficulties like the generation of a 

large amount of data or the screening of the raw data to determine the goodness-of-fit of 

the raw trajectories to the mathematical model. This is internally solved by researchers but 

this information is usually not available, so many questions regarding PT data analysis 

remain unanswered. This work aims to contribute to PT data analysis by providing a novel 

screening approach for particle trajectories, which has been additionally applied to lipid 

nanocarriers, a well-known system in drug delivery. Finally, this information has been 

gathered into a publicly available software to enable the robust analysis of PT data. 

3.1. Video Recording and Data Processing Parameters 

The pixel resolution of the microscope setup, described in Section 2.4, was 70 or 35 

nm (when 2X magnification lens were placed between the microscope and the CCD 

camera), which was small enough to have a good resolution of the nanoparticles movement 

and also meet the Nyquist sampling theorem 6,10. Additionally, this pixel size was large 

enough to collect the adequate number of photons per pixel during the image acquisition 

time (10 ms) with a good signal/noise (S/N) ratio. Longer image acquisition time might 

improve the S/N ratio but could also lead to underestimation of the diffusivity of the particles. 

Standard deviation multiplication factor was set to 2. Lower values reduced the 

localization perimeter of a particle from frame to frame, which dramatically decreased the 

number of available trajectories per movie (data not shown). Increasing the standard 

deviation multiplication factor, extended the searching perimeter from frame to frame which 

may result in experimental artifacts by merging different trajectories. 

The effect that lag time has on the accuracy of PT data analysis has been previously 

described 10,16,45,46. In this sense, it is widely accepted that increasing lag times enhances 

uncertainty and statistical errors of the calculated MSD 10,46, as there are less trajectories at 

longer lag times and therefore the calculation of MSD would include less statistically 

significant trajectories (see Figure 2). On this basis, Zagato et al. recommend including 25% 

of lag times for a robust MSD analysis 10. Kepten et al. suggested shortening lag time in 
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term of the magnitude of the measurement error. For a medium measurement error, they 

recommended taking lag times 10–20% of the length of trajectories in the case of short 

trajectories, and 4–7% in the case of longer trajectories 16. On the other side, selecting too 

short lag times could contribute to the overestimation of the diffusion, since particles tend 

to stabilize or stop their diffusion over time, and thus their true MSD is smaller than the MSD 

they show at short lag times. Additionally, static (noise) PT errors are more pronounced at 

shorter lag times 6. 

Despite these approximations, there is not an optimal lag time associated with the best 

estimation of MSD 16,45. In line with the literature, the model particles PSNPs had an 

overestimation of their D values in saline at short lag times (0.3 s), whereas the increase of 

the lag time up to 1 s led to similar D to those obtained by DLS (data not shown). Therefore, 

the following experiments were performed at a maximum value of 1 s for the lag time, which 

is consistent with the lag time threshold commonly used by other authors 25,37,47. In this 

sense, it is worth to remark that some currently available commercial PT software 

systematically work with short lag times, i.e., few segments (n = 3). Thus, PT users should 

be cautious and adjust this parameter to ensure reliable MSD calculations. 

3.2. Analysis of the Trajectories 

One of the distinctive features of PT from other techniques is its potential to follow 

individual trajectories instead of providing information about mean or ensemble diffusion 

capacity of the whole formulation. Data analysis should initially consider whether raw MSD 

vs. τ data fit to the theoretical model, i.e., 𝑀𝑆𝐷 = 4𝐷𝜏𝛼. This screening is highly relevant but 

not usually included in the description procedures of PT data analysis. Indeed, it is common 

to consider as reliable trajectories only those with a goodness of fit higher than a certain 

threshold of the coefficient of determination (R2 ≥ 0.9, 0.8, 0.7, …). By doing so, the 
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Figure 2. MSD estimation as a function of lag time. The statistical error of the estimation 
(vertical bars) increases as lag time rises. 
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reproducibility of PT experiments among different laboratories might be compromised; 

indeed, it can also lead to overestimation of the potential of nanocarriers to pass across a 

biological barrier, like the intestinal mucus. Thus, this study aims to develop a robust method 

for the analysis of PT raw data. 

It is well-known that a value of R2 close to 1 ensures a good linear adjustment as it 

represents the proportion of variability explained by the model. In this line, A. Matysik and 

R.S. Kraut proposed excluding PT trajectories with R2 values lower than 0.9. Their filtering 

approach also included additional criteria, such as the minimum number of frames and a 

minimum and maximum D and average trajectory intensity 20. In other recent papers, the R2 

threshold was set at 0.8 21,22 or even at lower values, such as 0.5 24. 

Bearing this in mind we studied the effect of the R2 trim on the estimated D and α of 

both the mucoadhesive and mucodiffusive model PSNPs (expressed as Dm/Dw). Briefly, 

Dm/Dw →1 or α→1 indicates a mucodiffusive behaviour, where Dm/Dw →0 or α→0 implies 

that the nanocarriers are stuck on the mucus 3,11,26. Interestingly, the narrow down of R2 had 

a minor effect on both parameters for the mucodiffusive PSNPs (Figure 3), whereas Dm/Dw 

and α parameters of the mucoadhesive counterpart clearly depended on the R2 threshold. 

If those trajectories with R2 below 0.7–0.9 are not considered, we observed an enhancement 

of both Dm/Dw and α values. In fact, Dm/Dw obtained with R2>0.7-0.9 criterion was two orders 

of magnitude higher than  the one obtained including trajectories with lower R2 (Figure 3A). 

Regarding α, the increase of the R2 threshold shifted from a totally stuck (α < 0.2) to a 

subdiffusive pattern (Figure 3B). PSNPs is a well-known mucoadhesive formulation 47, which 

does not correlate with the results obtained even at R2>0.5. 

These results can be more easily understood by analysing the trajectories distribution 

of each formulation as a function of R2. The bar chart included in Figure 4 shows the 

population distribution of the observed trajectories for the mucoadhesive and mucodiffusive 

PSNPs. Nearly 70% of the trajectories from the mucodiffusive PSNPs had R2≥0.6, which 

clearly shows that only a small fraction of the mucodiffusive PSNPs will have low R2values. 

This has a reduced impact on D or α and low R2 values most probably come from trajectories 

that do not fit to the theoretical model, e.g., erratic trajectories or experimental artifacts. 

  

Figure 3. Impact of 𝑅2 on (A) Dm/Dw, (B) α value of PSNPs. 
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Interestingly, ~75% of the trajectories of the mucoadhesive PSNPs presented a R2≤0.3. 

A deeper analysis of this set of data showed that only ~10% of the whole formulation have 

a R2≥0.5 and just the ~5% a R2≥0.7. This is in line with the work recently published by A.S 

Hansen et al. 48. They also concluded that the MSD fitting with high R2 values may lead to 

misleading results. Concretely, they observed that MSD at R2 ≥ 0.8 only used around 4–5% 

of the total number of trajectories. 

This clearly indicates that using only R2 as the screening parameter can compromise 

the validity of the results for low diffusion formulations. Indeed, it is important to highlight 

that R2 is excluding not only erratic trajectories, but also those with a good fitting to the 

mathematical model but low dependence of MSD with τ. This exclusion of adhesive 

trajectories and the consequent overestimation of the diffusion could be explained by how 

R2 is calculated. Certainly, R2 is defined as the variation of the y axis variable (MSD) 

regarding the x axis variable (τ). In the case of adhesive particles, MSD does not tend to 

significantly increase along time, so the expected linear fitting is a close to horizontal line 

and therefore if RSS→TSS, R2 would be ~0 (see Equation (5) and its corresponding 

explanation). This is especially relevant when designing novel oral drug nanocarriers, as 

discriminating non-fitting and mucus-stuck particles is required for not overestimating the 

potential of the nanocarriers. 

3.3. Case Study: Analysis of the Mucodiffusion of Oral Lipid Nanocarriers 

Lipid nanocarriers are referent in oral drug delivery. These versatile systems can be 

formulated either as digestible or non-digestible nanocarriers depending on the cargo and 

the target selected 49. Once in the intestinal lumen, lipid nanocarriers can be coated by 

intestinal enzymes, co-enzymes, and bile salts, leading to the formation of an intestinal 
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Figure 4. Distribution of trajectories (%) of mucoadhesive (black columns) and mucodiffusive 
(grey columns) PSNPs as a function of 𝑅2. Normally, high 𝑅2 values are associated with 
diffusive trajectories. 
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protein corona I-PC 3,4. Depending on the specific physicochemical characteristics of the 

formulation, this enzymatic coating can induce the null, partial, or total digestion of the oil 

droplets. This process triggers the partition of the formulation in a heterogeneous system 

and the formation of oil enriched mixed micelles 11. In addition to its role on the lipid 

digestion, we have recently shown that the I-PC may have an important effect on the 

interaction of edible lipid nanocarriers with the intestinal mucus 3. 

The therapeutic effect of oral nanocarriers depends on the fraction of formulations that 

reaches the intestinal epithelium. Then, it is advisable to use experimental techniques like 

PT for characterization, as it provides reliable information about the mucodiffusion capacity 

of the different populations that constitute the formulation after their interaction with the 

intestinal milieu. 

As shown above, if RSS→TSS the use of R2 is clearly limited as the single screening 

parameter in PT analysis. This mathematical issue complicates the accurate analysis of the 

diffusion of the different populations Briefly, RSS gives an indication of the discrepancy 

between a theoretical model (𝑀𝑆𝐷 = 4𝐷𝜋𝛼 in our case) and the experimental data. 

Interestingly, RSS value is proportional to the magnitude of the observable, reaching high 

values when 𝑀𝑆𝐷 = 𝑀𝑆𝐷() and a reduced magnitude for low and ~ constant MSD values 

(typical behaviour of mucoadhesive formulations). Low RSS values of mucus retained 

particles make this parameter an interesting candidate as additional screening criterion to 

determine the goodness of fit; allowing the discrimination between non-diffusing particles 

and experimental issues. An alternative to RSS is the use of the root mean square Error 

(RMSE), which weights RSS and presents the same units as MSD (detailed information of 

the calculation of RSS and RMSE can be found in S.1 in Supplementary Information). 

Bearing this in mind, we have analysed the effect of the inclusion of RSS as an 

additional screening parameter on the determination of the mucodiffusion at two different 

conditions: (i) a non-digested lipid nanocarrier and (ii) the same nanocarrier pre-incubated 

in simulated intestinal fluid (which resulted on the formation of a heterogeneous system 

coated by intestinal enzymes and bile salts) 3,43,44. First, we analysed the effect of the R2 

threshold on α, Dm/Dw, and the fraction of the formulation included in each R2 box (See 

Tables 1 and 2). In both conditions, the classical approach (considering only the trajectories 

with R2 ≥ 0.6, 0.7, …) results in a loss of ~60–70% of the raw experimental data. Additionally, 

as observed with the model PSNPs, the digested formulation could be considered as highly-

, partially-, or even non-retained in the mucus barrier depending on the goodness-of-fit 

threshold. Dm/Dw vs. R2 dependence was slightly lower for the mucoadhesive non-digested 

lipid nanocarrier; however, even for this formulation, α values increased from 0.22 to 0.78 

as a function of the R2 threshold. 

To get a better insight of the effect of the use of R2 threshold or a combination of 

R2+RSS as a screening parameter, we followed the decision tree depicted in Figure 5. The 

mean results of the application of the combination approach to the non- and digested lipid 

nanocarriers are also included in Tables 1 and 2. Figure 6 illustrates the results of both 
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situations for the non-digested nanocarrier, which shows that the combination approach 

(R2+RSS) led to a qualitatively identical density line that the non-screened data (including 

>95% of the original trajectories). This clearly indicates a homogeneous distribution of the 

erratic trajectories (just ~4% of the original raw data). In line with our previous results, when 

the R2 threshold was used as a unique criterion to evaluate the goodness-of-fit, a clear 

reduction in the number of the slower trajectories was observed (the digested formulation 

presented a similar behaviour, see Figure S1). This would lead to a clear overestimation of 

the final dose that may reach the intestinal epithelium. 

Bearing this in mind, we have estimated the kinetic for the passage of both lipid 

nanocarriers (non-digested or digested) across the intestinal mucus. Considering that the 

intestinal mucus blanket has a mean thickness of ~100 μm, it is possible to use (𝐷�̂�) to 

calculate the mean time required for a formulation to overcome this layer as (Equation (5)): 

𝑟 = √𝐷𝑚 
̂ 𝑡𝑙𝑜𝑔(1 1⁄ − 𝑝)          Eq. 5 

where r is the distance (100 μm), t is the time, and p the probability (set as 99.9%) 11,50,51. 

Figure 7 shows the reduction on the mean time required for both lipid nanocarriers to diffuse 

across an intestinal porcine mucus layer of 100 μm based on a single (R2) or combination 

(R2+RSS) screening approach.  

 

Figure 5. Optimized decision-tree for particle tracking (PT) screening of trajectories showing 
poor goodness-of-fit. (A) Conventional approach, based on 𝑅2 and (B) proposed approach, based 
on a combination of R2 and residuals sum of squares (RSS) error measurements. 
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Depending on the lipid nanocarrier, i.e., digested or non-digested, the single approach 

led up to ~2–8-fold reduction of the estimated diffusion mean time in comparison with the 

combination approach. These results clearly show that the R2 trim may result in an 

overestimation of D. Therefore, the fraction of particles that may reach the epithelium and 

then could be absorbed, would also be overestimated. This discrepancy between the 

estimation and reality could lead to misleading predictions regarding the expected oral 

pharmacokinetic profile of the nanocarrier. 
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Figure 6. Distribution of Dm/Dw results of non-digested lipid nanocarrier after 
following different goodness-of-fit screenings. 

 

Table 1. Main results of particle tracking experiments performed for digested lipid 
nanocarriers obtained after following different approaches for the screening of trajectories 
showing poor goodness-of-fit. 

Screening Approach α Dm/Dw NPs NPs (%) 

R2 ≥ 0.0 0.37 0.064 6965 100.0 

R2 ≥ 0.1 0.47 0.083 5259 75.5 

R2 ≥ 0.2 0.52 0.094 4532 65.1 

R2 ≥ 0.3 0.57 0.108 3883 55.8 

R2 ≥ 0.4 0.62 0.126 3236 46.5 

R2 ≥ 0.5 0.66 0.148 2646 38.0 

R2 ≥ 0.6 0.71 0.181 2090 30.0 

R2 ≥ 0.7 0.76 0.225 1591 22.8 

R2 ≥ 0.8 0.83 0.299 1102 15.8 

R2 ≥ 0.9 0.92 0.443 627 9.0 

R2 + RSS 0.32 0.064 6681 95.9 

Table 2. Main results of particle tracking experiments performed for non-digested lipid 
nanocarriers obtained after following different approaches for the screening of trajectories 
showing poor goodness-of-fit. 

Screening Approach α Dm/Dw NPs    NPs (%) 

R2 ≥ 0.0 0.22 0.009 1167 100.0 

R2 ≥ 0.1 0.35 0.014 741 63.5 

R2 ≥ 0.2 0.41 0.017 605 51.8 

R2 ≥ 0.3 0.46 0.020 517 44.3 

R2 ≥ 0.4 0.50 0.023 449 38.5 

R2 ≥ 0.5 0.53 0.025 396 33.9 

R2 ≥ 0.6 0.56 0.029 342 29.3 

R2 ≥ 0.7 0.59 0.035 282 24.2 

R2 ≥ 0.8 0.66 0.044 211 18.1 

R2 ≥ 0.9 0.78 0.072 122 10.5 

R2 + RSS 0.22 0.009 1113 95.4 
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To confirm the reliability of the combination approach, we followed the same decision 

tree illustrated in Figure 5 for the PSNPs controls. Figure 8 shows the different particle 

populations considered for calculating the diffusion capacity of each PSNPs control as a 

function of the screening approach. These results are in line with the ones described in 

Section 3.2 as well as those results obtained with the lipid nanocarriers. Interestingly, the 

application of the combination approach yielded a Dm/Dw ~ 1.7 × 10−1 (α ≈ 0.7) for the 

mucodiffusive PSNPs, a similar value to the one obtained using just R2 as screening 

parameter. This supports our hypothesis about the reliability of the use of R2 as single 

screening parameter for diffusing particles; meanwhile a Dm/Dw ~ 1.3 × 10−3 (α ≈ 0.1) was 

obtained for the mucoadhesive PSNPs by using the combination approach. Both results 

agree with the behaviour expected for this type of system 25,37,52. 
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Figure 7. Reduction on the mean time required by non-digested (black columns) and digested 
(grey columns) lipid nanocarriers to diffuse across an intestinal porcine mucus layer of 100 µm 
based on a single (R2) or combination (R2 + RSS) screening approach (dotted line) (* p < 0.05). 
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Figure 6. Distribution of Dm/Dw results of non-digested lipid nanocarrier after following 
different goodness-of-fit screenings. 
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These results show that the combination approach is the most reliable to properly 

describe the diffusion pattern of the lipid nanocarrier in porcine intestinal mucus. Then, 

another issue to determine which statistical measurement, mean, or median is the best 

estimator to express the results. Although mean value is the most used statistical 

measurement, density lines from Figure 6, Figure S1 (lipid nanocarriers), and Figure 8 

(PSNPs) clearly show some non-gaussian distributions, indicating that the use of the median 

instead of the mean value is more precise in those cases 42. Following this rationale, we 

calculated the mean/median ratio for each one of the formulations after the screening of the 

raw data with the combination approach (R2+RSS). Lipid nanocarriers displayed a 

mean/median ratio of 6.4 (digested) and 8.4 (non-digested) where the PSPNs presented a 

ratio of 10.3 (mucoadhesive control) and 1.5 (mucodiffusive control). These results are in 

line with the Dm/Dw distributions from Figure 6, Figure S1 (lipid nanocarriers), and Figure 8 

(PSNPs). For those formulations with a non-gaussian Dm/Dw distribution (both lipid 

nanocarriers and the mucoadhesive PSNPs), using the mean value to express the 

mucodiffusion capacity, instead of the median, may lead to an overestimation of one order 

magnitude of the results. However, for formulations with a homogeneous behaviour 

(gaussian) in the intestinal mucus, like the mucodiffusive PSNPs control, using the mean or 

the median value for determining its mucodiffusion capacity is not that relevant. 

Altogether, this work shows that it is crucial to follow a proper statistical analysis of the 

original raw data in PT to extract accurate and reliable information about the interaction of 

the different particle populations in a heterogeneous formulation. This aspect is especially 

relevant to correctly determine the fraction of the formulation that would reach the intestinal 

epithelium after oral administration. Briefly, the use of just R2 to determine the goodness-

of-fit of the raw trajectories to the 𝑀𝑆𝐷 = 4𝐷𝜏𝛼 theoretical model may lead to the 

consideration of mucoadhesive particles as outliers and be discriminated for the estimation 

of the mucodiffusion of the whole formulation. Additionally, the calculation of the 

mean/median ratio of the results will illustrate the formulation heterogeneity. In this case, 

homogeneous (gaussian) formulations will have mean/median values ~1 and the 

heterogenous formulations mean/median values ≠1, indicating that the use of the mean 

instead of the median would lead to misleading results. 

PT is a powerful technique for analysing the capacity of nanocarriers to overcome the 

intestinal mucus barrier, but this great potential can be compromised if the proper statistical 

tools to screen and express the experimental results obtained in the laboratory are not 

correctly applied. 

3.4. PT Software Implementation 

The benefit of using PT for particle characterization compared to dynamic light 

scattering or FRAP is its capacity to define the behaviour of each single particle of the 

sample, as observed for lipid nanocarriers 6,7,14,34. This allows the classification of the 

particles within subpopulations providing information about the heterogeneity and 

polydispersity of the sample 6,9,14,53,54. For this purpose, it is necessary to: 
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I. Select an appropriate lag time threshold. 

II. Accurately screen the goodness-of-fit of the experimental data to the mathematical 

model.  

III. Perform an individual analysis of each trajectory. 

IV. Group similar trajectories into subpopulations. 

V. Express results in an easy-comprehensive fashion, including D and α, as well as 

other parameters that can help to understand the interaction of the nanocarrier with 

the intestinal mucus. 

 

These are labour-intensive and complicated parts of PT experiments, since they entail 

the accurate processing of large sets of data. 

To the best of our knowledge, there is no PT software available for screening 

trajectories based on additional error measurements to R2. Considering the relevance of the 

results previously shown, we have developed a software that integrates this screening 

approach and quickly analyses PT raw data, being an intuitive and simple software, that 

requires no previous programming skills. 

The final application can be found at https://shiny.uclm.es/apps/tracking/, where an 

account can be requested to the manuscript authors to get access. The organization in 

different tabs allows researchers to simulate, visualize, and analyse PT data. 

Figure S2 shows the “Model” tab of the application, where the user can explore the 

theoretical model in Equation (1) for different values of D and α, and for different lag times. 

Two separate models can be represented to compare their theoretical shape for the next 

steps. Furthermore, in the “Simulation” tab (Figure S3), the behaviour of two particles can 

be simulated for each model, including different levels of noise and the time lags at which 

the particles would stop diffusing. By setting that maximum lag time, users can visualize 

what can be expected to see in an experimental cloud of points. The simulated data can be 

downloaded for further use. 

In the “Tracks” tab, the web application helps in the lag time decision step by visualizing 

the observed tracks. An Excel file with the raw MSD vs. time data can be uploaded. In 

addition to the data sheet, a set of metadata must be included in a separate sheet within 

the same spreadsheet file (including sample name, Dw, etc…). Once the file is loaded, the 

metadata are displayed, and a selectable table shows a list of the videos in the file on the 

right side. When a video is selected, the main pane of the application shows a table with 

the list of particles within that video, including their ID (j in the notation used above), the 

number of segments (nij in the notation), and maximum MSD reached by that particle. The 

table is sortable and paged so as users can explore them. The video of the prototype particle 

is automatically computed and plotted, as a particle whose MSD at each lag time τ is the 

median of all the particles MSD at lag time τ, i.e., 𝑀𝑆𝐷𝑖0𝑘 =  𝑚𝑒𝑑𝑖𝑎𝑛𝑗(𝑀𝑆𝐷𝑖𝑗𝑘). In addition 

to the prototype particle, further particles can be represented by just selecting them from 

the table. Figure S4 shows tracks from a given video and its prototype particle (0, the red 
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one). This can be done for any number of particles, in any of the videos in the file, until the 

researcher decides the appropriate lag time. A slider on the right pane can be used for 

stretching the x scale of the chart and check different lag times. Moreover, the regression 

line for each represented trajectory can be shown by switching the “Show fitted line(s)” 

switcher. Note that when selecting the “Linear” tab of the representation, the linear 

transformation in Equation (3) is represented and fitted, instead of the original data. Figures 

S4 and S5 show the particles with their non-linear and linear regression fitted curves at the 

maximum lag time set to 1 s, respectively. 

After exploring the tracks and decide on the lag time, we can go to the “Model” fitting 

tab. The “Fit models” button starts a process for fitting the models for all the particles in the 

file, or just the ones in the “Tracks” tab selected video. The non-linear fitting or the log-

transformed linear fitting can be selected with the “Fit type” switch. Then, the following 

estimates, and their counterpart diagnostic measures, are shown in a table, see Figure S6: 

Video and particles IDs; Number of segments; α* (max (0, α); D; Dshort (D computed at the 

desired “Short lag time”); D/Dw; R2; RSS; RMSE. The table is paged and sortable, so particle 

estimations and measurements can be easily explored. 

The screening process is done afterwards by setting the screening filters, i.e., (i) the 

minimum value of R2; (ii) the maximum value of RSS (e.g., R2 ≥ 0.5; RSS ≤ 5, as proposed 

in the decision tree in Figure 5); and (iii) the minimum/maximum value of  (*). It is 

important to highlight that even though the default values in Figure S6 are initially set, they 

can be changed at the analyst criteria to handle the problem at hand. The data included in 

the table can be downloaded in csv and xlsx formats for further study. The information 

included below the fittings table, e.g., summary statistics and histograms, are shown for the 

estimates and for the diagnostics measures, see Figure S7. The histograms provide 

meaningful information about the heterogeneity behaviour of the sample, facilitating the 

decision about the statistical measurement (namely the mean or the median) to be selected 

for the final interpretation of results. 

Once the screening and analysis step is finished, the overall diffusion parameters can 

be immediately seen in the “Model selection” tab (see Figure S8). The mean or the median 

can be chosen as summary statistic for the coefficients. The final model is represented in a 

plot, and the selected estimates and diagnostic measures are shown. Additionally, α values 

appear grouped in the different populations described in Section 2.6.2. 

Besides, the software also includes a “Team” tab, which gathers the contact information 

of the software and methodology developers, as well as a “Support” tab, in which a summary 

of basic software instructions and a video tutorial (see S.2 in Supplementary Material) can 

be found. 

Further research paths will be to investigate the properties of the so-called “prototype” 

particle and the use of non-linear profiles as a complementary screening method, as 

described in Cano et al. 55. Moreover, data mining techniques such as unsupervised 
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classification (cluster analysis) will be explored for subpopulations detection, as well as 

machine learning techniques for anomaly detection in the screening phase. 

4. CONCLUSIONS 

PT is a powerful and unique technique for studying the behaviour of individual particles 

in biological conditions; in particular, this work focuses on oral drug delivery. This great 

potential has been exploited thanks to the development of high-speed and sensitivity 

cameras. However, once the experimental data have been obtained, there is a lack of 

consensus about their statistical analysis. Selecting the proper analysis would avoid 

overestimating the therapeutic potential of nanocarriers and achieving erroneous 

correlations between the physicochemical properties of the nanocarriers and their in vitro/in 

vivo performance. Both aspects are crucial for the design and development of new oral drug 

delivery formulations. 

In this sense, this work proposes the use of a combination of parameters to correctly 

determine the goodness-of-fit of the experimental data to the mathematical diffusion model. 

We also consider the use of the mean/median ratio as a clear indicator of the heterogeneity 

of the formulation behaviour in biological fluids. Finally, all these statistical aspects have 

been packaged in free, time saving, and user-friendly software to facilitate the essential task 

of the statistical analysis of raw PT data. 

Supplementary Materials: The following are available online at 

www.mdpi.com/xxx/s1; Figure S1: Distribution of Dm/Dw results of digested lipid nanocarrier 

after following different goodness-of-fit screenings; Figure S2: PT software. Model tab. 

Mathematical model representation; Figure S3: PT software. Simulation tab; Figure S4: PT 

software. Tracks tab. Non-linear regression of selected particles from the loaded data 

(mucodiffusive PSNPs model); Figure S5: PT software. Tracks tab. Linear regression of 

selected particles from the loaded data; Figure S6: PT software. Model fitting tab. Videos 

and fitting type (linear or non-linear) can be selected; Figure S7: PT software. Model fitting 

tab. Distribution of obtained estimators; Figure S8: PT software. Model selection tab. Overall 

parameter estimates and diagnostic measures. 

Author Contributions: Conceptualization: M.J.S.-O., E.L.C., M.P.-O. and M.V.L.; 

methodology: M.P.-O., M.J.S.-O., E.L.C. and M.V.L.; software: E.L.C. and M.J.S.-O.; 

validation: M.J.S.-O. and M.P.-O.; formal analysis: M.P.-O. and M.J.S.-O.; investigation: 

M.P.-O., M.J.S.-O. and E.L.C.; resources: M.MA.-J. and M.G.; data curation: M.P.-O., 

M.J.S.-O. and E.L.C.; writing-original draft preparation: M.J.S.-O., M.P.-O., E.L.C.; writing-

review and editing: M.V.L.; visualization:; supervision: M.J.S.-O., M.V.L. and E.L.C.; project 

administration: M.J.S.-O.; funding acquisition: M.M.A-J. and M.G. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This research was funded by the University of Castilla-La Mancha (UCLM) 

(01110AB026 and 01110AB039) and the Spanish Research Agency AEI/FEDER, UE 

MTM2017-86875-C3-1-R. 



Pharmaceutics 13 370 (2021) 1-19 

 

165 
 

Institutional Review Board Statement and Informed Consent Statement: Not 

applicable 

Data Availability Statement: Data is contained within the article or supplementary 

material. 

Acknowledgments: M. Plaza thanks the financial support given by the UCLM (OE154 

and 2018/152504). 

Conflicts of Interest: The authors declare no conflict of interest.  



Results (Article IV) 

166 
 

REFERENCES 

1. Niu, Z., Conejos-Sánchez, I., Griffin, B. T., O’Driscoll, C. M. & Alonso, M. J. Lipid-based 

nanocarriers for oral peptide delivery. Adv. Drug Deliv. Rev. 106, 337–354 (2016). 

2. Feeney, O. M. et al. 50 years of oral lipid-based formulations: Provenance, progress and 

future perspectives. Adv. Drug Deliv. Rev. 101, 167–194 (2016). 

3. Plaza-Oliver, M. et al. The role of the intestinal-protein corona on the mucodiffusion 

behaviour of new nanoemulsions stabilised by ascorbyl derivatives. Colloids Surfaces B 

Biointerfaces 186, (2020). 

4. Berardi, A., Bombelli, F. B. & Berardi, A. Oral delivery of nanoparticles - let ’ s not forget 

about the protein corona. Expert Opin. Drug Deliv. 16, 563–566 (2019). 

5. Plaza-Oliver, M., Santander-Ortega, M. J. & Lozano, M. V. Current approaches in lipid-

based nanocarriers for oral drug delivery. Drug Deliv. Transl. Res. 11, 471–497 (2021). 

6. Schuster, B. S., Ensign, L. M., Allan, D. B., Suk, J. S. & Hanes, J. Particle tracking in drug 

and gene delivery research: State-of-the-art applications and methods. Adv. Drug Deliv. 

Rev. 91, 70–91 (2015). 

7. Feiran, H., Watson, E., Cristopher, D. & Junghae, S. Real-Time Particle Tracking for 

Studying Intracellular Trafficking of Pharmaceutical Nanocarriers. Methods Mol. Biol. 991, 

211–223 (2013). 

8. Huang, F., Dempsey, C., Chona, D. & Suh, J. Quantitative nanoparticle tracking: 

Applications to nanomedicine. Nanomedicine 6, 693–700 (2011). 

9. Suh, J., Dawson, M. & Hanes, J. Real-time multiple-particle tracking: Applications to drug 

and gene delivery. Adv. Drug Deliv. Rev. 57, 63–78 (2005). 

10. Zagato, E. et al. Single-particle tracking for studying nanomaterial dynamics: Applications 

and fundamentals in drug delivery. Nanomedicine 9, 913–927 (2014). 

11. Santander-Ortega, M. J. et al. PEGylated nanoemulsions for oral delivery: role of the inner 

core on the final fate of the formulation. Langmuir 33, 4269–4279 (2017). 

12. Yildiz, H. M., McKelvey, C. A., Marsac, P. J. & Carrier, R. L. Size selectivity of intestinal 

mucus to diffusing particulates is dependent on surface chemistry and exposure to lipids. J. 

Drug Target. 23, 768–774 (2015). 

13. Crater, J. S. & Carrier, R. L. Barrier Properties of Gastrointestinal Mucus to Nanoparticle 

Transport. Macromol. Biosci. 10, 1473–1483 (2010). 



Pharmaceutics 13 370 (2021) 1-19 

 

167 
 

14. Abdulkarim, M. et al. Nanoparticle diffusion within intestinal mucus: Three-dimensional 

response analysis dissecting the impact of particle surface charge, size and heterogeneity 

across polyelectrolyte, pegylated and viral particles. Eur. J. Pharm. Biopharm. 97, 230–238 

(2015). 

15. Dawson, M., Wirtz, D. & Hanes, J. Enhanced Viscoelasticity of Human Cystic Fibrotic 

Sputum Correlates with Increasing Microheterogeneity in Particle Transport. J. Biol. Chem. 

278, 50393–50401 (2003). 

16. Kepten, E., Weron, A., Sikora, G., Burnecki, K. & Garini, Y. Guidelines for the fitting of 

anomalous diffusion mean square displacement graphs from single particle tracking 

experiments. PLoS One 10, 1–10 (2015). 

17. Meijering, E., Dzyubachyk, O. & Smal, I. Methods for cell and particle tracking. Methods in 

Enzymology vol. 504 (Elsevier Inc., 2012). 

18. Lai, Samuel K.; Kaoru, Hida; Clive, Chen; Hanes, J. Characterization of the Intracellular 

Dynamics of a Non- Degradative Pathway Accessed by Polymer Nanoparticles. J Control 

Release. 125, 107–11 (2008). 

19. Chenouard, N. et al. Objective comparison of particle tracking methods. Nat. Methods 11, 

281–289 (2014). 

20. Matysik, A. & Kraut, R. S. TrackArt: The user friendly interface for single molecule tracking 

data analysis and simulation applied to complex diffusion in mica supported lipid bilayers. 

BMC Res. Notes 7, 1–10 (2014). 

21. Li, L. et al. Real-time imaging of Huntingtin aggregates diverting target search and gene 

transcription. Elife 5, 1–29 (2016). 

22. Jens C. Schmidt, Arthur J. Zaug, T. R. C. Live Cell Imaging Reveals the Dynamics of 

Telomerase Recruitment to Telomeres. Cell 166, 1188–1197 (2016). 

23. Tinevez, J. Y. et al. TrackMate: An open and extensible platform for single-particle tracking. 

Methods 115, 80–90 (2017). 

24. Tinevez, J.-Y. & Herbert, S. The NEMO Dots Assembly: Single-Particle Tracking and 

Analysis. 67–96 (2020) doi:10.1007/978-3-030-22386-1_4. 

25. Lai, S. K. et al. Rapid transport of large polymeric nanoparticles in fresh undiluted human 

mucus. Proc. Natl. Acad. Sci. U. S. A. 104, 1482–1487 (2007). 

26. Wang, Y. Y. et al. Addressing the PEG mucoadhesivity paradox to engineer nanoparticles 

that ‘slip’ through the human mucus barrier. Angew. Chemie - Int. Ed. 47, 9726–9729 

(2008). 



Results (Article IV) 

168 
 

27. Xu, Q. et al. Impact of Surface Polyethylene Glycol (PEG) Density on Biodegradable 

Nanoparticle Transport in Mucus ex Vivo and Distribution in Vivo. ACS Nano 9, 9217–9227 

(2015). 

28. Yang, Y. & McClements, D. J. Vitamin E bioaccessibility: Influence of carrier oil type on 

digestion and release of emulsified α-tocopherol acetate. Food Chem. 141, 473–481 (2013). 

29. Macierzanka, A. et al. Transport of particles in intestinal mucus under simulated infant and 

adult physiological conditions: Impact of mucus structure and extracellular DNA. PLoS One 

9, 1–11 (2014). 

30. Crocker, J. C. & Grier, D. G. Methods of digital video microscopy for colloidal studies. J. 

Colloid Interface Sci. 179, 298–310 (1996). 

31. Jaqaman, K. et al. Robust single-particle tracking in live-cell time-lapse sequences. Nat. 

Methods 5, 695–702 (2008). 

32. Jonker, R. & Volgenant, A. A shortest augmenting path algorithm for dense and sparse 

linear assignment problems. Computing 38, 325–340 (1987). 

33. Reid, D. B. An algorithm for tracking multiple targets. TRANSACIONS Autom. Control 24, 

843–853 (1979). 

34. Braeckmans, K. et al. Sizing nanomatter in biological fluids by fluorescence single particle 

tracking. Nano Lett. 10, 4435–4442 (2010). 

35. Team, R. C. (R F. for S. C. R: A Language and Environment for Statistical Computing. 

https://www.r-project.org (2020). 

36. Chang, W., Cheng, J., Allaire, J., Xie, Y. & McPherson, J. Shiny: Web Application 

Framework for R. https://cran.r-project.org/package=shiny (2020). 

37. Schuster, B. S., Suk, J. S., Woodworth, G. F. & Hanes, J. Nanoparticle diffusion in 

respiratory mucus from humans without lung disease. Biomaterials 34, 3439–3446 (2013). 

38. Cone, R. A. Barrier properties of mucus. Adv. Drug Deliv. Rev. 61, 75–85 (2009). 

39. Boegh, M., Baldursdóttir, S. G., Müllertz, A. & Nielsen, H. M. Property profiling of biosimilar 

mucus in a novel mucus-containing in vitro model for assessment of intestinal drug 

absorption. Eur. J. Pharm. Biopharm. 87, 227–235 (2014). 

40. Suh, J. et al. PEGylation of nanoparticles improves their cytoplasmic transport. Int. J. 

Nanomedicine 2, 735–741 (2007). 

41. Saxton, M. J. & Jacobson, K. Single-particle tracking: Applications to membrane dynamics. 



Pharmaceutics 13 370 (2021) 1-19 

 

169 
 

Annu. Rev. Biophys. Biomol. Struct. 26, 373–399 (1997). 

42. Kenney, J. F. and Keeping, E. S. Mathematics of Statistics. in (ed. Princeton, NJ: Van 

Nostrand.Pt. 1, 3rd) (1962). 

43. Porter, C. J. H., Trevaskis, N. L. & Charman, W. N. Lipids and lipid-based formulations: 

Optimizing the oral delivery of lipophilic drugs. Nat. Rev. Drug Discov. 6, 231–248 (2007). 

44. Plaza-Oliver, M. et al. Design of the interface of edible nanoemulsions to modulate the 

bioaccessibility of neuroprotective antioxidants. Int. J. Pharm. 490, (2015). 

45. Michalet, X. Mean Square Displacement Analysis of Single-Particle Trajectories with 

Localization Error. Biophys. J. 100, 252a (2011). 

46. Crocker, J. C. & Hoffman, B. D. Multiple-Particle Tracking and Two-Point Microrheology in 

Cells. Methods Cell Biol. 83, 141–178 (2007). 

47. Yang, M. et al. Biodegradable nanoparticles composed entirely of safe materials that rapidly 

penetrate human mucus. Angew. Chem. Int. Ed. Engl. 50, 2597–600 (2011). 

48. Hansen, A. S. et al. Robust model-based analysis of single-particle tracking experiments 

with spot-on. Elife 7, 1–33 (2018). 

49. Wang, T. & Luo, Y. Biological fate of ingested lipid-based nanoparticles: Current 

understanding and future directions. Nanoscale 11, 11048–11063 (2019). 

50. Lai, S. K., Wang, Y. Y. & Hanes, J. Mucus-penetrating nanoparticles for drug and gene 

delivery to mucosal tissues. Adv. Drug Deliv. Rev. 61, 158–171 (2009). 

51. Yu, T. et al. Biodegradable mucus-penetrating nanoparticles composed of diblock 

copolymers of polyethylene glycol and poly(lactic-co-glycolic acid). Drug Deliv. Transl. Res. 

2, 124–128 (2012). 

52. Ensign, L. M., Cone, R. & Hanes, J. Oral drug delivery with polymeric nanoparticles: The 

gastrointestinal mucus barriers. Adv. Drug Deliv. Rev. 64, 557–570 (2012). 

53. Gong, X. et al. Single-Particle Tracking for Understanding Polydisperse Nanoparticle 

Dispersions. Small 15, 1–11 (2019). 

54. Martens, T. F. et al. Measuring the intravitreal mobility of nanomedicines with single-particle 

tracking microscopy. Nanomedicine 8, 1955–1968 (2013). 

55. Cano, E. L., Moguerza, J. M. & Prieto, M. Nonlinear Profiles with R. In Quality Control with 

R. (Springer, Cham., 2015). 



Results (Article IV) 

170 
 

SUPPLEMENTARY MATERIAL 

S1. Model assessment  

After fitting one particle’s model, either from the nonlinear model or from the linear 

model, the predicted MSDs are computed using the parameter estimates �̂�𝑖𝑗 and �̂�𝑖𝑗: 

𝑀𝑆�̂�𝑖𝑗𝑘 = 4�̂�𝑖𝑗 𝑘
̂𝑖𝑗,          Eq. S1 

that are subtracted from the observed MSDijk to get the residuals of particle i in video j, 

eijk: 

𝑒𝑖𝑗𝑘 = 𝑀𝑆𝐷𝑖𝑗𝑘 − 𝑀𝑆�̂�𝑖𝑗𝑘.          Eq. S2 

The following measures for the model adequacy are then computed for each trajectory: 

i) the Residuals Sum of Squares (RSS), Eq. 10; ii) the Root Mean Square Error (RMSE), 

Eq. 11; and the coefficient of determination R2, Eq. 5.  

𝑅𝑆𝑆𝑖𝑗  = ∑ 𝑒𝑖𝑗𝑘
2

𝑘           Eq. S3 

𝑅𝑀𝑆𝐸𝑖𝑗 = √
∑ 𝑒2

𝑖𝑗𝑘𝑘  

𝑛𝑖𝑗
          Eq. S4 

Care should be taken when computing R2 goodness-of-fit measure, as the statistical 

software usually provides linear determination coefficient R2 for the regression line in Eq. 3, 

which is close, but not equal, to the coefficient of determination R2 of the estimated model 

in Eq. 1.
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S2. Basic instructions for the use of developed particle tracking software 

1. Enter the app and log in with your supplied credentials:  

https://shiny.uclm.es/apps/tracking/. 

2. Prepare your raw data (excel with MSDs) according to the requirements of the app. 

There are some examples loaded that can be downloaded and used as templates in 

this process:  

Tracks→file sources→example files→select the file (i.e. diffusive)→download 

In further detail, the excel file must contain two sheets:  

Sheet 1 must be named Tracks MSD and must include the specific file and column 

names and information that appear in the example file. The user must replace specific 

information (i.e. concerning MSD or Number of segments) by his/her own raw data.  

Sheet 2 must be named config and must include all the information that includes the 

example file (i.e. Dt in msec).  

3. Once the excel file is prepared, it must be loaded in the app:  

Tracks→file sources→upload file→select the file (excel in the format detailed in point 

2 containing the user’s raw MSDs)→ load tracks 

4. Select the desired video. All the particles in those videos will appear in a table showing 

their máx. MSDs. Any particle can be selected and it will appear in the upper graph, 

which also shows the median of all the particles in that video (prototype video). 

5. Select lag time in its scroll bar 

6. Enter model fitting tab 

7. Select which video the user desires to analyse, the fitting approach (lineal, non-lineal), 

and the screening parameters.  values corresponding to superdiffusive particles 

(higher than 1.1) can also been excluded. An additional lag time can be selected.  

8. Select fit model 

9. Results will appear in a table. The statistics behavior can be seen at a glance by 

several histograms.  

10. Model selection tab shows a summary of the results. 

11. Please, do not hesitate to contact us with any comment or doubt. A video tutorial can 

be found at: https://shiny.uclm.es/apps/tracking/ 

 

https://shiny.uclm.es/apps/tracking/
https://shiny.uclm.es/apps/tracking/
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Figure S2: PT software. Model tab. Mathematical model representation. Lag time, D,  and 

color can be modified for any of the particles.  

 

 

Figure S1: Distribution of Dm/Dw results of digested lipid nanocarrier after following different 

goodness-of-fit screenings. 
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Figure S2: PT software. Model tab. Mathematical model representation. Lag time, D,  and 

color can be modified for any of the particles.  
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Figure S3: PT software. Simulation tab. Noise, lag time and t can be adjusted for any of the 

simulated particles.  

 

 

Figure S4: PT software. Tracks tab. Non-linear regression of selected particles from the loaded 

data (mucodiffusive PSNPs model). Examples files are included. Lag time can be adjusted. The 

prototype particle is shown in red (readers are referred to the online version of the paper). 
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Figure S6: PT software. Model fitting tab. Videos and fitting type (linear or non-linear) can be 

selected. A base lag time can be included, in order to obtain Dlong Dshort⁄ . Screening parameters, 

i.e. R2, RSS and  can be selected. The table shows estimates of several parameters related to 

diffusion, such as D, D Dw⁄ , Dlong Dshort⁄  or , as well as error estimators, like R2, RSS or 

RMSE. Data can be exported to an excel file if desired. 

 

 

 

Figure S5: PT software. Tracks tab. Linear regression of selected particles from the loaded data. 

Examples files are included. Lag time can be adjusted. The prototype particle is shown in red 

(readers are referred to the online version of the paper).  
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Figure S7: PT software. Model fitting tab. Distribution of obtained estimators, e.g. D or . The 

number of histograms bins can be modulated.  

. 

 

 

Figure S8: PT software. Model selection tab. Overall parameter estimates and diagnostic 

measures. It includes a classification of particles depending on their  values.  
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 NE-L NE-ADP 

Cellular uptake + - 

α-tocopherol permeability + - 

Curcumin permeability + - 

Intracellular ROS = - 

 

NE: nanoemulsion; L: lecithin; ADP: ascorbyl-dipalmitate; ROS: reactive oxygen species. 
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ABSTRACT 

Current efforts on inflammatory bowel diseases (IBD) treatment are focused on 

strategies for localised drug delivery at the intestinal mucosa. Despite the potential of 

curcumin (CC) for IBD treatment, its low solubility and stability limit its application. Thus, the 

design of nanocarriers that focus CC delivery at the intestinal epithelium is an area of 

interest. This work proposes α-tocopherol nanoemulsions (NE) stabilised by ascorbyl-2,6-

dipalmitate (ADP) as intestinal CC-carriers. The antioxidant capacity of α-tocopherol and 

ADP could have a synergistic effect on IBD-affected tissues, characterised by an oxidative 

environment. We obtained nanoemulsions (NE-ADP) with size below 200 nm, negative 

surface charge, stable in gastrointestinal media and no toxic in the Caco-2 cell model. 

Intracellular retention of NE-ADP in Caco-2 cells was observed by confocal microscopy. 

The extremely low Papp values obtained for CC and α-tocopherol indicated the lack of 

transport across the Caco-2 monolayer. Control nanoemulsion stabilised by lecithin (NE-L) 

was greatly transported across the Caco-2 cells monolayer, confirming the relevance of 

ADP on the cellular retention of NE-ADP. The therapeutic potential of NE-ADP was shown 

by the significant decrease of intracellular ROS levels.Altogether, these results indicate the 

potential of NE-ADP as a novel approach for the treatment of IBD. 
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1. INTRODUCTION 

The term inflammatory bowel diseases (IBD) groups several chronic inflammatory 

disorders of the gastrointestinal (GI) tract, including Chron’s disease and ulcerative colitis, 

whose incidence is increasingly growing worldwide. IBD is an intermittent disease, based 

on flares and remissions. During flares, the most common symptoms include diarrhoea, 

abdominal distension and pain, nauseas, vomiting, fever and rectal bleeding 1,2. 

Furthermore, IBD can lead to more severe complications, such as toxic megacolon, colon 

cancer, or bowel perforation, among others 2. Although the pathogenesis of IBD is not 

completely understood, genetic factors and altered intestinal microbiota may be involved in 

the onset of the intestinal immune response dysregulation, what finally causes intestinal 

injury 2,3. In addition, there is strong evidence suggesting that ROS-induced oxidative stress 

also plays a relevant role in IBD pathogenesis and progression 4–6.  

The current therapeutic strategies aim to relief flare-symptoms and avoid 

hospitalisation or surgery. In this sense, a long-term treatment based on a combination of 

drugs is often needed to control the disease. More concretely, the therapeutic approach 

includes anti-inflammatory drugs (aminosalicylates and systemic glucocorticoids), biological 

agents (such as anti-TNF-α monoclonal antibodies), immunosuppressive molecules and 

antibiotics 3. Nonetheless, most of these treatments involve relevant unwanted side effects, 

mainly related to their systemic administration 7,8. In this sense, localised drug delivery 

systems to the damaged mucosa would enhance the therapeutic potential and the safety of 

the treatments 9,10. 

Currently, the administration of antioxidant and anti-inflammatory natural molecules is 

a strategy under research 5,11–13. More specifically, curcumin (CC) has recently attracted 

attention for its encouraging in vivo results in reducing both oxidative damage and 

inflammation at the GI tract 12–15. In fact, CC is a potent inhibitor of NF-κB, cycloxygenase-

2 and STAT3 pathways 12,15,16. Nevertheless, CC poor water-solubility and stability at 

neutral and alkaline pH values greatly limit its therapeutic use 17. The development of CC-

loaded nanocarriers is a promising approach for IBD 18–20, as nanocarriers may improve 

drug solubility and stability but also promote the interaction with the intestinal epithelium 
21,22. In this line, Beloqui et al. evaluated different lipid-based nanocarriers containing CC 

for IBD treatment. Interestingly, they observed that nanocarriers which were able to achieve 

CC retention at the GI tract  were more efficient in treating IBD in a murine DSS-colitis model 

compared to those that enhanced CC intestinal permeation 19. These results highlighted the 

relevance of the nanocarrier structure and composition on the biological behaviour of the 

systems. Indeed, the  functionalisation of nanocarriers with specific molecules is a strategy 

followed for potentiating their interaction with specific cell populations 23,24. In this sense, 

enterocytes include different transporters and receptors that mediate their functionality, 

such as the sodium-dependent ascorbic acid transporter SVCT1. This transporter is 

involved in the maintenance of the ascorbic acid homeostasis in the organism 25. Since it is 

expressed at the apical brush of enterocytes, it has been recently proposed as a novel 

intestinal target 26. 
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The aim of this work was to formulate a nanocarrier able to improve CC solubility and 

deliver the drug to the intestinal mucosa site. We have recently reported the development 

of a new antioxidant nanoemulsion as a novel nanocarrier for oral delivery 27. This system, 

named as NE-ADP, is constituted by α-tocopherol which is a lipophilic antioxidant able to 

scavenge free radicals in hydrophobic environments 28. The core is stabilised by ascorbyl-

2,6-dipalmitate (ADP) that maintains the antioxidant properties of ascorbic acid 29. Hence, 

we proposed this two-component formula that would simultaneously act as a CC carrier and 

an antioxidant to the intestinal barrier. This dual-action was evaluated by studying the 

internalisation capacity of the systems and their ROS scavenging capacity in the enterocyte-

like model in order to determine the potential of NE-ADP for the localised treatment of IBD. 

The involvement of SVCT1 in the uptake was qualitatively assessed by using an excess of 

ascorbic acid to saturate the transporter in order to preliminary determine the effectiveness 

of this surfactant targeted approach. 

2. MATERIALS AND METHODS 

2.1. Materials 

2.1.1 Chemicals 

Lecithin (Epikuron 145V) was kindly donated by Cargill (Spain). Poloxamer 127 

(PF127®), α-tocopherol, CC, bovine serum albumin (BSA), dimethyl sulphoxide (DMSO), 

HEPES, MES hydrate, triton-X 100, dichlorofluorescein diacetate (DCFDA) and ascorbic 

acid were purchased from Sigma-Aldrich (Spain and USA, respectively). ADP was obtained 

from Combi-blocks (USA). Acetone, methanol, ethanol, 2-propanol and acetonitrile, HPLC 

grade, were acquired from VWR Chemicals (Belgium). ThermoFischer supplied 99 % glacial 

acetic acid. DiD [DiIC18(5) oil (1,1′dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine 

perchlorate)] and rhodamin-phalloidin fluorescent tracers were purchased from Invitrogen 

(UK). 

2.1.2 Cell culture reagents 

Caco-2 cells (clone 1) were kindly donated by Dr Maria Rescigno, University of Milano-

Bicocca (Milano, Italy) 30. Dulbecco’s Modified Eagle Minimal Essential Medium (DMEM), 

fetal bovine serum (FBS) heat-inactivated HyClone, penicillin-streptomicin (PEST), Hanks 

Balanced Salt Solution (HBSS), phosphate buffer saline (PBS), trypsin-EDTA (0.05 %) and 

non-essential aminoacids (NEAA) were purchased from GibcoTM (Invitrogen, UK). 

Basement membrane matrix (Matrigel) was obtained from BD Bioscience (Belgium). 

2.2 Nanoemulsions formulation  

Nanoemulsions of α-tocopherol were formulated following the solvent displacement 

technique, which briefly consists on the spontaneous emulsification of an oily phase into 10 

mL of ultrapure water under magnetic stirring. We followed a procedure previously 

described with slight modifications 31,32. The organic phase was a solution of α-tocopherol 
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(38 mg) and lecithin (20 mg) in 250 µL of ethanol and 4.75 mL of acetone to yield NE-L 

systems. The organic phase for the NE-ADP formulations was obtained by dissolving α-

tocopherol (38 mg) and ADP in 5 mL of acetone. Two different NE-ADP were obtained: 

NE1-ADP (9 mg ADP) and NE2-ADP (17 mg ADP). In all cases, organic solvents were 

eliminated to a final volume of 4 mL and the nanoemulsions were further incubated for 24 h 

with 1 mL of a PF127® aqueous solution (3 mg/mL) to allow the adsorption of the surfactant 

to the surface of the nanoemulsions. This PF127® ratio per batch (3 mg) was selected after 

the evaluation of different PF127® amounts in the range 1.5-12.5 mg for obtaining the coated 

nanoemulsions.  

CC was then encapsulated in the inner core of the nanoemulsions. For this purpose, 

we followed the same formulation procedure but adding 200 µL of an ethanolic CC solution 

(2.5 mg/mL) to the oily phase. This way, the CC loading was 0.8 % for NE-L, 1 % for NE1-

ADP and 0.9 % for NE2-ADP.  

Fluorescence labelling of the nanoemulsions was carried out by the incorporation of 

the lipophilic tracer DiD (λex≈644nm, λem≈665nm) to their oily phase during the formulation 

process. Briefly, 40 μL of a methanolic DiD solution (6.25 mg/mL) were mixed with the rest 

of the organic components. After obtaining the labelled nanoemulsions, they were dialysed 

(10,000 MWCO) for 24 h, in order to remove the non-encapsulated DiD. Then, they were 

incubated with 1 mL of a PF127® aqueous solution (3 mg/mL) for 24 h, yielding to a final 

DiD concentration of 8 µL/mL.  

2.3 Physicochemical characterisation and colloidal stability 

The determination of the hydrodynamic mean diameter, polydispersity index and δ- 

potential was carried out by dynamic light scattering (DLS) and measurement of the 

electrophoretic mobility, using a NanoZS from Malvern (UK). For this purpose, 

nanoemulsions were previously dispersed (5 µL/mL) in phosphate buffer 2 mM.  

The long-term stability of the nanoemulsions was evaluated at 4 °C for one month. 

Stability of the systems in plain (not enzymes-enriched) and normal simulated gastric and 

intestinal fluids (SGF and SIF, respectively) following the USP (XXIX) guidelines for 4 h at 

37 °C was also studied. Similarly, it was necessary to assess the stability of the 

nanoemulsions under the conditions of in vitro experiments. For that purpose, 

nanoemulsions were incubated with growth (DMEM) and transport (HBSS) media for 2 h at 

37 C.  

2.4   CC encapsulation efficiency and release in transport media 

The encapsulation efficiency (EE) of CC in CC-loaded nanoemulsions was assessed 

by isolating the unloaded CC using ultrafiltration and determining the amount of CC in the 

filtrate. Briefly, nanoemulsions were placed at the top of centrifuge filtration tubes (100,000 

MWCO, Amicon®) and centrifuged at 1,500 rcf for 20 min. As a result, a transparent filtrate 
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was obtained at the bottom of the tubes, whereas nanoemulsions remained intact at the 

upper part of the device. The diffusion of unloaded CC across the filter was confirmed by 

the ultrafiltration of a CC solution and the determination of the drug concentration in the 

filtrate. The quantification of CC was performed by HPLC and the EE values were indirectly 

calculated by the following equation: 

𝐸𝐸 = (100 𝑥 (𝐶0 − 𝐶))/𝐶0          Eq. 1 

where C0 refers to the theoretical encapsulated CC concentration and C to its 

concentration in the filtrate. 

A similar procedure was carried out for the determination of CC released into transport 

media (3 mM MES HBSS, pH 6.5). For that purpose, nanoemulsions were first incubated 

with this media for 2 h at 37 °C. Then, they were placed at the top of centrifuge filtration 

tubes (100,000 MWCO) and centrifuged at 1,500 rcf for 20 min. Finally, the CC present in 

the resulting filtrates was quantified by HPLC. 

2.5 CC suspension preparation 

CC suspension (CC-sus) was formulated by dispersing 10 mg of CC in 5 mL HBSS 

containing 3mM MES (pH 6.5). The control CC-sus was homogenised under sonication (60 

sec) at a power of 60 W under magnetic stirring (1,000 rpm) and its particle size was 

measured by laser diffraction (HELOS, Sympatec, Clasthal-Zellerfeld, DE). The control was 

obtained by the dilution of CC-sus to a final concentration of 0.05 mg/mL. 

2.6 CC and α-tocopherol quantification by HPLC 

The quantification of both α-tocopherol and CC was carried out following procedures 

previously described with minor modifications 19,20,33–35. For this purpose, a Shimazu 20A 

Series HPLC system with a diode array detector, equipped with an EC 250/2 Nucleodur 

100-5C18 column (250x4,6mm, particle size: 5.0 µm) (Macherey-Nagel, DE) was used. 

Regarding α-tocopherol, the mobile phase consisted on a 2-propanol: acetonitrile mixture 

(50:50 v/v). Samples were diluted in mobile phase before injecting (20 µL injection volume) 

and afterwards isocratically eluted at a 1 mL/min flow rate. The wavelength detection was 

set at 295 nm 33. The limits of detection (LOD) and quantification (LOQ) of α-tocopherol 

were 0.5 and 1.7 mg/mL. The mobile phase for CC determination consisted on a mixture of 

methanol and 3.6 % glacial acetic acid (73:27 v/v). The samples (50 µL injection volume) 

were diluted in the mobile phase and then isocratically eluted at a 0.8 mL/min flow rate 

19,20,34,35. The wavelength detection for CC was set at 428 nm. Following this method, LOD 

and LOQ of CC were 5 ng/mL and 20 ng/mL, respectively.  

2.7 In vitro studies in Caco-2 cells 

2.7.1 Cell culture 
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Caco-2 cells were cultured in DMEM supplemented with 1 % (v/v) PEST, 1 % (v/v) 

NEAA, 1 % (v/v) L-glutamine and 10 % (v/v) heat-inactivated FBS in 175 cm2 flasks 

(Corning, MA, USA) under an atmosphere of 10 % CO2/ 90 % air at 37 °C. The culture 

media was replaced every 2 days, and regular passaging was performed by trypsinisation. 

Cells were used between passages x + 24 and x + 30. 

2.7.2 Nanoemulsions effect on cell viability  

The cytotoxicity of the nanoemulsions was assessed in Caco-2 cells by the crystal violet 

assay. Briefly, 2 x 104 cells/well were seeded in 96-well plates coated with Matrigel® and 

incubated at 37 °C for 24 h. Caco-2 cells were then exposed to both unloaded and CC-

loaded nanoemulsions (NE-L, NE1-ADP and NE2-ADP) dispersed in 100 µL plain DMEM 

at increasing concentrations (2-90 %) (v/v). After 2 h, the supernatants were removed and 

100 µL of a 0.5 % (w/v) crystal violet staining solution were added to each well. Next, Caco-

2 cells were incubated at 37 °C for 30 min, washed twice with ultrapure water and air dried 

for 30 min. Finally, 100 µL of methanol were added to each well and 30 min later the optical 

density was measured at 570 nm with a plate reader (MultiSkan EX plate reader, 

ThermoFischer Scientific, MA, USA). Caco-2 cells treated with DMEM or with Triton-X 100 

were considered as negative and positive controls, respectively.  

2.7.3 Permeability studies of unloaded and CC-loaded nanoemulsions across 

Caco-2 cell monolayers 

A Caco-2 cell monolayer was obtained following a protocol previously described 19,20,36. 

Briefly, Caco-2 cells were seeded in 12-well culture inserts (1 µm pore diameter, 0.9 cm2 

area, Corning Costar®, NY) at a density of 5 x 105 cells/well and grown for 21 days in 

supplemented DMEM by replacing media every other day. The integrity of the monolayers 

was evaluated by measuring the trans-epithelial electrical resistance (TEER) before and 

after the transport studies. These measurements were carried out at 37 °C using an 

epithelial voltmeter (EVOM, World Precission Instruments, Berlin, DE) that allowed us to 

select those monolayers with TEER values over 200 Ω/cm2 for the experiments.  

-tocopherol was used as a marker of unloaded nanoemulsions permeability across 

Caco-2 cells monolayers. For that purpose, 500 µL of NE-L, NE1-ADP or NE2-ADP 

dispersed in HBSS were added to the apical side of the inserts at a concentration of 500 

µL/mL which was previously shown to be safe in the cytotoxicity tests. The basolateral side 

of the inserts was then filled with 1 mL HBSS, and after 2 h at 37 °C and sampled for α-

tocopherol quantification by HPLC. 

Next, the apparent permeability coefficient (Papp, cm/s) was calculated for each 

formulation, according to the following equation:  

𝑃𝑎𝑝𝑝 = 𝑑𝑄 𝑑𝑡⁄  𝑥 1 𝐴𝐶0⁄           Eq. 2 
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Where dQ/dt refers to the transport rate (µg/s), A to the surface area of the membrane 

filter (cm2) and C0 to the initial α-tocopherol concentration in the apical side (µg/mL) 19,20.  

Next, we assessed the permeability of CC-loaded nanoemulsions, compared to CC-

sus, across Caco-2 cells monolayers. For this purpose, we included slight modifications to 

the procedure described previously e.g., the modification of the transport media to assure 

CC solubility and stability 19. Accordingly, 3 mM MES HBSS (pH 6.5) was used for dispersing 

CC-loaded NE-L, CC-loaded NE-ADP or CC-sus at the apical compartment. The basolateral 

side was filled with 1 mL 10 mM HEPES HBSS + 1 % BSA (pH 7.4) 19,20. Finally, Papp values 

for CC were calculated following Eq. 2. In this case, C0 refers to the initial CC concentration 

(50 µg/mL) at the apical side.  

Additionally, we evaluated the amount of CC associated or intracellularly localised in 

Caco-2 cells. For this purpose, we pre-treated the Caco-2 monolayer to lysate the cells and 

enable the release of CC, by washing thrice the inserts with HBSS and filling them with 1 

mL of sterile water. Then, we exposed Caco-2 cells to three freeze-thawing cycles in order 

to disrupt their membranes 37. Finally, cell lysates were centrifuged at 250 rcf at 4 °C for 5 

min, and the supernatants were collected for CC quantification by HPLC. 

2.7.4 Localisation of nanoemulsions in Caco-2 cell monolayers 

The localisation of DiD-loaded nanoemulsions (NE-ADP and NE-L) in Caco-2 

monolayers was performed by confocal laser scanning microscopy (CLSM). For this 

purpose, we followed the procedure described in section 2.7.3. This time, after the 2 h 

incubation, inserts were washed twice in warm PBS and then once in cold PBS. Afterwards, 

inserts were fixed in cold 4 % (v/v) paraformaldehyde (PFA) (500 µL/insert) for 30 min and 

gently washed in PBS. In order to reveal cell borders, actin was stained with 200 µL of 

rhodamin-phalloidin (1:100) in HBSS + 0.2 % (v/v) Triton X-100. Inserts were then incubated 

for 30 min in the dark, washed in PBS, cut and mounted on glass slides with Vectashield® 

mounting medium containing 4’,6’- diamidino2-phenylindole (DAPI) 1:20 to stain cellular 

nuclei 19. Images were captured using a LSM710 confocal microscopy from ZEISS (Axio 

Imager Z.1) and analysed with the ZEN (black edition 2.1) software to obtain x-y, x-z and y-

z views of the Caco-2 monolayers. 

In order to evaluate the role of SVCT1 in the uptake of NE-L and NE-ADP, we also 

carried out this experiment after a previous incubation of the Caco-2 cell monolayers with 

the substrate of this transporter. 20 days after the seeding of Caco-2 cells in the inserts, we 

pre-incubated them with an ascorbic acid solution (100 µM) at 37 C for 24 h. After this time 

(day 21), TEER measurements were carried out to evaluate the effect of the pre-incubation 

with ascorbic acid on the integrity of the Caco-2 cells monolayers. Then, we incubated cells 

with the nanoemulsions for 2 h and we followed the experimental procedure above 

described to obtain images of the Caco-2 cells monolayers by CLSM. 

2.7.5 Intracellular ROS levels measurements 
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The effect of the formulations on the intracellular ROS levels were evaluated by 

dichlorofluorescein assay, following a procedure previously described 38,39. In this 

experiment, Caco-2 cells were seeded at a density of 2 x 104 cells/well in 96 well plates 

coated with Matrigel™ and incubated for 24 h at 37 °C. Then, Caco-2 cells were incubated 

for 2 h with the different treatments, namely CC-sus, unloaded or CC-loaded NE-L and NE1-

ADP, at a concentration corresponding to 3,800 µg/mL of -tocopherol and 50 µg/mL of CC. 

Additionally, H2O2 0.3 % (v/v) and PBS were used as positive and negative controls, 

respectively. Next, cells were washed and 100 µL/well of dichlorofluorescein diacetate 

(DCFH-DA) (10 µM) were added. After 1 h of incubation at 37 °C, Caco-2 cells were washed 

and 100 µL of H2O2 0.3 % (v/v) were added to each well. Following 30 min incubation at 

room temperature, the formation of DCF-DA, the fluorescent oxidised derivative of DCFH-

DA, was monitored with a plate reader (SpectraMax® M3, Molecular Devices) (emission and 

excitation wavelengths of 535 nm and 485 nm, respectively). Fluorescent levels from DCF-

DA are directly proportional to intracellular ROS levels 38.   

2.8 Statistical analyses  

Statistical analysis was performed using the OriginPro 8.0 software (OriginLab Corp, 

Buckinghamshire, UK). The normal distribution was assessed by the Shapiro-Wilk normality 

test. The data was compared using ANOVA test or a Mann-Whitney non-parametric test. 

Differences were considered statistically significant at *p< 0.05. The results are expressed 

as the means ± SD, unless otherwise stated. 

3. RESULTS AND DISCUSSION 

Localised delivery of drugs to the intestinal epithelium is a promising therapeutic 

approach for the treatment of IBD. The rationale is to focalise drugs at the injured tissue site 

while avoiding the side effects associated to their systemic absorption. We have designed 

a surfactant-mediated nanoemulsion for CC able to accumulate within the enterocytes and 

concentrate there its antioxidant capacity. 

1.1 Physicochemical characterisation and colloidal stability  

The landmark in colloidal drug delivery is the design of stable and efficient nanocarriers 

for the delivery of molecules to the target tissue while maintaining a low toxicity profile. In 

this work, we have faced this goal by designing nanoemulsions with just three components 

formulated by the well-known solvent displacement technique. This procedure allows the 

formation of nanoemulsions under mild conditions by using hydrophobic excipients. The 

selection of the materials was carefully carried out, as their nature and disposition would 

influence the biological behaviour of the system. We have previously described that the 

hydrophobic nature of the core in nanoemulsions determines the effective adsorption of the 

surfactants. In this work we selected α-tocopherol due to its high hydrophobicity 40. 

Hydrophobic ascorbic acid derivatives, e.g. palmitate derivatives, are compounds widely 

used in the pharmaceutical industry and in the formulation of nanocarriers 29,41,42. Indeed, 

we have recently shown that these compounds can be used as surfactants for 
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nanoemulsion stabilisation 31. Among them, ADP was the most promising molecule and thus 

it was selected for the formulation of the systems included in this work. More concretely, 

ADP was incorporated at two different amounts, 9 and 17 mg, to determine the effect that 

the amount of ADP has on its targeting ability to the enterocytes. In this line, we have also 

formulated a nanoemulsion control where the interface was stabilised by lecithin instead of 

ADP. The emulsifying and dispersing properties of lecithin are well-known and therefore it 

has been widely used in the formulation of nanosystems 40,43–45. The systems stabilised by 

ADP and lecithin where respectively named as NE1-ADP, NE2-ADP and NE-L.  

One important aspect required by the in vitro evaluation of the nanoemulsions was their 

stability in the media used in the experiments. We observed that the dilution of the uncoated 

systems in cell culture (DMEM) and transport (HBSS) media led to their aggregation (data 

not shown). This prompted us to consider the coating of the nanoemulsions with a PEG 

derivative like PF127®, taking into account the stabilisation properties of this type of 

polymers 46–48, as well as its potential for enhancing the diffusion across the intestinal mucus 
49,50. We selected a range of PF127® amounts per batch for the coating of the 

nanoemulsions (1.5-12.5 mg). The physicochemical properties of the obtained formulations 

are included in Table 1. Briefly, all of them exhibited low polydispersity and size values 

below 200 nm; showing no differences on size (p > 0.05) independently of the surfactant 

type (L or ADP) or the concentration of ADP. Incorporation of increasing amounts of PF127® 

was clearly evidenced by the reduction of the superficial charge of the formulations 51. As 

shown in Figure S1, 3 mg of PF127® was the lowest surfactant quantity that allowed the 

colloidal stabilization of the different nanoemulsions in cell media. Thus, it was selected for 

the final composition of NE-L and NE-ADP, as depicted in table 2. 

The long-term stability of the nanoemulsions under storage conditions (4 °C), confirmed 

that all the formulations remained stable for at least 4 weeks (Figure S2).  

The oral route is characterised by harsh conditions like extreme pH, high salinity or the 

presence of digestive enzymes that may lead to aggregation or degradation of the 

nanosystems. Bearing this in mind, we evaluated the stability of the nanoemulsions in plain 

(non-supplemented) SGF and SIF and normal (enzymes enriched) SGF and SIF. 

Remarkably, all the formulations remained stable in plain SGF and SIF (Figures 1.A and 

1.B solid lines and closed symbols), as well as in digestive enzymes enriched SGF and SIF 

(Figure 1.A and 1.B dashed lines and opens symbols). In this sense, the adsorption of the 

hydrophilic surfactant PF127® onto the surface of the nanoemulsions could avoid the 

interaction of the enzymes by steric stabilisation 43. Altogether, these results indicate the 

suitability of the nanoemulsions for their oral administration. 
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The encapsulation of CC led to no relevant differences in the size of NE-L or NE1-ADP 

compared to the unloaded formulations (163 ± 10 nm and 173 ± 20 nm, respectively), but 

slightly decreased their -potential values (-12.6 ± 1.9 mV and -19.9 ± 2.7 mV, respectively). 

The selection of highly hydrophobic core components, together with the low CC loading, 

enabled to achieve 100 % encapsulation efficiency of CC for both NE-L and NE1-ADP. 

Additionally, the drug was retained in the nanostructure even after its dilution in the culture 

media, showing no release of CC. This was particularly important as CC was considered 

not only as a therapeutic molecule but also as a probe to determine the transport of the 

nanoemulsions across the intestinal barrier. 

3.2 In vitro evaluation of the transport of the nanoemulsions across the intestinal 

barrier 

The interaction of ADP-stabilised nanoemulsions with the intestinal barrier was 

assessed following a dual approach that consisted on the quantification of α-tocopherol and 

CC as essential components of the nanoemulsions. Initially, we carried out cytotoxicity 

assays of NE-L, NE1-ADP and NE2-ADP to select a safe nanoemulsion concentration for 

the following studies. None of the tested nanoemulsions reached IC50 levels after 2 h, even 

Table 1. Physicochemical properties of NE-L and NE-ADP coated with different amounts of 

PF-127® (mean ± SD, n ≥ 3). PDI: polydispersity index. 

Nanoemulsion PF127® 
amount (mg) 

Hydrodynamic 
mean size (nm) 

PDI -Potential 
(mV) 

NE-L 0 175 ± 2 0.105 -45.6 ± 3.0 

1.5 180 ± 7 0.126 -35.9 ± 1.7 

3 171 ± 10 0.226 -23.7 ± 4.1 

6 179 ± 4 0.102 -11.6 ± 1.9 

12.5 183 ± 4 0.103 -13.6 ± 1.3 

NE1-ADP 0 173 ± 1 0.097 -49.1 ± 2.4 

1.5 172 ± 2 0.120 -39.9 ± 2.5 

3 173 ± 15 0.162 -24.4 ± 2.6 

6 181 ± 3 0.089 -8.7 ± 0.6 

12.5 191 ± 6 0.109 -12.3 ± 1.0 

NE2-ADP 0 175 ± 1 0.089 -48.9 ± 3.8 

1.5 172 ± 2 0.093 -35.5 ± 1.4 

3 175 ± 14 0.218 -37.7 ± 1.6 

6 181 ± 1 0.130 -16.2 ± 1.0 

12.5 198 ± 3 0.118 -11.3 ± 0.5 

 

Table 2. Composition of NE-L, NE1-ADP and NE2-ADP.  

Components (mg) NE-L NE1-ADP NE2-ADP 

α-tocopherol 38 38 38 

Soybean lecithin 20 - - 

ADP - 9 17 

PF-127® 3 3 3 
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at the highest concentrations, in which they were barely diluted (750-900 µL/mL). This could 

be explained by the well-stablished safety profiles of the materials selected. In line with the 
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Figure 1. Colloidal stability of lecithin and ADP-stabilised nanoemulsions incubated in (A) non-

supplemented SGF (solid line and closed symbols) and in normal SGF (dashed line and open 

symbols); (B) non-supplemented SIF (solid line and closed symbols) and in normal SIF (dashed 

line and open symbols) (mean ± SD, n ≥ 3). 
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scarce toxicity observed, we selected a nanoemulsion dilution equivalent to an α-tocopherol 

concentration of 3,800 µg/mL and 50 µg/mL of CC.  

3.2.1 Evaluation of the permeation of unloaded nanoemulsions in Caco-2 cells 

monolayers 

Remarkably, α-tocopherol is the only component of the oily core in unloaded 

nanoemulsions, and one of the main components of the formulation. In this work, we have 

considered that the amount of α-tocopherol determined in the permeation studies would 

correlate to the nanoemulsion itself, since we were not indirectly following an encapsulated 

dye but directly quantifying an essential component of the nanoemulsion. This rationale was 

also followed for CC, which was totally encapsulated within nanoemulsions and had no 

release. This approach allowed us to circumvent the use of fluorescent probes that have 

been traditionally applied for the transport studies of nanocarriers. Fluorescent labelling of 

nanocarriers may modify their physicochemical properties and when encapsulated, 

fluorescent dyes may be prematurely released from the nanocarrier 52. In this sense, we 

followed a labelling-free approach, as we quantified α-tocopherol by HPLC in the basolateral 

side of the inserts and afterwards calculated α-tocopherol Papp value for each 

nanoemulsion. The results indicated that ADP-stabilised nanoemulsions were barely 

transported across the Caco-2 cells monolayer, showing low α-tocopherol Papp values. 

Furthermore, we observed that increasing ADP concentration did not induce higher 

permeation rates, as NE1-ADP α-tocopherol Papp was significantly higher (p<0.001) 

compared to that obtained for NE2-ADP (1.98 x 10-7 ± 7.05 x 10-8 cm/s and 1.35 x 10-7 ± 

5.36 x 10-8 cm/s, respectively), despite having half of ADP content. This could be related to 

an optimal level of ADP that avoids the saturation of the transporters; therefore, the system 

NE1-ADP was selected for the following experiments. On the other hand, NE-L showed a 

higher permeation value than ADP-NE (Figure 2A). More concretely, NE-L showed a α-

tocopherol Papp of 5.46 x 10-6 ± 1.11 x 10-6 cm/s, significantly higher (p< 0.001) than Papp 

values showed by NE1-ADP and NE2-ADP. This result was in line with the widely accepted 

permeation-enhancing properties of lecithin, mainly explained by its phospholipid 

composition, similar to cellular membranes 53,54. Taken together, these results suggest that 

NE-ADP are promising formulations to achieve a localised drug delivery at the intestinal 

level.  

3.2.2 Evaluation of the permeation of CC-loaded nanoemulsions in Caco-2 cells 

monolayers 

The characteristics of CC involve poor transport rate across the intestinal barrier, as 

previously observed by several other authors 19,55. In this experiment, we have observed 

this same pattern with the control CC-sus (mean size of 9.46 ± 0.48 µm), detecting no CC 

in the basolateral compartment after its incubation with Caco-2 cells (Figure 2B). Similarly, 

CC was not able to reach the basolateral side (<LOD 5 ng/mL) after the treatment of the 

Caco-2 cells with CC-loaded NE1-ADP, but it was detected within Caco-2 cells (data not 

shown). These results correlated to the ones obtained for the unloaded nanoemulsions, 
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indicating a possible accumulation of the nanocarriers at the cell monolayer where they 
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Figure 2. Permeability of the nanoemulsions across a Caco-2 cells monolayer. (A) α-tocopherol 

Papp values obtained for NE-L, NE1-ADP and NE2-ADP. (B) CC Papp values obtained for CC-

loaded NE-L, CC-loaded NE1-ADP and CC-sus. (N=3, n=3, mean ± SEM, ***p<0.001)) (ND: 

below CC LOD = 5 ng/mL). 
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would deliver the drug. CC-loaded NE-L exhibited higher CC Papp (6.99 x 10-6 ± 9.08 x 10-8 

cm/s), which is in line with the high Papp values obtained for α-tocopherol. The mechanism 

of transport of the nanoemulsions could be endocytosis or transcytosis processes 

considering the size of the formulation (Table 1) as observed by other authors 56,57. Indeed, 

Y. Fan et al. demonstrated the endocytosis of a lipid nanoemulsion sized 170 nm by Caco-

2 cells 56. Similarly, A.R. Neves et al. have recently observed that the uptake of different 

lipid nanoparticles of 180 nm in Caco-2 cells occurs mainly by clathrin-mediated endocytosis 
57. Nevertheless, we need to perform further mechanistic studies to confirm this hypothesis.  

3.2.3 Intracellular uptake in Caco-2 cells 

The accumulation of ADP-stabilised nanoemulsions within the monolayers was 

assessed by CLSM. Therefore, we performed the transport experiments with DiD-loaded 

nanoemulsions, both ADP and lecithin-stabilised, and studied the location of DiD within 

Caco-2 cell monolayers by CLSM. The images obtained are included in Figure 3 and 

indicate clear differences depending on the stabilising surfactant. ADP-stabilised 

nanoemulsions strongly interact with the cells, showing slight differences between NE1-

ADP and NE2-ADP. More concretely, increasing the amount of ADP (table 2) did not entail 

higher uptake of NE2-ADP (Figure 3). This pattern was also observed when the permeation 

of α-tocopherol was determined, showing significantly (p<0.001) higher Papp values for NE1-

ADP compared to NE2-ADP (Figure 2A). This may point out that there is an optimum 

amount of ADP to promote the uptake of the nanoemulsions and avoid the saturation of 

SVCT1, but further research is required to confirm this. Meanwhile, it was not possible to 

detect DiD within the cellular monolayer after the NE-L treatment. This indicates that the 

NE-L were not retained within the Caco-2 cells monolayer. Most probably, this formulation 

could have been transported to the basolateral compartment during the experiment, an 

assumption based on the high α-tocopherol and CC Papp values observed for the unloaded 

and CC-loaded NE-L (Figure 2). 

3.2.4 Effect of ascorbic acid pre-incubation on the intracellular uptake in Caco-2 

cells 

In view of CLSM results, we proceeded to determine the potential implication of SVCT1 

on the nanoemulsions uptake. In fact, Caco-2 cells express many membrane transporters 

and receptors also found in enterocytes, including the vitamin B12 and epidermal growth 

factor receptors, glucose transporters and sodium-dependent ascorbic acid transporters like 

SVCT1 58,59. The transporter SVCT1 has been identified in the apical membrane of both 

enterocytes and Caco-2 cells 25,58; thus, it arises as a potential target for promoting the 

interaction of nanocarriers with the intestinal epithelium. This has been recently investigated 

by Luo Q. et al with ascorbate-conjugated nanoparticles that followed a SVCT1-mediated 

uptake process 26. Bearing this in mind, we performed CLSM experiments after the pre-

incubation of the Caco-2 cells monolayers with an ascorbic acid solution for 24 h (from day 

20 to day 21) at a concentration (100 μM) which is within the SVCT1 saturation range 60. 
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Pre-incubation of Caco-2 cells with the ascorbic acid solution did not affect the integrity of 

the monolayer, which was confirmed by TEER measurements. 

As Figure 4 shows, the intracellular DiD levels were clearly lower compared to those 

observed in non-pre-treated monolayers with ascorbic acid. Taken together, these results 

indicated that SVCT1 could effectively be implicated in the uptake of ADP-stabilised 

nanoemulsions by Caco-2 cells. The presence of ADP on the surface of NE-ADP could 

boast their interaction with the intestinal epithelium. However, further research in this regard 

is still required. Regarding the uptake of NE-L, it was not influenced by the pre-treatment of 

the cellular Caco-2 monolayers with ascorbic acid, what makes sense bearing in mind that 

SVCT1 is not related to the uptake of phospholipid-like substrates. 

 

Figure 3. CLSM images of Caco-2 cells monolayers treated with fluorescence-labelled 

nanoemulsions.  DiD appears in green, cell membranes were stained in red with rhodamine-

phalloidine and cellular nuclei, stained with DAPI, are shown in blue. For a better visualization, 

DAPI has not been included in the merged images. For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.  

 



Int. J. Pharm. 586 (2020) 119533 

193 
 

3.3 Inhibition of intracellular ROS  

Chronic inflammatory disorders like IBD have an excessive accumulation of oxidant 

species due to cellular oxidative stress, that play a key role in IBD pathogenesis 4–6. The 

administration of antioxidants is considered a promising approach to ameliorate the disease 

progression; one of the molecules proposed for IBD treatment is CC due to its pleiotropic 

properties, including antioxidant, anti-inflammatory, antitumor and prebiotic 13,15. The results 

obtained from the dichlorofluorescein assay of the formulations were expressed in terms of 

intracellular ROS levels (%), corresponding the highest value (100 %) to the H2O2 control. 

 

Figure 4. CLSM images of Caco-2 cells monolayers after having been pre-treated with ascorbic 

acid (100 μM) for 24 h and treated with fluorescence-labelled nanoemulsions. DiD appears in 

green, cell membranes were stained in red with rhodamine-phalloidine and cellular nuclei, 

stained with DAPI, are shown in blue. For a better visualization, DAPI has not been included in 

merged images. Comparison with Figure 3 helps to observe the effect of ascorbic acid pre-

treatment. For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article. 
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The molecule CC is an effective antioxidant agent as it was observed by the intracellular 

ROS levels after CC-sus treatment, decreasing them to 60 ± 18 % (Figure 5). 

It is important to highlight that the amount of α-tocopherol used was the same in NE-L 

and NE-ADP (Table 2). This molecule is one of the most powerful lipophilic antioxidants, so 

it would contribute to the antioxidant capacity of the NE-ADP and NE-L formulations. Instead 

of having the same effect, we did observe interesting differences in the ability of α-

tocopherol nanoemulsions to scavenge intracellular ROS levels depending on their 

stabilising surfactant (Figure 5). NE-ADP showed a significant ROS decrease, whereas NE-

L did not alter intracellular ROS levels (p< 0.001). More concretely, NE1-ADP decreased 

ROS levels to 34 ± 10 %. This means that NE1-ADP has great potential for encapsulating 

CC and as an antioxidant platform itself. It is worth to mention that despite the antioxidant 

capacity of ADP, its concentration in ADP-stabilised nanoemulsions was notably lower 

compared to α-tocopherol concentration (Table 2). Considering these results, it could be 

hypothesised that the ROS scavenging ability showed by NE1-ADP could be mainly due to 

α-tocopherol rather than to ADP. Indeed, the ROS levels obtained for NE2-ADP were not 

significantly different from those of NE1-ADP (data not shown) despite having double 

amount of ascorbyl derivative. This seems to point out that the role of ADP in these 

nanocarriers might be related to its transport-mediated surfactant properties rather than to 

its antioxidant potential 31.  

On the other hand, intracellular ROS levels also decreased dramatically when CC was 

encapsulated in NE1-ADP, showing significant differences with the results obtained for NE-

L-CC (p<0.001). In fact, this formulation was able to reduce ROS even below basal levels, 

 

Figure 5. DCFH-DA assay. Effect of CC-sus, unloaded and CC-loaded lecithin and ADP-

stabilised nanoemulsions on H2O2-induced intracellular ROS generation in Caco-2 cells. (N=4, 

n=4, mean ± SEM; ***p<0.001). 
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up to 14 ± 5 % (Figure 5), completely reverting the oxidative stress generated by H2O2. 

Additionally, this result showed that the activity of CC was not modified by the formulation 

process. The encapsulation of CC in the nanoemulsions allows an increase CC stability and 

solubility, but also provides an antioxidant synergism between the carrier itself and the 

encapsulated CC. 

4. CONCLUSION 

Overall, this work shows that the composition of nanoemulsions determines their 

interaction with Caco-2 cells, suggesting different future applications depending on the 

formulation. Based on these results, NE-L would be efficiently transported across the 

intestinal barrier. Thus, it seems to be a promising formulation for the systemic delivery of 

poor water-soluble molecules with low bioavailability. On the other hand, ADP-stabilised 

nanoemulsions seem to be taken up and retained by the Caco-2 cells. Consequently, low 

systemic exposure of the encapsulated drug would be expected after the oral administration 

of the nanoemulsion by focalising the therapeutic effect at the damaged tissue. The ascorbic 

acid transporter SVCT1 can be a valuable mechanism for the development of new 

formulations, what requires further research to determine its full potential. Other issues that 

need to be taken into account are the transporter expression pattern in different IBD 

processes, especially during advanced stages of the disease as well as the patients’ 

heterogeneity in these disorders.  
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Figure S2. Long term colloidal stability of lecithin and ADP-stabilised nanoemulsions at 4ºC 

(mean ± SD, n ≥ 3). 
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Figure S1. Colloidal stability of nanoemulsions coated with different amounts of PF127® (12.5, 

6, 3 or 1.5 mg) incubated with cell culture grow media (DMEM) at 37 °C for 2 h. (A) NE-L, (B) 

NE1-ADP, (C) NE2-ADP (mean ± SD, n ≥ 3).  The nanoemulsions showed a similar behaviour 

in the transport media (HBSS) (data not shown). 
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ABBREVIATIONS:  

ADP: ascorbyl-2,6-dipalmitate. AMP: ascorbyl-2-monopalmitate. α: coefficient of anomalous 

diffusion. ccc: critical concentration of coagulation. CLSM: confocal laser scanning microscopy. 

CN: coconut. DLS: dynamic light scattering. EE: encapsulation efficacy. GI: gastrointestinal. 

HPLC: high performance liquid chromatography. IBD: intestinal bowel disease. I-PC: intestinal 

protein corona. MSD: mean square displacement. NE: nanoemulsion. o/w: oil in water. P: palm. 

Papp: coefficient of permeability. PC: protein corona. PDI: polydispersity index. PEG: poly(ethylene 

glycol). PF127: Pluronic® F127. PLGA: poly(lactic-co-glycolic) acid. PT: particle tracking. ROS: 

reactive oxygen species. SGF: simulated gastric fluid. SIF: simulated intestinal fluid. SVCT1: 

sodium dependent ascorbic acid transporter. TEM: transmission electron microscopy. τ: lag time. 

WG: wheat germ.  
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This thesis studies the interaction of nanoemulsions (NE) with the main barriers of the 

gastrointestinal (GI) tract, i.e., enzymes, mucus, and epithelium. For that purpose, NE with 

different quanti- and qualitative compositions were obtained by the solvent displacement 

technique. Next, their colloidal stability was assessed under simulated gastrointestinal 

conditions, paying special attention to their interactions with enzymes. The intestinal 

mucodiffusion of NE was evaluated by particle tracking technique. Last, their potential 

interactions and transport across the intestinal barrier was predicted in vitro using Caco-2 

cells as enterocyte-like model.  

1. FORMULATION AND CHARACTERIZATION OF NANOEMULSIONS.  

1.1. Role of the inner core on the formulation of lecithin/Pluronic® F127 stabilized 

nanoemulsions.  

One of the more popular approaches followed to modify the surface of nanocarriers is 

their coating with poly(ethylene glycol) (PEG) and derived molecules like Pluronics®. These 

PEG derivatives have two hydrophilic protruding tails and a hydrophobic central block that 

can be anchored to the surface of nanocarriers. Among them, Pluronic® F127 (PF127) is 

one of the most frequently used for drug delivery. Different authors have shown that PF127 

coatings may have a relevant impact on the biological performance of nanocarriers, 

improving their stability 1 or mucodiffusion 2. The properties conferred by PF127 and others 

PEG derivatives greatly depend on their coating density 3,4. In this sense, most of the studies 

in the literature are mainly focused on the role that the architecture of PEG derivatives plays 

on their arrangement to the surface of nanocarriers. For example, it has been described 

that the molecular weight of the selected PEG derivative affects to its coating efficiency, 

being lower molecular weights associated to denser coatings 4. Most of these studies have 

used model polymeric nanocarriers, mainly based on polystyrene (PS) or poly(lactic-co-

glycolic) acid (PLGA) 5–7. However, there is not much information available about the 

physicochemical properties of lipid-based nanocarriers, and specifically those of their inner 

cores, which are required to obtain efficient coatings with PEG derivatives such as PF127.  

In this context, the results included in Article II show the effect of the core on the PF127 

coating efficiency and the performance of the NE on the gastrointestinal tract. These 

systems were formulated with different oils: coconut (CN) oil, to yield CN-NE; wheat germ 

(WG) oil, to yield WG-NE, and palm (P) oil, to yield P-NE.  The physicochemical 

characterization of these NE, assessed by dynamic light scattering (DLS), showed low 

polydisperse populations (polydispersity (PDI) < 0.240) with hydrodynamic mean sizes of 

~210-230 nm and negative ζ-potential of ~-30 mV (Table 1). P-NE showed the smallest 

size, which may be attributed to the higher viscosity of P oil 8,9. The morphological evaluation 

of CN, WG and P-NE by transmission electron microscopy (TEM) confirmed the formation 

on NE droplets and their approximated size (data not shown). 

In addition, the composition of CN-NE, WG-NE and P-NE was modified to include α-

tocopherol as the 66% (v/v) of the core, while maintaining 33% of the original oil. The 
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molecule α-tocopherol was selected for its high hydrophobicity, apart from being the more 

abundant isomer of vitamin E and one of the most potent antioxidants. As depicted in Table 

1, the formulation of α-tocopherol modified NE led to smaller size values, probably explained 

by the high viscosity of α-tocopherol and alterations of the interfacial tension at the o/w 

interface of NE 10. CN-NE, WG-NE and P-NE modified with α-tocopherol showed higher 

homogeneity (lower PDI), compared to unmodified NE, and a superficial charge reduction 

that suggested denser PF127 coatings.  

 

1.2 Nanoemulsions stabilized by ascorbic acid derivatives for the targeting of the 

intestinal mucosa through sodium-dependent ascorbic acid transporters.  

Ascorbic acid derivatives such as ascorbyl-2-monopalmitate (AMP) or ascorbyl-2,6-

dipalmitate (ADP) have been traditionally used as excipients in pharmaceutical, cosmetics 

and food industries. Since these molecules maintain the antioxidant properties of ascorbic 

acid but with an amphiphilic nature, they have also been used in nanomedicine field, for 

example, in the formulation of lipid nanoparticles. 11–14. On the other hand, ascorbic acid is 

an essential micronutrient in humans, so it cannot be synthesized de novo by the organism 

and it must be absorbed in the intestinal epithelium.  In this sense, the enterocytes express 

the sodium-dependent ascorbic acid transporter (SVCT1), which is involved in the 

homeostasis of ascorbic acid in the organism 15. Since it is located at the apical brush of 

enterocytes, it has been recently proposed as an innovative intestinal target for oral 

nanocarriers 16. 

Bearing these considerations in mind, different NE based on AMP and ADP were 

formulated for targeting the intestinal epithelium through the SVCT-1 transporters (Article III 

and Article V). The composition of the systems was optimized according to the ascorbyl 

derivative and its concentration, for achieving stable NE with targeting properties. By using 

this targeting approach, the formulation process is simplified, and the generation of new 

chemical entities is avoided.  

NE formulated with increasing concentrations of AMP were named NEE1-AMP, NEE2-

AMP and NEE3-AMP; whereas those with ADP were NEE1-ADP, NEE2-ADP and NEE3-

Table 1. Physicochemical properties of nanoemulsions (NE) described in Article II. CN: 

coconut. WG: wheat germ. P: palm. 

Nanoemulsion Hydrodynamic 
mean size (nm) 

ζ -potential (mV) Polydispersity 
index 

CN-NE 223 ± 32 -34 ± 8 0.180 

WG-NE 231± 7 -33 ± 4 0.238 

P-NE 209 ± 9 -37 ± 2 0.200 

α-tocopherol CN-NE 166 ± 31 -20 ± 2 0.136 

α-tocopherol WG-NE 162 ± 17 -23 ± 5 0.171 

α-tocopherol P-NE 159 ± 7 -25 ± 3 0.169 
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ADP. Apart from the corresponding ascorbic acid derivative and the aqueous phase, α-

tocopherol was the only component of the NE core. The formulations NEE1-AMP, NEE2-

AMP and NEE3-AMP maintained the same ascorbic acid: α-tocopherol ratio than NEE1-

ADP, NEE2-ADP and NEE3-ADP, for facilitating the comparisons between the AMP and 

ADP prototypes.  

Both NEE-AMP and NEE-ADP were successfully obtained by the solvent displacement 

technique. Interestingly, the ascorbic acid derivatives were soluble in acetone, what allowed 

the elimination of ethanol from the organic phase. The physicochemical properties of the 

resulting NE are included in Table 2. Basically, NEE-ADP prototypes showed narrow 

distribution (PDI < 0.120), with size values ~170 nm and superficial charge ~60 mV. The 

increase of ADP ratio did not lead to remarkable physicochemical differences. However, the 

use of AMP as surfactant increased the size of the NE (90-100 nm higher than ADP-

stabilized NE), although showing narrow distributions (PDI < 0.150). The superficial charge 

of NEE-AMP was only ~10 mV higher than NEE-ADP. The spherical morphology and 

approximated size of NEE-AMP and NEE-ADP were confirmed by TEM.  

Once formulated, NEE-AMP, with a ζ-potential of ~ - 70 mV, showed massive 

aggregation within the first day after their preparation. According to the DLVO theory, this 

instability of NEE-AMP must be explained by other aggregation processes different to 

electrostatic aggregation. One possible explanation of the limited stability of NEE-AMP is  

based on the self-assembly capacity of AMP 13. Therefore, AMP can stabilize the NEE-AMP 

droplets but also form micelles of AMP, limiting the stabilization at the interface. Moreover, 

the interface of NEE-AMP could incorporate not only AMP molecules but also AMP 

hemimicelles 17, modifying the superficial properties of NE. Both processes may lead to the 

instability of NE in a short period of time.  

Opposite to NEE-AMP, NEE-ADP prototypes did not show any sign of destabilization 

after one month of storage at 4ºC. Similar results were obtained when the stability study 

was carried out at higher temperature, i.e., 40 ºC. The high ζ -potential of NEE-ADP (~ - 60 

mV) may contribute to the stability of these NE. Besides, the two hydrophobic tails in ADP 

could facilitate the molecule orientation in the interface of NEE-ADP with the polar head 

Table 2. Physicochemical properties of nanoemulsions (NE) described in Article III. AMP: 

ascorbyl-2-monopalmitate. ADP: ascorbyl-2,6-dipalmitate. 1-3 refers to increasing 

concentrations.  

Nanoemulsion Hydrodynamic 
mean size (nm) 

ζ -potential (mV) Polydispersity 
index 

NEE1-AMP 269 ± 10 -71 ± 8 0.151 

NEE2-AMP 240 ± 7 -78 ± 3 0.141 

NEE3-AMP 250 ± 49 -69 ± 7 0.113 

NEE1-ADP 166 ± 5 -61 ± 4 0.091 

NEE2-ADP 167 ± 7 -60 ± 8 0.089 

NEE3-ADP 161 ± 4 -62 ± 3 0.117 
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orientated towards the aqueous environment in a way to minimize energy. Based on these 

results, NEE-ADP were selected for the following studies carried out in Article III, Article IV 

and Article V.  

The rationale for developing NEE-ADP as drug delivery systems for poor water-soluble 

drugs was based on the high hydrophobicity of their cores, the low toxicity and high 

biocompatibility of the two components that constitute them. It is also important to highlight 

that due to the well-known antioxidant properties of both α-tocopherol and ascorbic acid, 

NEE-ADP may be used as an antioxidant platform itself. This could be promising for the 

treatment of health disorders associated to oxidative damage, including intestinal bowel 

disease (IBD).  

The antioxidant potential of NEE-ADP was determined by their ability to scavenge free 

radicals. Two different well-known assays, i.e., ABTS and DPPH, were used to ensure the 

robustness of this study. ABTS assay showed that non-emulsified components (physical 

mixture of α-tocopherol and ADP) had an antioxidant capacity of ~ 15.5 mM (Trolox 

equivalents). The NEE-ADP formulations showed no significant differences (p < 0.05) with 

non-emulsified controls in terms of antioxidant capacity, independently of the ADP 

concentration used. This was also observed by the DPPH assay (see Article III for further 

detail). These results indicated that the antioxidant capacity of the components that 

constitute NEE-ADP was preserved, even after the formulation process. In addition, the 

antioxidant capacity was mainly attributed to α-tocopherol, rather than to ADP, suggesting 

that the main role of the surfactant in the formulation was to stabilize the interface of the 

system. For that purpose, a control of α-tocopherol NE stabilized by lecithin was formulated 

showing no significant (p < 0.05) differences with ADP prototypes, neither in non-emulsified 

nor in emulsified (NEE-ADP) forms, as shown in Figure 1A. The rationale behind these 

results may be that the amounts of ADP required to stabilize NEE-ADP were low for 

appreciating the antioxidant potential of the molecule 11–13. 

Next, the antioxidant capacity of NEE-ADP was challenged by immersing them in an 

external oxidative environment. For this purpose, ABTS and DPPH assays were repeated 

with non-emulsified (physical mixture of α-tocopherol and ADP) and NEE-ADP formulations 

after their UV irradiation. While non-emulsified samples lost ~ 90-95% of their free radical 

scavenging activity, NEE-ADP only lost ~ 20-25% of their original antioxidant capacity 

(Figure 1B). The higher resistance of NEE-ADP against UV degradation may be due to the 

spherical shape of NE, which led to the smaller surface/mass ratio, minimizing the 

exposition of α-tocopherol to the external light source 18. Besides, the light scattered by the 

NE droplets may also reduce the interaction of α-tocopherol with the light 19.  
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2. INTERACTIONS OF THE NANOEMULSIONS WITH THE MAIN 

GASTROINTESTINAL BARRIERS. 

2.1 Colloidal stability of nanoemulsions under gastrointestinal conditions. 

Interactions with the gastrointestinal milieu.  

The GI tract is a complex environment that may compromise the integrity of NE, due to 

extreme pH variations or the presence of electrolytes and enzymes. The instability of NE 

      

 

Figure 1. Potential of NEE-ADP to scavenge free radicals. Results from ABTS assay carried out 

with NEE-ADP and expressed in terms of (A) trolox equivalents (mmol). (B) loss of antioxidant 

capacity (%) observed after UV irradiation (Mean ± SD, n≥ 3; p>0.05). NEE-ADP refer to NE 

stabilized by ADP (increasing concentrations), while NEE-L refers to the lecithin NE control 

used in this experiment.  ADP: ascorbyl-2,6-dipalmitate. NE: nanoemulsion. 
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can lead to their massive aggregation and/or premature leakage of their cargo molecules in 

the biological media. This thesis has evaluated the GI stability of NE by using simulated 

gastric and intestinal fluids (SGF and SIF, respectively), prepared according to the US 

Pharmacopeia (XXIX) indications 20.  

2.1.1 Pluronic® F127 coating and lipid digestion.  

Three different scenarios may occur after the interactions between enzymes and 

PF127-coated NE: i) heterogeneous enzymatic coating that leads to the aggregation of the 

formulation; ii) displacement of the PF127 coating by enzymes or bile salts, which may lead 

to the digestion of the formulation, including the formation of mixed micelles 21–23; or iii) lack 

of enzymatic coating due to PF127 stabilization and steric hindrance. Then, the colloidal 

stability CN-NE, WG-NE and P-NE (Article II), was evaluated in normal and plain (excluding 

enzymes) SGF and SIF.  

All the NE incubated for 2h in plain SGF at 37ºC maintained their hydrodynamic size 

during the whole experiment (Figure 2A). According to the DLVO theory, the lack of 

electrostatic stabilization leads to the aggregation of colloids; then, at low gastric pH (~1.2), 

the superficial charge of these NE would be close to zero and the systems should have 

aggregated. Instead, they remained stable indicating the involvement of non-DLVO 

stabilization forces. Concretely, PF127, located in the interface of the NE, may confer steric 

stabilization through its external chains that protrude into the aqueous phase, a 

phenomenon that is non-dependent on the medium salinity 17,24,25. This was confirmed by 

the studies performed with CN-NE, WG-NE and P-NE which were stable at pH 1.2 at 

increasing concentrations of NaCl or CaCl2 (2 mM-1M, data not shown). Interestingly, NE 

behave differently depending on the oil that constitute the core of the systems when normal 

SGF (including enzymes) was used. While P-NE remained stable, WG-NE slightly 

increased their size and CN-NE nearly doubled their original size (Figure 2A). The main 

hypothesis behind these results was the different affinity of PF127 towards the tested oils.  

It has been reported that hydrophobic interactions between Pluronics and the core of 

nanoparticles may determine the coating efficiency 2,26–28. Bearing this in mind, the 

hydrophobicity of CN, WG and P oils was determined by contact angle measurements. 

Briefly, a water drop was carefully located at the oil/air interface, and the contact angle was 

measured using a goniometric technique. As expected, P oil showed the higher 

hydrophobicity (30 ± 4º), whereas values obtained for CN and WG oils were similar (22 ± 1º 

and 21 ± 1º, respectively). It was then concluded that more hydrophobic oils may lead to 

higher PF127 interfacial incorporation by hydrophobic interactions. Therefore, the higher 

hydrophobic character of P oil would lead to stronger interactions of PF127 with the interface 

and subsequently to the improved stability of this system. 
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In line with the results obtained in plain SGF, all the formulations were also stable in 

plain SIF (Figure 2B). The inclusion of pancreatin in SIF did not affect to the P-NE 

hydrodynamic mean size, but the standard deviation of CN-NE and WG-NE was higher, 

which indicated non-optimal PF127 coatings of these two systems (Figure 2B).  

A 

B 

 

 

Figure 2. Colloidal stability of the CN-NE (square), Palm-NE (circle) and WG-NE (triangle) 

(Article II) incubated in (A) plain SGF (solid line, closed symbols) or in normal SGF, (dashed 

line, open symbols). (B) plain SIF (solid line, closed symbols) or in normal SIF, (dashed line, 

open symbols). Studies performed following US Pharmacopeia (XXIX) indications, at 37ºC for 

4h (mean ± s.d., n3). CN: coconut, WG: Wheat germ, P: palm, NE: nanoemulsion.  
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Despite to the absence of massive aggregation, it was not clear whether these results 

were derived from i) a PF127 stabilization (no interaction with enzymes) or ii) a gradual 

PF127 displacement by the pancreatic enzymes resulting in the formation of a 

homogeneous enzymatic coating. To clarify this, the enzymatic degradation (lipolysis study) 

of CN-NE, WG-NE and P-NE was assessed in vitro. As shown in Figure 3, the three NE 

were digested at different extent, a clear indication of the NE-enzymes interaction. In further 

detail, the lower degradation (close to 20%) was observed for P-NE, while WG-NE and CN-

NE suffered higher enzymatic lipolysis (30% and 40%, respectively). This confirmed that 

the physicochemical properties of P oil allowed stronger NE-PF127 interactions. The 

stability and the lipolysis results suggested that enzymes could homogeneously coat these 

NE, gradually digesting them from the surface (mixed micelles generation). This work 

demonstrated the relevance that the oily core physicochemical properties may have on the 

superficial characteristics of the formulation. 

2.1.2 Ascorbyl-2,6-dipalmitate nanoemulsions and the intestinal milieu.  

The stability studies performed with NEE-ADP (Article III) in simulated intestinal fluids 

showed that the size of NEE2-ADP and NEE3-ADP was slightly modified in plain SIF, but 

the NEE1-ADP prototype was clearly aggregating as a function of time (Figure 4). The 

reason behind the different behavior showed by the NEE-ADP formulations relies on the 

lower critical coagulation concentration (ccc) displayed by NEE1-ADP in the presence of 

different electrolytes (data not shown). 

 

Figure 3. Percentage of lipolysis of the CN-NE (square), Palm-NE (circle) and WG-NE 

(triangle) (Article II) incubated in SIF (US Pharmacopeia XXIX) at 37ºC for 60 min, (mean ± 

s.d., n3). CN: coconut, WG: Wheat germ, P: palm, NE: nanoemulsion.  
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The studies performed in normal SIF showed that all NEE-ADP maintained their original 

size values (Figure 4). Based on the previous experience, the hydrophobic surface of NEE-

ADP prototypes could lead to homogeneous enzymatic coatings, and consequently to the 

maintenance of the hydrodynamic mean size of the formulation. Interestingly,  the formation 

of a protein corona (PC) after the incubation of the formulation in physiological media may 

determine not only its colloidal stability, but also its interaction with the biological barriers 

29,30 31.  

The formation of the protein (enzymatic) corona onto NEE-ADP was evaluated by 

incubating the NE in SIF supplemented with bile salts and CaCl2 for 24 h. After the 

incubation, the samples were centrifugated and the middle fraction was collected for TEM 

imaging. The images allowed to confirm the formation of the PC that could be observed by 

a dense shadow around the NE (Figure 5). The cores of this novel core-shell structure were 

constituted by the NE and the shell was formed by the enzymes. This coating, named as 

intestinal PC (I-PC), could be easily observed by comparing the images of Figure 5A (non-

coated NE) with Figure 5B and Figure 5C (I-PC-coated NE). In terms of the size values, it 

was observed a reduction for I-PC coated NEE-ADP (~80 nm) compared to their original 

values (~160 nm). This could be explained by the gradual enzymatic digestion carried out 

during the experimental incubation time.  

 

 

 

Figure 4. Colloidal stability NEE-ADP (Article III) incubated in plain SIF (solid line and closed 

symbols) and in normal SIF (dashed line and open symbols) (mean ± SD, n ≥ 3). ADP: Ascorbyl-

2,6-dipalmitate.  
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2.2 Diffusion of nanoemulsions through the intestinal mucus barrier.  

The presence of the gastrointestinal mucus layer is another barrier that NE need to 

overcome before interacting with the intestinal epithelium. This thesis has studied the 

mucodiffusive potential of lecithin-stabilized NE (CN-NE, WG-NE and P-NE described in 

Article II); and ADP-stabilized NE (NEE-ADP described in Articles III and IV). The 

mucodiffusion of these NE was assessed using particle tracking (PT) technique and porcine 

intestinal mucus as a model barrier.  

2.2.1 Particle tracking results analysis.  

Time evolution of mean square displacement (MSD) of each individual trajectory in PT 

can be used to calculate the coefficient of diffusion (D, refers to the grade of diffusion) 

following next equation:  

𝑀𝑆𝐷 = 4𝐷𝜏𝛼          Eq. 1 

B C 

A 

 

 

Figure 5. Representative Transmission electron microscopy (TEM) images of NEE-ADP 

(Article III) (A) before and (B, C) after their incubation in SIF (US Pharmacopeia XXIX). I-PC, 

pointed by the arrow, can be clearly seen by the comparison of A and B-C pictures. ADP: 

Ascorbyl-2,6-dipalmitate. I-PC: intestinal protein corona.  
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where  is the lag time (time interval elapsed between the initial and the final position 

of a particle) and α is the coefficient of anomalous diffusion, and refers to the mode of 

diffusion 32–34. MSD are normally plotted by the linearization of Eq.1 for each particle. The 

coefficient of determination (R2) has been the more widely used parameter to determine the 

goodness of the fit of the experimental data to the theoretical model (Eq 1). Values of R2 ~ 

1, ensure good linear adjustments; then, it is common to discriminate trajectories with R2 

below a certain threshold (e.g. 0.7-0.9, varying between PT users) 35–38. Mathematically, R2 

is calculated as follows:  

𝑅2 = 1 −
𝑅𝑆𝑆

𝑇𝑆𝑆
          Eq. 2 

where RSS is the residuals sum of squares and TSS is the total sum of squares. As 

expected, those trajectories with poor goodness-of-fit show low R2. Interestingly, adhesive 

particles present reduced dependence of MSD with time and then RSS/TSS may tend to 1 

and R2 to 0. Then, performing a screening of trajectories relying only in a certain R2 

threshold may contribute to the exclusion of not only erratic trajectories, but also the 

particles with lower diffusion capacity from the final analysis. This may lead to a remarkable 

overestimation of the diffusion properties. This was clearly confirmed in Article IV by 

comparing adhesive (polystyrene nanoparticles, PS NPs) and diffusive (PS NPs coated with 

PF127, PS-127 NPs) controls, as shown in Figure 6 and Figure 7.  

These studies showed that narrowing the R2 threshold did not have a remarkable 

impact on the diffusive control. However, both Dm/Dw and α values of the adhesive control 

clearly depended on R2. As an example, if PS NPs trajectories with R2 values below 0.7-0.9 
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Figure 6. Distribution of trajectories (%) of mucoadhesive (PS, black columns) and 
mucodiffusive (PS-127, grey columns) NPs as a function of 𝑅2. Normally, high 𝑅2 values are 
associated with diffusive trajectories. PS NPs: polystyrene nanoparticles.  
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were not considered, Dm/Dw was 2 orders of magnitude higher than the one obtained 

including trajectories with lower R2. Regarding α, the increase of R2 threshold changed its 

distribution from an immobile-hindered behaviour towards a subdiffusive one, which did not 

correlate with what it was expected due to the high adhesive properties (Figure 7). 

This evidence indicated that it is required to include additional screening parameters to 

R2 for the analysis of mucodiffusion. In this line, the RSS parameter reaches high values 

when MSD=MSD (τ) and it is reduced when MSD show low variations with time, i.e., 

adhesive trajectories. It was then hypothesized that a combination of R2 and RSS may lead 

to better screenings of the experimental PT data. To determine the usefulness of this 

innovative approach, we carried out the screening and analysis of PS NPs and PS-127 NPs 

following the decision tree of Figure 8. Interestingly, the combination approach yielded to a 

Dm/Dw= 1.7 x 10-1 (α~ 0.7) for diffusive PS-127 NPs. These results were similar to those 

obtained using only R2 as screening factor. However, Dm/Dw= 1.3 x 10-3 (α~0.1) was 

obtained for adhesive PS NPs. This result was in accordance with the expected behaviour 

for PS-127 NPs and confirmed the validity of the combination screening approach.  

On the other side, given the high number of trajectories, PT data screening and analysis 

may be highly intense and time-consuming. Although some PT software have been 

described 35,38, none of them include the combination screening approach here described. 

For this reason, a novel software, based on R script and programming language, was 

developed to facilitate the analysis of PT results. The software developed can perform the 

whole analysis and combination-based screening of all trajectories in one sample in less 

than 5 min. In further detail, by uploading raw MSD data (input), the software provides a 

detailed characterization of the diffusion behaviour of the sample, including parameters 

such as D or α (output).  

This software provides individual (by particle) or overall (mean or median) results, apart 

from allowing the group of heterogeneous results in different subpopulations. Thus, it arises 

  

Figure 7. Impact of 𝑅2 threshold screening on the diffusion results derived from particle 
tracking experiments, expressed in terms of (A) Dm/Dw, (B) α value of PS NPs. Adhesive 
NPs refer to unmodified PS NPs. Diffusive refer to PS-127 NPs. PS NPs: commercial 
polystyrene nanoparticles.  
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as a promising tool for the PT-derived data analysis. Figure 9 shows one of the different 

menu bars that appear in the software. Further information can be found in Article IV or in 

the software website itself (https://shiny.uclm.es/apps/tracking/), which also includes a 

detailed video tutorial on how to use it. 

 

 

Figure 8. Optimized decision-tree for particle tracking (PT) screening of trajectories showing 
poor goodness-of-fit. (A) Conventional approach, based on 𝑅2 and (B) proposed approach, based 
on a combination of 𝑅2 and residuals sum of squares (RSS) error measurements. 

 

 

Figure 9: Particle tracking (PT) software. Tracks tab. Linear regression of selected particles from 

the loaded data. Examples files are included. Lag time can be adjusted.  See Article IV for further 

detail.  

 

https://shiny.uclm.es/apps/tracking/
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2.2.2 Mucodiffusion capacity and PF127.  

The capacity of a formulation to efficiently diffuse across the mucus barrier can be 

improved with dense PEG derivatives coatings, achieved either by covalent linking or 

adsorption 39,40. The surface properties of the nanocarriers are important in both 

approaches, but they can be determinant for achieving successful adsorption coatings 41.  

The studies included in this thesis have shown that the physicochemical properties of 

the NE cores may affect to the density of PF127 coatings and the surfactant arrangement. 

To assess the impact that this effect may have on the mucodiffusion of NE, PT experiments 

were performed with fluorescently labelled CN-NE, WG-NE and P-NE.  All the NE showed 

adhesive-like behaviours, with α < 0.1 and Dm 4 order of magnitude lower than those 

obtained in PBS (Table 3). Previous results indicated that the hydrophobic character of CN, 

WG and P oils was enough for achieving PF127 coatings able to stabilize the NE under 

gastrointestinal conditions (see Section 2.1.1). Unfortunately, the coating density achieved 

by CN, WG and P oils was not able to promote the diffusion of the formulations across the 

mucus barrier. 

On this context, it was proposed to reformulate NE for achieving systems with higher 

hydrophobic cores 42. Concretely, 66% (v/v) of α-tocopherol, a molecule with a contact angle 

of 53 ± 2, was included in the inner cores of CN-NE, WG-NE and P-NE. Denser PF127 

coatings were achieved for the three systems as could be observed by their ζ-potential 

reduction (Table 1) and their enhanced diffusion capacity: α > 0.7 and Dm/DPBS values of 

1.2-1.4 (Table 4).  

These results, included in Article II, show that the interactions between the different 

components of the formulation, including the oily core, determine the mucodiffusive 

properties of NE. Thus, it is important to consider all components of the NE during their 

design and formulation process. 

Table 3. Mucodiffusion results for NE described in Article II. Effective diffusion coefficient at 

a time scale of 1 sec, Dm/DPBS, α parameter and the time required by the CN-NE, WG-NE, P-NE 

to cross a layer of 100µm of porcine mucus. CN: coconut, WG: Wheat germ; P: palm; NE: 

nanoemulsions. 

 

System Dif. Coef.  
(D (µm2/sec)) 

Dm/DPBS α 

PS 2.52*10-4±2.1*10-4 1.09*10-4±9.46*10-5 0.01±0.01 
PS-127 0.82±0.26 0.36±0.11 0.88±0.10 

CN-NE 6.26*10-4±2.24*10-4 2.72*10-4±9.74*10-5 0.09±0.10 
P-NE 6.65*10-4±2.90*10-4 2.89*10-4±1.26*10-4 0.05±0.11 
WG-NE 3.90*10-4±1.80*10-4 1.63*10-4±7.66*10-5 0.06±0.06 
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2.2.3 Intestinal protein corona and mucodiffusion. 

The results included in Article II and Article III indicated that intestinal enzymes could 

homogeneously coat NE. Concretely, in Article III the formation of an I-PC coating NEE-

ADP was clearly demonstrated. Analogously to the PC, which can modulate the behaviour 

of a formulation after systemic administration, this thesis has studied the effect of intestinal 

enzyme coatings on the interaction of the NE with the intestinal mucus barrier by using PT 

(the results were included in Article III).  

The α-values obtained for NEE-ADP correspond mainly to low diffusive particles, see 

Figure 10A. For example, 90% of NEE2-ADP were immobilized or hindered in the mucus, 

while only 10% were subdiffusive or diffusive.  

Similar results were observed in terms of Dlong/Dshort (concretely D1sec/D0.2sec) 

coefficients, where only 5-15% of the particles in NEE-ADP had Dlong/Dshort > 0.9 (see Figure 

11). No significant differences were found (p < 0.05) between NEE1-, NEE2-, or NEE3-ADP 

prototypes. This high affinity of NEE-ADP towards mucus may be explained by the 

hydrophobicity of the surface formulation.  

Interestingly, a completely different behaviour was observed when the mucodiffusion 

of I-PC coated NEE-ADP was evaluated. First, the distribution of α-values showed a clear 

displacement of the particles towards a subdiffusive-diffusive behavior, e.g., 68% of 

particles in NEE2-ADP, and only 20% immobile particles (Figure 10B). The I-PC coating 

also led to a significant increase in the fraction of particles with Dlong/Dshort > 0.9 (see Figure 

11).  

The improvement of the diffusion showed by I-PC coated NEE-ADP can be due to size 

reduction and but also to surface modifications. This was assessed by studying the 

mucodiffusion of bare and I-PC coated fluorescently labeled PS NPs. In this occasion, the 

enzymes coated the PS NPs in a similar way to NEE-ADP, without affecting to their size. 

As expected, bare PS NPs where highly retained in the mucus (Dm/DPBS= 2.9 ± 1.6 x 10-4).  

Table 4. Mucodiffusion results for NE reformulated with α-tocopherol described in Article II. 

Effective diffusion coefficient (D) at a time scale of 1 sec, Dm/DPBS, α parameter and the time 

required by the CN-NE, WG-NE, P-NE α-tocopherol blend formulations to cross a layer of 100µm 

of porcine mucus. CN: coconut, WG: Wheat germ; P: palm; NE: nanoemulsions. 

 

System Dif. Coef.  
(µm2/sec)*102 

Dm/DPBS*102 α 

CN-NE 3.2±0.8 1.4±0.4 0.72±0.08 
P-NE 2.8±1.2 1.2±0.5 0.73±0.11 
WG-NE 2.8±0.9 1.2±0.4 0.72±0.07 
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Figure 10. Population distribution of PS NPs and NEE2-ADP prototypes bare or I-PC coated as 

a function of the  values. (A) Bare PS nanoparticles; (B) I-PC coated PS nanoparticles; (C) 

Bare NEE2-ADP; (D) I-PC coated NEE2-ADP. Readers are referred to Article III for further 

information about NEE1-ADP and NEE3-ADP. ADP: Ascorbyl-2,6-dipalmitate; PS NPs: 

commercial polystyrene nanoparticles.  
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Figure 11. Fraction of mucodiffusive particles of the plain and I-PC coated ADP-stabilised 

nanoemulsions (black and dashed bars, respectively). Dlong/Dshort ≥ 0.9 was set for mucodiffusive 

NE. I-PC: intestinal protein-corona; ADP: Ascorbyl-2,6-dipalmitic; NE: nanoemulsion.  
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Interestingly, I-PC coated PS NPs showed a 2 order of magnitude increase in their 

diffusion capacity, showing a similar behavior to PS-127 NPs control (Dm/DPBS= 1.7 ± 1.7 x 

10-1). The enhanced diffusion of I-PC PS NPs was also reflected in their α-values. In this 

sense, 96% of the bare PS NPs showed an immobile or hindered behavior (Figure 10C), 

whereas this fraction was reduced to 58% in I-PC PS NPs (Figure 10D).  

Overall, it was concluded that the formation of a PC itself, with independence of the 

size reduction, may determine the mucodiffusion and subsequent bioavailability of the 

systems.  

3. Targeting and interaction of ascorbyl-2,6-dipalmitate nanoemulsions with the 

intestinal epithelial barrier. 

The interaction of NE stabilized by ADP with the intestinal epithelial barrier was 

evaluated in vitro by using the enterocyte-like model based on Caco-2 cells monolayers 

(Article V). The formulations tested were NEE1-ADP and NEE2-ADP, detailed in Article III, 

but coated with PF127 to ensure their stability in cell culture media. The concentration of 

PF127 was optimized to be the minimum required (0.6 mg/mL) that guarantees the stability 

of the NE without shielding the ascorbyl moieties of the surface. For that purpose, the 

nomenclature was slightly modified to distinguish non-coated from PF127 coated NE (NEE-

ADP prototypes, e.g., NEE1-ADP, in Article III vs NE-ADP, e.g., NE1-ADP, in Article V). As 

shown in Table 5, the incorporation of PF127 led to homogeneous NE (PDI < 0.220) that 

showed minimum size variation. The reduction of the superficial charge, from ~ -60 mv in 

NEE-ADP (Table 2) to ~ -30 mv in NE-ADP (Table 5), was indicative of the efficient PF127 

incorporation.  

The cell viability studies, performed by crystal violet assay, showed low toxicity of both 

NE1-ADP and NE2-ADP, even at high concentrations. This result was expected, 

considering the low toxicity of the components that constitute NE-ADP, and it allowed to 

select a high (500 µL/ml) NE-ADP concentration for the following in vitro experiments. The 

evaluation of the interaction with the intestinal epithelial barrier was performed by growing 

Caco-2 cells in cell culture inserts for 21 days to obtain confluent monolayers. The 

differentiated Caco-2 cells share characteristics with enterocytes, including the apical 

microvilli expression or their connections through tight junctions, so they are commonly used 

Table 5. Physicochemical properties of nanoemulsions (NE) described in Article V. ADP: 

ascorbyl-2,6-dipalmitate. CC: curcumin. L: lecithin.  

Nanoemulsion Hydrodynamic 
mean size (nm) 

ζ -potential (mV) Polydispersity 
index 

NE1-ADP 173 ± 15 -24 ± 3 0.162 

NE2-ADP 175 ± 14 -38 ± 2 0.218 

NE-L 171 ± 10 -24 ± 4 0.226 

CC-loaded NE1-ADP 173 ± 20 -20 ± 3 0.173 

CC-loaded NE-L 163 ± 10 -13 ± 2 0.142 
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for intestinal permeation studies  43. Concretely, the transport of NE1-ADP and NE2-ADP 

was evaluated in terms of their α-tocopherol coefficient of permeability (Papp (cm/sec)). In 

this sense, an interesting advantage of using α-tocopherol as the only component of the 

core of NE-ADP is that it enabled a direct tracing of the NE, which is an alternative to the 

use of encapsulated molecules or dyes. Lecithin NE (NE-L), which only differed from NE-

ADP on the emulsifier used, were also included in these transport experiments as a control 

to determine the role of ADP on the interaction with the cells. 

The Papp results indicated that the transport of NE1-ADP across Caco-2 monolayers 

was very low, and it was not even enhanced with higher ADP concentrations. Indeed, α-

tocopherol Papp was significantly higher for NE1-ADP ((0.20 ± 0.07) x 10-6 cm/sec) compared 

to NE2-ADP ((0.10 ± 0.05) x 10-6 cm/sec). On the other hand, the control NE-L led to high 

α-tocopherol Papp ((5.46 ± 1.1) x 10-6 cm/sec), which indicated high transport rates across 

the monolayer. The high permeability observed for NE-L could be explained by the 

permeation-enhancing properties of lecithin, which phospholipidic nature is very similar to 

that of cell membranes 44,45, probably leading to permeation by endocytosis or transcytoses 

processes. Indeed, previous authors have demonstrated that lipid-based nanocarriers 

stabilized by lecithin and sized 170-180 nm  were transported by Caco-2 cells mainly by 

these transport processes46,47. However, mechanistic studies are required to further validate 

this hypothesis.  

The potential of NE1-ADP as oral drug delivery carrier was assessed by including the 

hydrophobic molecule curcumin (CC) into the oil core. Indeed, CC is a good candidate for 

the formulation in nanocarriers due to its low water solubility and stability limitations  48.The 

pleiotropic effects of CC have shown great potential for a wide variety of health disorders 

like IBD, reducing the oxidative damage and the inflammation of the gastrointestinal tract in 

animal models 49–51. Then, CC was encapsulated in NE1-ADP but also in NE-L as control. 

The encapsulation of CC in both systems did not substantially change their physicochemical 

properties compared to the unloaded NE (Table 5). The results obtained by High 

Performance Liquid Chromatography (HPLC) showed high CC encapsulation efficacy (EE) 

in both NE1-ADP and NE-L (~ 100%). High encapsulation levels were expected due to the 

relatively low CC concentration included in NE, and the high solubilizing capacity of α-

tocopherol.  

The formulations tested in the transport experiments were CC-loaded NE1-ADP and 

CC-loaded NE-L, the control of a CC suspension (CC-sus) was also included. The Papp 

values of CC obtained were in line with the ones for α-tocopherol. Concretely, CC levels at 

the basolateral side of the inserts for CC-loaded NE1-ADP and the control CC-sus were 

below the quantification limit (HPLC CC limit of detection was 5 ng/mL). Nevertheless, CC-

loaded NE-L achieved high CC Papp values ((6.99 ± 0.09) x 10-6 cm/sec). Thus, it showed 

potential for increasing the systemic delivery of CC and similar molecules by the oral route.  

It has been previously reported that Caco-2 cells express SVCT1 transporters at their 

apical brush like intestinal enterocytes 15,52. Then, to understand the interaction of ADP-NE 
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with the intestinal cells via SVCT1, the next experiments were focused on internalization 

studies of NE-ADP with Caco-2 cells monolayer using confocal laser scanning microscopy 

(CLSM). For that purpose, fluorescently labelled NE (DiD encapsulated in the inner core) 

were used.  

The results indicated high intracellular accumulation of NE-ADP after 2 h (Figure 12). 

This suggest that NE-ADP strongly interact with Caco-2 cells but remained retained within 

the cells without being transported to the basolateral side, which correlates to the 

permeability studies. Opposite, it could not be possible to observe fluorescence from the 

NE-L control, indicating that NE-L were not retained in the cells. Considering the high 

 

Figure 12. CLSM images to show the intracellular presence of NE-ADP and NE-L within Caco-

2 cells monolayers. Fluorescently labelled NE (DiD encapsulated) were used. DiD appears in 

green, cell membranes were stained in red with rhodamine-phalloidine and cellular nuclei, 

stained with DAPI, are shown in blue. For a better visualization, DAPI has not been included in 

the merged images. ADP: ascorbyl-2,6-dipalmitate. CLSM: confocal laser scanning 

microscopy. L: lecithin. NE: nanoemulsion.  
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permeability results obtained for NE-L, this could be due to their massive transport across 

the monolayer. 

In line with the permeability results, the interaction of NE2-ADP compared to NE1-ADP 

did not lead to higher cellular detection of DiD, suggesting that the interaction of the systems 

with the cells cannot be enhanced by increasing ADP ratio in the NE. Then, it could be 

suggested that there might be an optimal amount of ADP for promoting the interaction with 

SVCT1, but that higher amounts could lead to the saturation of the transporter. This has 

been tested by studying the internalization of NE-ADP after a pre-treatment of Caco-2 cells 

monolayers with an ascorbic acid concentration of 100 µM (a concentration in the SVCT1 

saturation range) 53. As Figure 13 shows, the ascorbic acid pre-treatment clearly reduced 

the intracellular accumulation of NE-ADP, but it did not modify the results obtained for the 

NE-L control.  These preliminary results pointed to the involvement of SVCT1 transporters 

on the internalization of NE-ADP, although additional studies may be required to confirm it. 

This was in line with the work by Luo Q. et al., who reported that ascorbate-conjugated 

nanoparticles followed a SVCT-1 mediated uptake process, and that ascorbate derivatives 

may be an appealing approach for intestinal targeting 16.  

The novelty of this ascorbate-mediated targeting strategy is that it can be achieved 

without requiring the surface modification or covalent conjugation of the carriers with 

additional ligands. Indeed, it can be obtained by using an amphiphilic molecule that 

stabilizes the interface of the carriers and is a targeting ligand by itself. This is interesting in 

formulation development, as it simplifies the protocol and it avoids the generation of new 

chemical entities that could complicate future regulatory aspects.  

The tissues affected by IBD are characterized by an excessive accumulation of reactive 

oxygen species (ROS) due to intracellular oxidative stress. Despite it has not been clearly 

elucidated, oxidative stress plays a key role in IBD pathogenesis and progression of the 

disease 54,55. Then, the capacity to scavenge cellular ROS of unloaded and CC-loaded NE 

was evaluated using the dichlorofluorescein assay. This hypothesis was supported by the 

intracellular retention achieved by NE-ADP and the antioxidant potential of CC and NE-

ADP.  

The ROS scavenging capacity was different depending on the nanocarrier tested. 

Despite having the same amount of α-tocopherol, NE1-ADP and NE-L control differed 

significantly (p < 0.05) on their ROS scavenging capacity (Figure 14). As expected, NE1-

ADP were able to reduce ROS levels (to 34 ± 10%), in line to the strong intracellular 

accumulation of the system, meanwhile NE-L did not show significant differences with the 

100% ROS control. Based on the previous ABTS and DPPH studies (see Section 1.2 or 

Article III), it is feasible to hypothesize that the ROS scavenging capacity of NE1-ADP would 

mainly be due to α-tocopherol, despite the antioxidant properties of ADP. In fact, ROS levels 

obtained after treatment with NE2-ADP were not different (p < 0.05) from those for NE1-

ADP.  
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On the other hand, NE-L did not lead to a significant (p < 0.05) ROS decrease, 

compared to the H2O2 control, which provides the highest (100%) value of ROS levels. The 

results obtained from the ROS scavenging potential correlate well with those from the 

permeation and the internalization studies, since NE-L may not be able to exert its 

antioxidant potential within cells if they are rapidly transported through them. On the other 

hand, CC loaded NE1-ADP decreased ROS even below basal levels (14 ± 5%), confirming 

its potential to deliver CC to Caco-2 cells. Opposite, CC loaded NE-L did not have any effect 

on intracellular ROS levels compared to H2O2 control (p < 0.05). This was expected 

 

Figure 13. CLSM images to show the intracellular presence of NE-ADP and NE-L within Caco-

2 cells monolayers after having been pre-treated with ascorbic acid (100 μM) for 24 h. 

Fluorescently labelled NE (DiD encapsulated) were used. DiD appears in green, cell membranes 

were stained in red with rhodamine-phalloidine and cellular nuclei, stained with DAPI, are shown 

in blue. For a better visualization, DAPI has not been included in merged images. Comparison 

with Figure 12 helps to observe the effect of ascorbic acid pre-treatment. ADP: ascorbyl-2,6-

dipalmitate. CLSM: confocal laser scanning microscopy. L: lecithin. NE: nanoemulsion. 
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considering that the unloaded NE-L did not decrease ROS either. Finally, CC-sus 

decreased intracellular ROS levels to 60 ± 18%. 

This work highlights the role that ADP has on the development of NE for targeting the 

intestinal epithelium. Indeed, it can be concluded that NE-ADP may be an interesting 

platform for achieving localized treatments to the intestinal mucosa, what is required for IBD 

treatment. On the other hand, NE-L are nanocarriers that can be postulated for enhancing 

the oral bioavailability of poorly water-soluble molecules.   

 

Figure 14. Capacity of NE described in Article V to scavenge intracellular reactive oxygen 

species (ROS) levels, assessed by dichlorofluorescein diacetate (DCFH-DA) assay. Effect of 

CC-sus, unloaded and CC-loaded lecithin and ADP-stabilised NE on H2O2-induced intracellular 

ROS generation in Caco-2 cells. (N=4, n=4, mean ± SEM; ***p<0.001). CC: curcumin. PBS: 

phosphate buffer saline. CC-sus: CC suspension. NE: nanoemulsions. L: lecithin. ADP: 

ascorbyl-2,6-dipalmitate.  
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CONCLUSIONS 

This work has evaluated the potential interactions of nanoemulsions (NE) based on 

different compositions with the main gastrointestinal barriers, including enzymes, intestinal 

mucus or the epithelium. The conclusions from this work may contribute to the rational 

design and development of NE for oral drug delivery. The information about the 

gastrointestinal performance of lipid-based nanocarriers may facilitate their development 

process and future clinical translation.  

i. The physicochemical properties of the NE core, and particularly its hydrophobicity, 

may determine the final superficial properties of the formulation and then modulate the 

interaction of NE with the gastrointestinal biomolecules as well as their capacity to 

diffuse across intestinal mucus.   

 

ii. Both ascorbyl-2-monopalmitate (AMP) and ascorbyl-2,6-dipalmitate (ADP) enable the 

formation of NE. The NE stabilized by ADP show appropriate stability, while those 

stabilized by AMP have poor stability, probably explained by the auto-assembling 

capacity of AMP.  

 
iii. The formation of an intestinal protein corona on NE may enhance their mucodiffusion 

behaviour to levels comparable to those of the mucodiffusive controls.  

 
iv. The use of R2 as the unique screening parameter during data analysis in particle 

tracking experiments can lead to misleading results and overestimation of the 

mucodiffusive capacity of nanocarriers.  

 

v. The development of analysis software for the accurate interpretation of results, 

including particle heterogenicity distribution, is required for particle tracking applied to 

drug delivery. 

 
vi. The interfacial composition of NE determines their interactions with Caco-2 cells. 

While NE stabilized by ADP are internalized and retained by Caco-2 cells, remarkably 

reducing the intracellular oxidative environment; the NE stabilized by lecithin are 

transported across Caco-2 cells without decreasing the intracellular oxidative 

environment. 

 

vii. The cellular internalization of NE stabilized by ADP seems to be mediated by the 

ascorbic acid transporter SVCT1 expressed at the apical membrane of Caco-2 cells.  
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CONCLUSIONES 

Este trabajo ha evaluado las potenciales interacciones de nanoemulsiones (NE) 

basadas en diferentes composiciones con las principales barreras gastrointestinales, 

incluyendo enzimas, moco intestinal o el epitelio. Las conclusiones de este trabajo pueden 

contribuir a un diseño y desarrollo racional de NE para la administración oral de fármacos. 

La información sobre el comportamiento gastrointestinal de nanotransportadores lipídicos 

podría facilitar su proceso de desarrollo y su futura translación clínica.  

i. Las propiedades fisicoquímicas del núcleo oleoso de las NE, particularmente su 

hidrofobicidad, pueden determinar las propiedades superficiales de la formulación y 

así modular la interacción de las NE con los componentes del medio intestinal y su 

capacidad para difundir a través del moco intestinal.  

 

ii. El ascorbil-2-monopalmitato (AMP) y el ascorbil-2,6-dipalmitato (ADP) permiten la 

formación de NE. Las NE estabilizadas por ADP muestran una estabilidad apropiada, 

pero aquellas estabilizadas por AMP muestran una pobre estabilidad, probablemente 

explicada por la capacidad de autoensamblaje del AMP.  

 
iii. La formación de una corona proteica intestinal en las NE puede potenciar su 

mucodifusión a niveles comparables a los mostrados por controles mucodifusivos. 

 
iv. El uso de R2 como único parámetro de cribado durante el análisis de datos llevado a 

cabo en los experimentos de tracking de partículas puede conducir a resultados 

erróneos y una sobreestimación de la capacidad mucodifusiva de los 

nanotransportadores.  

 

v. El desarrollo de un software de análisis que permita una interpretación precisa de los 

resultados, incluyendo la distribución en la heterogeneidad de las partículas, es 

necesario para la aplicación del tracking de partículas en el campo de la 

administración de medicamentos.  

 

vi. La composición interfacial de las NE determina sus interacciones con las células 

Caco-2. Mientras que las NE estabilizadas por ADP son internalizadas y quedan 

retenidas por estas células, reduciendo remarcablemente el ambiente oxidativo 

intracelular, las NE estabilizadas por lecitina son transportadas a través de las células 

Caco-2 sin disminuir el ambiente oxidativo intracelular.  

 
vii. La internalización celular de las NE estabilizadas por ADP parece estar mediada por 

el transportador de ácido ascórbico SVCT1 expresado en la membrana apical de las 

células Caco-2. 
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1. STATE OF THE ART AND ROLE OF NANOTECHNOLOGY IN DRUG 

DELIVERY TO THE BRAIN (2017 AND 2018) 

One of the main challenges of neurological and age-related disorders is to achieve 

efficient drug delivery to the brain. As happens with the oral route, basis of this thesis, the 

main obstacles to neurological drug delivery success are the physicochemical barriers that 

drugs must first overcome. In this sense, nanomedicine has been exploited as a tool to 

mitigate these limitations, e.g., development of nanocarriers able to overcome the blood-

brain barrier. Although relevant progress has been made in this line, the complexity of the 

nervous system and related disorders still require further understanding on the interactions 

nanocarriers-brain. In this context, the doctoral student has participated in the publication 

of two review works focused on drug delivery to the brain, whose abstracts are enclosed 

below.  

1.1 Colloids for drug delivery to the brain  

The field of neurodegenerative diseases have lately experienced significant advances. 

Despite that, we are still far from achieving the recovery of the patients. Nowadays there is 

more profound knowledge about the origins of the disorders and experimental therapies 

have become available. These attainments are encouraging, as the incidence of 

neurodegenerative diseases will notably increase in the coming years. This increases the 

demand for treatments that are more efficient. Up to now, the molecules that have proven 

to be effective cannot access the brain due to the restrictions posed by the blood-brain 

barrier (BBB). This review focuses on the most significant physiological approaches that 

used colloids as carriers to improve the delivery of therapeutics to the brain. In that sense, 

the general design considerations of colloids will be discussed with regard to the importance 

of size, surface properties, core composition, targeting and interaction with mucosal tissues. 

The improvement of the interaction with the BBB, the increase of drug bioavailability by the 

oral route and the nose-to-brain pathway illustrates the physiological efforts to circumvent 

the transport limitation of the BBB, and therefore they will be specially analysed. 

 

 

 

 

 

 

 

Authors: M.J. Santander-Ortega, M. Plaza-Oliver, V. Rodríguez-Robledo, L. Castro-Vazquez, N. 

Villaseca-Gonzalez, J. Gonzalez-Fuentes, P. Marcos, M.M. Arroyo-Jimenez, M.V. Lozano. 

Journal and date: Journal of drug delivery Science and Technology (2017). 

DOI: https://doi.org/10.1016/j.jddst.2017.07.012 
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1.2 Neuroprotective natural molecules, from food to brain. 

The prevalence of neurodegenerative disorders is increasing; however, an effective 

neuroprotective treatment is remaining. Nutrition plays an important role in neuroprotection, 

as recently shown by epidemiological and biochemical studies which identified food 

components as promising therapeutic agents. Neuroprotection includes mechanisms 

focused on preventing neuronal damage and alleviating the consequences of massive cell 

loss, such as activation of specific receptors, changes in enzymatic neuronal activity, and 

synthesis and secretion of different bioactive molecules. Some neuropathological disorders 

selectively affect to particular neuronal populations; thus, it is important to know their 

neurochemical and anatomical properties to design effective therapies. Although the design 

of such treatments would be specific to neuronal groups sensitive to damage, the effect 

would have an impact in the whole nervous system. The difficult overcoming of the blood 

brain barrier (BBB) has hampered the development of efficient therapies for prevention or 

protection. BBB is a physical, enzymatic, and influx barrier that efficiently protects the brain 

from exogenous molecules. Therefore, the development of new strategies, i.e. nanocarriers, 

that help to promote the access of neuroprotective molecules to the brain, is needed for 

providing more effective therapies for the disorders of the central nervous system (CNS). In 

order both to trace the success of these nanoplatforms on the release of the bioactive cargo 

in the CNS and determinate the concentration at trace levels of targets biomolecules by 

analytical chemistry, separation instrumental techniques constitute an essential tool. 

Currently, these techniques are used for the determination and identification of natural 

neuroprotective molecules in complex matrixes. Separation techniques, e.g., 

chromatography and capillary electrophoresis, using optical and/or mass spectrometry 

detectors, provide multiples combinations for the quanti- and qualitative analysis at both 

basal and higher concentrations of bioactive analytes in biological samples. Bearing this in 

mind, the development of food neuroprotective molecules as brain therapeutic agents is a 

complex task that requires the intimate collaboration and engagement of different disciplines 

for a successful outcome. In this sense, this work reviews the new advances achieved in 

the area towards a better understanding of the current state of the art and it highlights 

promising approaches for brain neuroprotection 

 

 

 

Authors: J. González-Fuentes, J. Selva, C. Moya, L. Castro-Vázquez, M.V. Lozano, P. Marcos, M. 

Plaza-Oliver, V. Rodríguez-Robledo, M.J. Santander-Ortega, N. Villaseca-Gonzalez, M.M. Arroyo-

Jiménez. 

Journal and date: Journal of drug delivery Science and Technology (2018). 

DOI: 10.3389/fnins.2018.00721 
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2. NANOTECHNOLOGY IN REPRODUCTION FIELD (2020) 

Oxidative environments are widely recognized to have deleterious effects on sperm 

cells, e.g. reduced mobility or altered DNA integrity.  This explains why antioxidant therapies 

are proposed to improve the sperm quality. However, many antioxidants exhibit 

biopharmaceutical limitations that hamper their final application. On the other hand, 

nanocarriers are starting to gain interest as delivery systems in the field of reproduction and 

spermatology. In this context, in collaboration with D. R. Fernández (UCLM, Spain), vitamin 

E (VE) nanoemulsions were proposed as an innovative tool in the field to improve the 

delivery of VE to animal sperm cells, with the aim to improve the quality of the spermatic 

samples. Within this project, the doctoral student participated in the development, 

formulation, and characterization of the VE nanoemulsions. Results from this work were 

published in a high-impact journal, being the abstract of the publication enclosed below.  

Nanotechnology in reproduction: Vitamin E nanoemulsions for reducing 

oxidative stress in sperm cells. 

Vitamin E is considered a powerful biological antioxidant; however, its characteristics 

such as high hydrophobicity and low stability limit its application. We propose to use 

nanotechnology as an innovative tool in spermatology, formulating nanoemulsions (NE) that 

accommodate vitamin E, protecting it from oxidation and promoting its release into the 

medium. The protective effect of the NE against oxidative stress was assessed in red deer 

epididymal sperm incubated at 37 °C. Cryopreserved sperm from eleven stags were thawed 

and extended to 400 × 106 sperm/ml in Bovine Gamete Medium (BGM). Once aliquoted, 

the samples were supplemented with the NE at different concentrations (0, 6 and 12 mM), 

with or without induced oxidative stress (100 μM Fe2+/ascorbate). The samples were 

evaluated after 0, 2 and 4 h of incubation at 37 °C. Motility (CASA), viability, mitochondrial 

membrane potential, acrosomal status, lipoperoxidation (C11 BODIPY 581/591), 

intracellular reactive oxygen species (ROS) production and DNA status (SCSA®) were 

assessed. After 2 and 4 h of incubation, the NE were able to prevent the deleterious effects 

of oxidative stress, thus improving total and progression motility (P ˂0.05). Moreover, the 

highest concentration tested (12 mM) improved almost every sperm kinematic variable (P 

˂0.05) and preserved sperm viability in samples subjected to oxidative stress. In addition, 

12 mM of NE protected the acrosomes integrity, maintained and protected mitochondrial 

activity, prevented sperm lipoperoxidation and reduced ROS production (P ˂0.05) in 

samples subjected to oxidative stress. This work indicates for the first time that vitamin E 

formulated in NE could be a new approach against sperm oxidative damage. This could be 

highly relevant for sperm physiology preservation in the context of assisted reproduction 

techniques. 
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3. PROMISE OF VEGETABLE EXTRACTS AS INNOVATIVE ANTIOXIDANT OILY 

CORE FOR NANOEMULSIONS (2021) 

 

Vegetable extracts may contain a wide variety of bioactive molecules, including those 

with potent antioxidant properties. Plus, this type of matrix is particularly appealing for lipid-

based delivery, based on the high hydrophobicity of the extracts. On the other hand, 

bioactive molecules in extracts may exhibit solubility or stability limitations. Therefore, 

extract-nanocarriers mutual benefits were hypothesized: on one side, nanocarriers may 

improve the biopharmaceutical limitations of vegetable extracts, enabling their clinical 

application and translation. On the other side, vegetable extracts may be an unexploited 

lipid matrix for drug delivery through nanocarriers, plus conferring extra bioactivity to the 

system, e.g. antioxidant. As a proof of concept, in collaboration with D. L. Castro (UCLM, 

Spain), nanoemulsions whose oily core was composed by chia seeds extract were 

proposed. The doctoral student participated in the design, formulation and characterization 

of these nanoemulsions, as well as in the optimization of antioxidant assessment studies 

described in this work, whose abstract is collected below.  

Pressurized liquid extraction to obtain chia seeds oils extracts enriched in 

tocochromanols. Nanoemulsions approaches to preserve the antioxidant potential 

The objective of this study was to use accelerated-solvent-extraction to achieve 

antioxidant extracts from chia seeds oils, enriched in tocopherols and tocotrienols, namely 

tocochromanols. Nanotechnology applications have been also incorporated to develop an 

innovative formulation of chia seeds oil nanoemulsion that preserve its antioxidant potential 

after conditions of oxidative stress. Chia seeds oils proved to be a valuable source of 

tocochromanols, from 568.84 to 855.98 µg g-1, depending on the geographical provenance. 

Quantitative data obtained by LC-DAD-ESI-MS/MS showed outstanding levels of γ-

Tocopherol, over 83%, followed far behind by Tocopherols-(α, β, δ) and Tocotrienols-(α, β, 

δ, γ)-tocotrienols. The characteristic tocochromanols fingerprint of chia seeds oils was 

positively correlated with the FRAP and DPPH antioxidant activity of the extracts (between 

18.81 and 138.48 mg Trolox/g). Formulation of the Chia seeds oils as nanoemulsions did 

not compromised the antioxidant properties of fresh extracts. Interestingly, nanoemulsions 

retained about the 80% of the initial antioxidant capacity after UV-induced stress, where the 

non-emulsified oils displayed a remarkable reduction (50–60%) on its antioxidant capacity 

under the same conditions. These antioxidant chia seeds formulations can constitute a 

promising strategy to vectorizing vitamin E isomers, to be used for food fortification, natural 

additives and to increase the self-life of food products during packing. 

Authors: L. Castro-Vázquez, V. Rodríguez-Robledo, M. Plaza-Oliver, MJ. Santander-Ortega, MV. 

Lozano, J. González, N. Villaseca, P. Marcos, MM. Arroyo-Jiménez 

Journal and date: Journal of Food Science and Technology (2021). 

DOI: https://doi.org/10.1007/s13197-020-04866-9 
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4. BIOSTASIS PROJECT- THE WYSS INSTITUTE AT HARVARD (2021) 

In the frame of a collaboration agreement stablished between the UCLM and the Wyss 

Institute at Harvard University, the doctoral student has actively collaborated in Biostasis 

project. This project from the Wyss Institute is financed by the Defense Advanced Research 

Projects Agency (DARPA) and directed by IPs Dr. D. Ingber and Dr. M. Super. The aim of 

this project is to develop stasis-inducing therapies to slow-down biochemical and metabolic 

activity while preserving viability, avoiding the need of temperature manipulation. The final 

goal is to prevent tissue and organ injury to increase patient survival after acute trauma or 

infections. The role of the doctoral student in this project had been the development of 

nanocarriers to achieve efficient mucosal delivery of biostasis candidates. This process has 

enabled the doctoral student to apply the knowledge she has acquired during her thesis 

studies to a practical specific medical requirement. The doctoral student carried out part of 

this work during a 6.5-month research internship in the Wyss Institute at Harvard (Boston, 

US), being supervised by Dr. D. Ingber, Dr. M. Super and Dr. R. Novak. During that period, 

she acquired skills related to additional methodology not described in the current thesis 

document, including advanced in vitro techniques, i.e., organ on chip; and in vivo studies 

using Xenopus laevis as screening model. Results derived from this work, not included here 

due to confidential policy, will be published within next year. 





 

 


