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RÉSUMÉ 

 

 

Titre : Développement de nanoparticules lipidiques pour la chimio-attraction et le ciblage d'Helicobacter pylori 

Mots clés : Nanoparticules lipidiques, Helicobacter pylori, Chimiotactisme, Ciblage 

Résumé : Helicobacter pylori (H. pylori) est une 

bactérie qui vit à l'intérieur de l'estomac humain. Elle 

infecte plus de 50 % de la population mondiale. 

L'infection par H. pylori peut entraîner des ulcères 

gastriques et duodénaux, des gastrites, et dans 

certains cas des cancers gastriques. Lorsqu'il se 

trouve dans l'estomac, H. pylori fuit le gradient 

d'acide et suit le gradient d'urée pour trouver 

l'épithélium gastrique. Il crée alors des niches dans 

les glandes gastriques, sous la couche de mucus, où 

le pH est neutre. Le traitement de H. pylori est difficile 

en raison de la faible activité des antibiotiques dans 

un environnement acide.  

Dans cette thèse de doctorat, pour tenter d’améliorer 

l'activité des antibiotiques et améliorer l'efficacité du 

traitement contre H. pylori, nous avons préparé des 

nanoparticules lipidiques qui co-encapsulent 

l'érythromycine, un antibiotique hydrophobe, et 

l'urée, un chimioattractant hydrophile pour H. pylori. 

Ces nanoparticules lipidiques ont été conçues pour 

cibler les facteurs de survie de la bactérie dans 

l'estomac. L'utilisation de nanoparticules facilite la 

pénétration de la formulation dans la couche de 

mucus, où se trouvent les bactéries. L'urée crée un 

gradient pour attirer H. pylori vers les nanoparticules 

et faciliter la rencontre entre les nanoparticules et les 

bactéries. L'érythromycine est libérée dans 

l'environnement tamponné autour de la bactérie. La 

formulation contient un revêtement de chitosane, qui 

adhère à la couche de mucus gastrique, favorisant la 

rétention de la formulation dans l'estomac. En outre, 

le chitosane adhère également à la bactérie, servant 

ainsi de stratégie de ciblage actif. 

Pour encapsuler l'érythromycine et l'urée, qui ont des 

solubilités opposées, nous solubilisons 

l'érythromycine dans la matrice lipidique et 

stabilisons la solution d'urée dans le lipide en utilisant 

un tensioactif lipophile. Les nanoparticules lipidiques 

contenant les deux molécules sont stabilisées dans  

l'eau à l'aide d'un tensioactif hydrophile. Après le 

processus de sélection des matériaux, nous avons 

trouvé que le mélange de beurre de cacao, agissant 

comme le compartiment lipidique, et de 

monostéarate de sorbitane, agissant comme le 

tensioactif lipophile, est adapté à notre objectif. Il 

est intéressant de noter que le monostéarate de 

sorbitane a une structure α-gel, qui est une 

structure lamellaire solide. Nous avons observé que 

la solution d'urée peut être stabilisée à l'intérieur 

de la structure lamellaire. Le monostéarate de 

sorbitane est monomorphe, ce qui confère à la 

structure lamellaire hydratée une grande stabilité 

dans le temps. 

Les nanoparticules lipidiques sont stabilisées dans 

l'eau par le dodécylsulfate de sodium (SDS), qui est 

un agent de surface hydrophile chargé 

négativement. Le SDS s'intègre bien dans le lipide 

et ne modifie pas la structure cristalline lipidique 

lyotrope des nanoparticules lipidiques. Le SDS 

interagit de manière électrostatique avec le 

chitosane, qui a des charges positives en acide. 

L'interaction électrostatique assure la stabilité du 

revêtement en milieu acide. 

Les nanoparticules lipidiques sont fabriquées par la 

méthode d'homogénéisation à chaud et à haute 

pression. La fabrication est simple et évolutive. 

Après avoir éliminé le médicament non encapsulé 

par ultra-centrifugation, le chitosane est ajouté et 

mélangé aux nanoparticules lipidiques pour les 

enrober. La suspension est ensuite lyophilisée pour 

obtenir une poudre destinée à la voie 

d'administration orale. 

La formulation finale présente une activité 

antibactérienne in vitro due à l'érythromycine 

encapsulée. La libération de l'érythromycine et de 

l'urée à partir de la poudre lyophilisée est durable 

pendant 3-4 heures, indiquant un potentiel pour 

notre application. 
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Title : Development of lipid-based nanoparticles for chemo-attraction and targeting of Helicobacter pylori 

Keywords : Lipid nanoparticles, Helicobacter pylori, Chemotactism, Targeting 

Abstract : Helicobacter pylori (H. pylori) is a 

bacterium that lives inside the human stomach. It 

infects more than 50% of the world's population. The 

infection of H. pylori may lead to peptic, gastritis, 

duodenal ulcers, and eventually gastric cancer. While 

living in the stomach, H. pylori cannot live in acids. It 

runs away from the acid gradient and follows the 

urea gradient to find gastric epithelium. It then makes 

niches in the gastric glands, below the mucus layer, 

where the pH is neutral. The treatment of H. pylori is 

difficult due to the low activity of antibiotics in gastric 

acid.  

In this doctoral thesis, to facilitate the activity of 

antibiotics and improve the H. pylori treatment 

efficiency, we fabricated lipid nanoparticles that co-

encapsulate erythromycin, a hydrophobic antibiotic, 

and urea, a hydrophilic chemoattractant for H. pylori. 

We apply the lipid nanoparticles to target survival 

factors of H. pylori in the stomach. The use of 

nanoparticles facilitates the penetration of the 

formulation into the mucus layer, where the bacteria 

locate. The urea creates a urea gradient to attract H. 

pylori towards the nanoparticles and facilitate the 

meeting between the nanoparticles and the bacteria. 

Erythromycin is released around the buffered 

environment around the bacteria. The formulation 

contains a chitosan coating, which adheres to the 

gastric mucus layer, promoting the retention of the 

formulation in the stomach. In addition, the chitosan 

also adheres to the bacteria, serving as an active 

targeting strategy. 

To encapsulate both erythromycin and urea, which 

have opposite solubilities, we solubilize erythromycin 

in the lipid matrix and stabilize the urea solution in 

the lipid by using a lipophilic surfactant. The lipid 

nanoparticles containing both molecules are  

stabilized in water using a hydrophilic surfactant. 

After the material screening process, we found the 

mixture of cocoa butter, acting as the lipid 

compartment, and sorbitan monostearate, acting 

as the lipophilic surfactant, is suitable for our 

purpose. Interestingly, sorbitan monostearate has 

an α-gel structure, which is a solid lamellar 

structure. We found that urea solution can be 

stabilized inside the lamellar structure. Sorbitan 

monostearate is monomorphic, giving the 

hydrated lamellar high stability over a long period 

of time. 

The lipid nanoparticles are stabilized in water by 

sodium dodecyl sulfate (SDS), which is a negatively 

charged hydrophilic surfactant. SDS can integrate 

well in the lipid and does not change the lyotropic 

lipid crystalline structure of lipid nanoparticles. SDS 

interacts electrostatically with chitosan, which has 

positive charges in acid. The electrostatic 

interaction ensures the coating stability in acid 

media. 

The lipid nanoparticles are fabricated by the hot 

high-pressure homogenization method. The 

fabrication is simple and scalable. After removing 

the non-encapsulated drug by ultra-centrifugation, 

chitosan is added and mixed with the lipid 

nanoparticles for coating. The suspension is then 

lyophilized to obtain a powder for the oral 

administration route. 

The final formulation has antibacterial activity in 

vitro from encapsulated erythromycin. The release 

of erythromycin and urea from the lyophilized 

powder is sustainable for 3-4 hours, indicating a 

potential for our application. 
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I. GENERAL INTRODUCTION 

Helicobacter pylori (H. pylori) is a bacterium that lives inside the human stomach. 50% of 

the world's population is infected with H. pylori [1]. A small percentage of infected 

patients develop duodenal and gastric ulcers, ultimately leading to gastric cancer. H. 

pylori has been classified as carcinogen class 1 since 1994 by International Agency for 

Research on Cancer (IARC), and in the World Health Organization (WHO) list of high 

priority for the R&D of antibiotics in 2017 [2,3]. However, the eradication rate of H. pylori 

nowadays is only 70%-75%, despite the use of a high dose of antibiotics [4,5]. Therefore, 

urgent research about the treatment of H. pylori is necessary.  

The difficulty in H. pylori treatment is due to the location of the bacteria and its survival 

capacity. For example, because the site of action of antibiotics is in the stomach, the 

use of a proton pump inhibitor to reduce the pH in the stomach is necessary to enable 

the activity of antibiotics [6]. H. pylori evolved to well adapt to the gastric acid 

environment. To survive in acid media, H. pylori has a high quantity of urease, which is 

an enzyme that degrades urea to create CO2 and NH3 to create a buffer environment 

around its body [7]. It has chemotaxis behavior away from acid and toward urea, 

meaning that it can detect acid and urea, and run away from the acid gradient and 

move toward the urea gradient [7]. The detection of urea also helps it to localize gastric 

epithelium. After the localization of gastric epithelium, H. pylori attaches to gastric cells 

via the action of adhesins and colonizes gastric glands [7]. The virulence factors of H. 

pylori are illustrated in Figure I.1. 

 
Figure I.1. Schematic of H. pylori structure and its virulence factors; the figure is adapted 

from ref. [8]. 
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To facilitate the activity of antibiotics and improve the H. pylori treatment efficiency, we 

fabricate an innovative lipid nanoparticle formulation that targets the survival factors 

of H. pylori in the stomach. The nanoparticles contain erythromycin, a hydrophobic 

antibiotic, and urea, a hydrophilic molecule. The use of nanoparticles facilitates the 

penetration of the formulation into the mucus layer, where the bacteria locate. The 

urea creates a urea gradient to attract H. pylori towards the nanoparticles and facilitate 

the meeting between the nanoparticles and the bacteria. Erythromycin is released 

around the buffered environment around the bacteria. The formulation contains a 

chitosan coating, which adheres to the gastric mucus layer, promoting the retention of 

the formulation in the stomach. In addition, the chitosan also adheres to the bacteria, 

serving as an active targeting strategy. 

In this doctoral thesis, we have 2 parts: the bibliographic and the experimental parts. 

In the bibliographic part, we will analyze the survival factors of H. pylori and address H. 

pylori treatment formulations in the literature that target those factors. Then, as a base 

for our chemotaxis-based formulation, we will analyze targeted therapies that mimic or 

use the natural taxes of microorganisms. Finally, we explore methods and existing 

formulations that co-encapsulate both hydrophilic and hydrophobic compounds in 

lipid particles. In the experimental part, using the literature review information in the 

bibliography part, we present the fabrication of lipid particle formulation from the pre-

formulation step to in vitro test of the final products. We will first discuss the choice of 

materials and formulation strategy. Then we present the analysis of the main materials 

to understand the mechanism of drug loading. In the last chapter, we report the 

fabrication of the formulation and investigate its antimicrobial activity in vitro. 
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Chapter 1. Helicobacter pylori survival factors 

and treatment 
Hung V. Nguyen, Vincent Faivre 

Université Paris-Saclay, CNRS, Institut Galien Paris-Saclay, 5 rue JB Clément, 92296 

Châtenay-Malabry, France.   

1. Helicobacter pylori survival factors in the stomach 

Helicobacter pylori (H. pylori) is a spiral-shaped, gram-negative bacterium colonizing in 

human stomach (Figure 1.1). More than 50% of the human population is infected with 

H. pylori [1]. In detail, the regions having the highest H. pylori prevalence are Africa 

(70.1%), South America (69.4%) and Western Asia (66.6%) [2]. The lowest prevalence 

regions are Oceania (24.4%), Western Europe (34.3%), and Northern America (37.1%) 

[2]. The high prevalence is generally related to the low hygienic living condition, 

explaining the high prevalence in developing regions [2]. The main route for H. pylori 

spreading is intrafamilial transmission [2]. H. pylori is responsible for about 89% of 

gastric cancer cases worldwide, and since 1994, International Agency for Research on 

Cancer (IARC) has categorized H. pylori as carcinogen class 1 [2,3]. Besides, it is also a 

casual cause of peptic, gastritis, duodenal ulcers, and mucosal-associated lymphoid 

tissue lymphoma [4,5]. If the eradication treatment is not completed, H. pylori stays in 

the human stomach forever by lying around a few hundred microns away from the low 

pH lumen and making niches in the stomach mucosa [6]. 

 
Figure 1.1. The morphology of H. pylori is shown under scanning electron microscopy (SEM). 

The scale bar represents 0.5 µm [7]. 
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1.1. Acid neutralization to survive in the acid environment 

To survive in the human stomach, H. pylori has mechanisms to neutralize the high 

acidity of the stomach and to escape to neutral pH regions. H. pylori adapts to the highly 

acidic environment in the stomach by regulating the activity of urease, which is an 

enzyme that catalyzes the degradation of urea into NH3 and CO2 [4]. Because of the 

activity of urease, a buffer environment having lower acidity than the stomach lumen 

is created in the cytoplasm and periplasm of the bacterium. The urease of H. pylori can 

be found on the surface (extracellular) or inside (intracellular) of the bacterium. 

Intracellular urease increases the acid resistance of H. pylori and is regulated by the 

activity of the proton-gated urea channel UreI, which is situated in the inner membrane 

[4]. UreI channel controls the diffusion of urea and is fully open at pH 5 and close at pH 

7, preventing the death of H. pylori during neutral pH periods due to the alkalization [8]. 

In highly acidic conditions, UreI is fully open, letting urea to penetrate into the 

bacterium. Then, under the activity of urease, H. pylori produces NH3 and/or NH4
+, 

which are both extruded via the UreI channel to neutralize H+ in the periplasm [8]. 

Extracellular urease of H. pylori also breaks down urea to CO2 and NH3, creating a 

neutral micro-environment around the bacterium, helping it to swim through the 

gastric juice. Interestingly, besides the role of acid neutralization, urease also controls 

the interaction of H. pylori and macrophages via the regulation of the pH of phagosome 

and megasome formation, which are important for the survival of H. pylori inside 

macrophages. 

1.2. Chemotactic behavior to colonize in the mucosa layer 

H. pylori high mobility is originated from its flagella and chemosensor system, which are 

essential for the ability of colonization in gastric mucosa, where the pH is around 7 [9]. 

The bacterial density is higher in patients infected with higher motility H. pylori strain, 

leading to a higher inflammatory response [10]. In addition, in the non-chemotactic 

mutant H. pylori strain, whose chemotactic signal regulator proteins CheW, CheA or 

CheY are deactivated, the 50% infectious dose (ID50) is approximately 200 times higher 

than the ID50 of the wild strain [11]. Some groups even found that the non-chemotactic 

mutant H. pylori strain did not infect the host’s stomach [11,12]. However, over a long 

period, at a high dose, the non-chemotactic mutant strain was able to colonize and 

survive in host’s stomach for up to 6 months like the wild strain [11]. The chemosensor 

system includes the chemoreceptors TlpA, TlpB, TlpC and TlpD, and the signal regulator 

protein CheA kinase, which is coupled by the CheW coupling protein, and CheY 

response regulator [12]. The CheW protein acts as a scaffold protein that connects the 

chemoreceptors with CheA to control the kinase activity. The rotation direction of the 

flagella is controlled by the state of phosphorylation of CheY, which is influenced by the 

activity of CheA kinase [12]. For example, in the presence of a chemoattractant, the 

activity of CheA is quenched. Hence, the amount of non-phosphorylated CheY 

dominates the amount of phosphorylated CheY (CheY-P). In this situation, CheY cannot 
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bind to the flagella switch, leading to the counterclockwise rotation of bacteria flagella, 

pushing the bacteria toward the source of the signal. Meanwhile, in the absence of 

chemoattractants, CheY is phosphorylated by CheA to become CheY-P, which binds to 

the flagella switch, turning the flagella clockwise for the bacteria to change the moving 

direction. 

Among 4 chemoreceptors of H. pylori, TlpA, TlpB, TlpC are integral membrane proteins, 

while TlpD is a soluble receptor. TlpA contributes to the positive chemotaxis toward 

arginine and bicarbonate, and to the negative chemotaxis toward H+ [13–15]. Since 

bicarbonate is secreted from gastric epithelial cells in a process related to local pH 

neutralization, the positive chemotactic movement of H. pylori toward the bicarbonate 

source helps it to find and to colonize the gastric mucus [13]. On the other hand, 

arginine is an essential amino acid that H. pylori cannot synthesize itself [13]. In addition, 

arginine is also a substrate for the urea cycle, which plays a vital role in acid 

neutralization via the production of urea – the substrate of urease, creating a buffer 

environment for H. pylori [14]. Both TlpA and TlpD are acid sensors; however, they work 

independently and can maintain the ability to avoid acid in case one of them is 

inactivated [15].  Besides inducing negative chemotaxis toward H+, TlpD is also 

responsible for the positive chemotaxis toward the basic pH environment [15]. While 

TlpA is an integral membrane protein, TlpD is a cytoplasmic protein; thus, it senses the 

external pH gradient indirectly. Interestingly, Huang et al. have shown that the 

sensitivity of detecting HCl of TlpD is higher than that of TlpA [15]. In addition to running 

away from acidic regions, H. pylori also breaks down urea to neutralize the acid around 

its body. Hence, they have the ability to sense urea and then to swim to high urea 

concentration regions, thanks to the presence of TlpB receptor (Figure 1.2) [16]. H. pylori 

simultaneously senses and destroys urea, helping it to neutralize acid while finding its 

way to the urea source, which is the gastric epithelial layer [16]. Lastly, TlpC has been 

shown to be responsible for sensing lactate as a chemoattractant [17]. Lactate 

promotes the growth of H. pylori, and serves as a carbon or energy source [18,19]. 



Chapter 1. Helicobacter pylori survival factors and treatment 

33 

 

 
Figure 1.2. H. pylori swims toward the urea gradient thanks to the TlpB receptor, figure 

adapted from ref. [16]. 

The flagella of H. pylori are made of the hook-basal structure and extracellular filament 

[12]. The hook-basal structure contains several proteins to control the rotation of the 

flagellum, such as FliG, FliM and FliN. FliG is the rotor component, which turns the 

direction of rotation (clockwise or counterclockwise) of the flagellum, depending on the 

chemotaxis signal [12]. Meanwhile, FliM and FliN bind to the chemotaxis response 

regulator phosphorylated-CheY (CheY-P), which decides the direction of rotation of the 

flagellum [12]. The hook-basal structure also provides energy for the rotation via the 

protein MotA and MotB. These 2 proteins create the stator component and a proton 

channel, which link the flow of proton and generation of torque for flagellum rotation 

[12]. Because  the motor is powered by proton motive force, H. pylori swimming speed 

is optimal at low pH, helping it to escape from highly acidic regions [14]. The filament is 

important for the mobility of bacteria. It is created from the major flagellin FlaA and the 

minor flagellin FlaB [12].  

1.3. Adhesin for attachment and persistent infection 

After reaching the mucosal layer of the stomach, H. pylori interacts with epithelial cells 

using adhesin on its surface. This interaction anchors H. pylori to the epithelial layer, 

protecting it from the fluctuation of the stomach contraction force [4]. H. pylori 

possesses blood group antigen-binding adhesin (BabA and BabB). BabA binds to 

fucosylated Lewis B (Leb) blood group antigen expressed on host gastric epithelial cells 

[20]. The BabA-Leb interaction is stable and persistent in chronic human infection cases 

[4]. The density of H. pylori is largely dependent on the density of Leb on the gastric 

epithelial lining [21]. Interestingly, BabA increases the risk of peptic ulcer and gastric 

cancer in Western countries; however, it is not associated with gastric-related diseases 

in Asian countries [4]. While the role of BabB is not clear, its expression correlates with 

the increase in gastric lesions in patients [4]. Another protein that helps H. pylori in the 
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colonization and adhesion to the epithelial cells is sialic acid binding protein (sabA and 

sabB) [4]. The function of sabB remains unclear, while sabA has been identified to bind 

with sialyl-Lewis x glycosphingolipid (sLex) antigen on epithelial cell surface [4]. While all 

babA-genopositive H. pylori express BabA, only 80% of them are sabA-genopositive and 

31% of them express sabA [21]. Though the interaction between BabA-Leb is the major 

factor that influences the colonization of H. pylori, the sabA-sLex interaction is 

compulsory to keep high H. pylori density in patients with low Leb expression [21]. 

However, once the Leb expression is strong, the sabA-sLex
 interaction has little impact 

on the H. pylori density [21].  

Adhesin of H. pylori triggers the host’s immune response and causes inflammation in 

the host’s stomach. Neutrophil activating protein (NAP) of H. pylori stimulates oxygen 

radical production of neutrophils and promotes the adhesion of neutrophils to 

stomach epithelial cells, damaging local tissues [22]. Moreover, NAP also makes 

neutrophils to release IL-8 and macrophage inflammatory protein (MIP), causing 

inflammation [4]. The major receptor that interacts and binds with NAP of H. pylori is 

the glycosphingolipids expressed on the surface of neutrophils [23]. Besides the 

adhesion application, NAP also defends H. pylori DNA from damage, because of NAP 

ability to bind to DNA, preventing the attack of free radicals [4]. Another H. pylori protein 

provoking immune response is the heat shock protein 60 (Hsp60). Hsp60 induces the 

production of IL-6, IL-8, tumor necrosis factor from gastric epithelial cells [24]. 

Moreover, the antibody of Hsp60 is frequently detected in H. pylori-infected gastric 

cancer patients, associating Hsp60 with gastric carcinogenesis [25]. 

To live and stay persistently in the stomach, H. pylori uses the gastric gland as a micro-

niche to hide and get protection from gastric acid (Figure 1.3) [26]. The shredding and 

ascending of gastric gland cells help bringing bacteria-associated cells to the epithelium 

surface, spreading the bacteria to other glands throughout the stomach. The bacteria 

staying inside the gland continue to grow and replenish the micro-niche to compensate 

for the number of bacteria attaching to gastric gland cells to the epithelium surface [26]. 

This continuous process expands the bacteria's territory. The gland-associated bacteria 

do not want to mix with the free-swimming bacteria in the mucus layer. They compete 

for space in the gland and prevent newcomers from entering their established niches 

(Figure 1.3). The ability to colonize gastric glands is essential for the persistent infection. 

While they are in the gland, they are affected by the activity of host T-cells. T-cells’ 

response may reduce the bacterial density inside gastric glands. In chronic infections, 

H. pylori may induce the suppression of T-cell response to promote the infection 

persistence in the gland.  
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Figure 1.3. Mice’s gastric glands were co-infected with 2 different labelled (green fluorescence 

protein – GFP and tdTomato – tdT) H. pylori strains. Images showed that different H. pylori 

strains compete for niches in gastric glands. The scale bar represents 10 µm [26]. 

2. Treatment of Helicobacter pylori 

2.1. Current clinical treatments of H. pylori infection 

The treatment of H. pylori is the combination of antibiotics, such as clarithromycin (CLA), 

amoxicillin (AMO), metronidazole (MET), tetracyline (TET) or tinidazole (TIN), with a 

proton-pump inhibitor (PPI) [27]. Several guidelines recommend the application of a 

triple therapy consisting of a PPI, CLA and AMO or PPI, CLA and MET in low 

clarithromycin resistance areas [28]. In high CLA resistance areas, the treatment is more 

complicated. The first-line therapy in high CLA resistance areas includes the use of 10-

14 days of bismuth quadruple therapy (PPI, bismuth salt, 2 types of antibiotics such as 

MET and TET) and the use of 10-14 days of non-bismuth concomitant therapy (PPI and 

3 types of antibiotics, usually AMO, MET and CLA). Both mentioned first-line therapies 

results in >90% of eradication rate in Europe [28]. In Asia, while China recommends 10-

14 days of bismuth quadruple therapy as the empiric treatment, Korean and Japan still 

use triple therapy as the first-line treatment [28]. In 2015 in Japan, vonoprazan – a new 

gastric acid suppressant, has been launched. The triple therapy having vonoprazan, 

AMO and CLA, has an eradication rate of 93% in a clinical trial [29]. So, the 7-day 

vonoprazan-based triple therapy has been widely practiced in Japan as the primary 

treatment [30]. 



Chapter 1. Helicobacter pylori survival factors and treatment 

36 

 

While providing a sufficient eradication rate, the current treatment of H. pylori has some 

limitations. The broad use of antibiotics leads to antibiotic resistance, which is already 

a problem with H. pylori treatment [31]. The World Health Organization (WHO) classified 

H. pylori as high priority for the research and development of antibiotics in 2017 [32]. 

The application of multiple antibiotics in the treatment increases the risk of antibiotic 

resistance to several types of antibiotics. Another problem is the dysbiosis of gut 

microbiota due to H. pylori treatment. Both PPI and antibiotics can influence 

importantly the function of gut microbiota, therefore, contribute to the change in 

metabolism and digestion after the eradication of H. pylori [28]. In a randomized trial, 

both alpha and beta diversity of gut microbiota in patients treated with concomitant 

therapy and bismuth quadruple therapy were not fully recovered after 1 year [33]. 

Therefore, new treatments for H. pylori are needed to reduce the dose of antibiotics by 

local delivery of drugs and targeting the bacteria directly in the stomach.  

2.2. Current drug delivery strategies for H. pylori treatment in research 

The current research about H. pylori treatments focuses on the delivery of drugs or 

nanoparticles directly to the bacteria in the stomach to reduce the required amount of 

antibiotics and to increase the treatment efficiency. In general, the strategies are 

gastroretentive system to improve retention time in the stomach, micro and 

nanotechnology to improve the penetration into mucus layer and to replace the use of 

antibiotics in case of metallic nanoparticles. Since the start of this doctoral project in 

October 2019, several comprehensive literature reviews about drug delivery systems 

for H. pylori treatment have been published [34–38], and we recommend readers these 

reviews for more details. In the frame of our project, we review recent drug delivery 

systems taking advantage of H. pylori survival factors mentioned above to eliminate 

them.  

Since H. pylori takes advantage of the gastric mucus layer to hide from acid, 

mucoadhesive systems adhere directly to this location to deliver antibiotics [39–46]. 

Thombre and Gide reported the fabrication of a core-shell polymer beads having bio-

adhesion property to eliminate H. pylori [39]. The shell is chitosan to facilitate the 

adhesion to the gastric mucus. The core is made of Caesalpinia pulcherrima 

galactomannan (a natural polymer)-alginate to load amoxicillin. The developed beads 

had a mucoadhesion efficiency in vitro of 61-89% and in vivo of 85% after 7 hours. The 

beads showed the inhibition of H. pylori in vitro. The elimination of the bacteria in the 

rat model was also achieved, however, only after 10 weeks of treatment. Similarly, in 

another research, by using chitosan as a mucoadhesive polymer, furazolidone-loaded 

chitosan microparticles were fabricated using spray drying techniques [40]. While the 

glutaraldehyde was used as the crosslinking agent to strengthen the chitosan stability 

in acid media, the high concentration of glutaraldehyde reduced the mucoadhesive 

efficiency. After optimization, the chitosan microparticles had the mucoadhesion 

efficiency after 6 hours of 87% at pH 4.5 and 60% at pH 1.2. The drug release was almost 
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immediate in pH 1.2 and could only be sustainable over 5h in pH 4.5. So, the optimal 

pH for the activity of chitosan microparticles in this report was 4.5. In addition to the 

mucoadhesive property, chitosan can adhere to the H. pylori membrane (illustrated in 

Figure 1.4) [47–49]. In vitro experiments showed that the chitosan microsphere can 

adhere to the H. pylori adhesin BabA and SabA [47]. The addition of chitosan 

microsphere to gastric cells pre-incubated with H. pylori reduced the adhesion of 

bacteria to cells [47]. Moreover, chitosan microparticles reduced the amount of H. pylori 

in the mice model by 88% after 14 days of treatment [48]. 

 

Figure 1.4. H. pylori (green) adheres to a chitosan bead (red), photo taken under confocal 

microscopy, figure adapted from ref. [48]. 

Besides chitosan, Carbopol 943P was also used frequently as the mucoadhesive 

polymer [42,44]. For example, Hardenia et al. reported the fabrication of polymer 

microparticles from Carbopol 934 and ethyl cellulose [42]. Amoxicillin – an antibiotic 

and famotidine – histamine H2-receptor antagonist, usually for gastric ulcer treatment, 

were co-loaded inside the polymer microparticles, aiming to treat gastric ulcers and H. 

pylori at the same time. The bacteria elimination efficiency in vivo of the polymer 

microparticles was twice higher than the amoxicillin solution. The mucoadhesive 

efficiency in vivo of the polymer microparticles was 80% after 1h and remained at 74% 

after 10h, indicating the high retention and treatment efficiency of the formulation. 

Similarly, in another report, amoxicillin and clarithromycin were co-loaded inside 

polymer microparticles [44]. The polymer particles were made from Carbopol 974P, 

HPMC K4M and Eudragit RS 100 and had the mucoadhesive property. Interestingly, the 

in vivo experiment showed that after 3 days of treatment, the eradication rate of rats 

treated by the polymer microparticles was 100%, while it was only 60% for rats treated 

with the solution of antibiotic. While the mucoadhesive property was not 

demonstrated, the formulation helped to increase the treatment efficiency of 

antibiotics.  
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Taking advantage of the receptor on the membrane of H. pylori, several targeting drug 

delivery systems have been reported, with the idea to increase the interaction between 

the bacteria and drug carriers, adhering the carriers to the bacteria and increasing the 

bacteria elimination efficiency [50–57]. Targeting the urea-transporting protein UreI, 

ureido-conjugated chitosan nanoparticles had been prepared using sodium 

tripolyphosphate as crosslinking agent [51]. Amoxicillin was chosen as the antibiotic to 

load inside the ureido-conjugated chitosan nanoparticles. In an experiment, H. pylori 

was incubated in media containing both the ureido-conjugated chitosan nanoparticles 

and urea. The result showed ureido-conjugated chitosan nanoparticles could be 

recognized by the urea-transporting protein UreI of the bacteria, however, could not 

compete with urea. While the drug-loaded ureido-conjugated chitosan nanoparticles 

had higher elimination efficiency than unmodified drug-loaded chitosan nanoparticles, 

the competition of urea reduced the antibacterial efficiency of the ureido-conjugated 

chitosan nanoparticles. In another report of the same group, an in vivo experiment 

showed that after 7 days of treatment with amoxicillin ureido-conjugated chitosan 

nanoparticles, the CFU of H. pylori in mice model reduced 10 times compared to mice 

treated with PBS buffer [50].  

Targeting the carbohydrate receptor of H. pylori, gliadin nanoparticles coated with lectin 

were reported to bind to the bacteria and inhibit the binding of bacteria to human 

gastric cells [53]. Acetohydroxamic acid (AHA) was used as the drug to load inside the 

gliadin nanoparticles, due to its urease inhibition activity, leading to the prevention of 

H. pylori development [53]. The AHA-loaded lectin-conjugated gliadin nanoparticles 

showed an increase in the bacterial inhibition efficiency compared to AHA-loaded 

nanoparticles that did not have lectin. 

Targeting the BabA adhesin, pectin-coated liposome was reported to bind to the 

membrane of H. pylori and bind to the gastric mucus layer, demonstrating both the 

active targeting and mucoadhesive properties (Figure 1.5)  [54]. Amoxicillin was used as 

the antibiotic to load inside the liposome. The pectin-coated liposome could inhibit the 

development of the bacteria in vitro and showed the adhesion to the bacteria under 

confocal microscopy. However, in simulated gastric fluid, with the presence of pepsin 

and low pH, the pectin coating was not stable and came out of the liposome.  
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Figure 1.5. 3D reconstruction confocal laser scanning microscopy images of adenocarcinoma 

epithelial (AGS) cells infected by H. pylori incubated with (a) uncoated liposome and (b) 

pectin-coated liposome. AGS cell’s DNA is blue, H. pylori is green, liposome is red. The overlap 

of green and red in figure b shows the interaction between pectin-coated liposome and H. 

pylori. The figure is adapted from ref. [54]. 

Using directly gastric epithelial cell membrane as the coating for polymer nanoparticles, 

Angsantikul et al. made biomimetic poly(lactic-co-glycolic acid) (PLGA) nanoparticles 

that could adhere to the bacteria naturally [57]. The coating of the gastric cell 

membrane helped increase the interaction between nanoparticles with the bacteria, 

visualized by confocal microscopy. Clarithromycin could be loaded inside the PLGA 

nanoparticles. An in vivo experiment showed that after 5 days of administration of cell 

membrane coated nanoparticles and PPI, the number of bacteria in the treated group 

was 3 times lower than the untreated group. Interestingly, this research group also 

fabricated H. pylori membrane coated PLGA nanoparticles, aiming to compete with the 

H. pylori in the stomach and prevent them from sticking to gastric epithelial cells [56]. 

While this is not an active targeting formulation, the idea is interesting. However, the 

bacterial membrane coated nanoparticles needed to be administrated before the 

addition of bacteria to have a better effect. In the case of co-administration of bacteria 

membrane coated nanoparticles and bacteria, to have similar competition and 

inhibition effects to the nanoparticles pre-administrated case, the concentration of 

nanoparticles needed to be increased 10 times. 

3. Conclusion 

In summary, H. pylori evolved and developed several survival factors to survive in the 

human stomach. It can neutralize the acid by degrading urea using urease to create a 

buffer environment around it. It can sense and swim toward urea, while avoiding acid, 

to find the gastric epithelial layer. In contact with the mucus layer, it penetrates through 

the mucus layer and then attaches to gastric epithelial cells. To establish the persistent 

infection, the bacteria form niches in gastric glands. When the gastric epithelial cells 
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shred, some bacteria follow to the surface and colonize other glands. The interaction 

between H. pylori and the gastric glands promotes inflammation, leading to gastric 

ulcers, and may lead to gastric cancer in long-term infection patients. 

Taking advantage of H. pylori survival factors, several drug delivery systems have been 

fabricated. Some systems use mucoadhesive polymers to stick to the mucus layer and 

improve the retention time of the antibiotics carrier in the stomach. Other systems 

target receptors on the surface of the bacteria to adhere the drug carriers on the 

bacterial membrane. However, to our knowledge, there is not any system that uses the 

chemotaxis behavior of H. pylori to attract it to the drug carriers. In the following 

chapter, we will review and analyze targeted drug delivery systems in the literature that 

mimic or use the natural taxes behavior of micro-organisms. 
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Abstract 

A taxis is the movement responding to a stimulus of an organism. This behavior helps 

organisms to migrate, to find food or to avoid dangers. By mimicking and using natural 

taxes, many bio-inspired and bio-hybrid drug delivery systems have been synthesized. 

Under the guidance of physical and chemical stimuli, drug-loaded carriers are led to a 

target, for example tumors, then locally release the drug, inducing a therapeutic effect 

without influencing other parts of the body. On the other hand, for moving targets, for 

example metastasis cancer cells or bacteria, taking advantage of their taxes behavior is 

a solution to capture and to eliminate them. For instance, several traps and ecological 

niches have been fabricated to attract cancer cells by releasing chemokines. Cancer 

cells are then eliminated by drug loaded inside the trap, by radiotherapy focusing on 

the trap location or by simply removing the trap. Further research is needed to deeply 

understand the taxis behavior of organisms, which is essential to ameliorate the 

performance of taxes-inspired drug delivery application.  
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1. Introduction 

Targeted delivery is a huge issue in the field of active pharmaceutical ingredient (API) 

delivery and controlled release. The main objective of this approach is to concentrate 

the API in the tissue of interest in order to increase its efficacy and reduce side effects 

due to the wide distribution in the body [1]. Antibody-drug conjugates (ADC) are 

targeted drugs that combine potent anti-cancer agents with monoclonal antibodies 

specific to antigens of particular tumor cells thanks to chemical linkers. Several ADC 

have been approved last years (Kadcyla, Adcetris, …) and many others are in phase 

II/III clinical trials [2]. In the field of drug formulation, targeting strategies are mainly 

associated with the growing domain of nanotechnologies that allow, besides controlled 

delivery, to protect API by their encapsulation. During the last decades, mainly two 

approaches were developed in the nanoworld, passive and active targeting [3]. Both 

are based on API encapsulation into nanocarriers and surface modification of 

nanoparticles in order to favor the delivery at the desired place. Passive targeting 

consists of an accumulation of the nanocarriers in the region of interest, e.g. tumor site, 

thanks to the enhanced permeation and retention effect (EPR) due to extravasation 

through the leaky tumor vasculature. By reducing opsonization by blood proteins, the 

coating of the nanocarriers with some polymers (polyethylene oxide, polysaccharides…) 

reduces the clearance by the mononuclear phagocytic system, increases the circulation 

time and then, statistically, improves extravasation. Despite studies showing limitations 

in clinics [4,5], this accumulation property is used in approved and commercial products 

(Doxil/Caelyx, Visudyne,…) [6]. Conversely, despite more than 40,000 studies 

published in the last 10 years, nano-products dealing with active targeting strategy have 

not reached the market yet to our knowledge [7]. This strategy requires the carrier 

coating with affinity ligands that will increase retention and uptake at the target site 

through biochemical interactions with specific receptors of the diseased tissues. 

However, ligand recognition by the receptor is only possible at very short distances, 

probably not more than few Angströms, and requires first efficient extravasation [8]. 

Moreover, after IV administration, it is well known that nanocarriers will be coated by a 

protein corona that modifies, among others, their surface properties and potentially 

shields the targeting ligands [9,10]. At best, ligand grafting allows better retention at 

the considered site than a real active targeting with guidance properties.  

In nature, organisms always interact with the environment around to survive. They 

follow physical and chemical signals to find food, optimal living condition and potential 

mating partners. Moreover, they also have the ability to detect and avoid toxic and 

unfavorable environments. This capacity of migration under the influence of a stimulus 

is called taxis. The stimulus can be physical or chemical. Mimicking natural taxis, 

designing a drug carrier that moves under a stimulus is interesting for targeted drug 

delivery. Following external or cell-produced stimuli, taxis-inspired drug carriers can 

move toward specific environments or specific cells, then release drugs in that region, 

facilitating the interaction of drugs and cells, reducing toxicity to other parts of the 
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human body. In this review, we introduce some kinds of taxes and their corresponding 

bio-inspired drug delivery systems to improve the interaction between the therapeutic 

system and target. As demonstrated in figure 2.1, we summarize 2 strategies: guiding 

therapeutic systems to targets and attracting targets to therapeutic systems. In the first 

strategy, the therapeutic systems (e.g. drug-loaded nanoparticles, gene delivery 

vesicles…) are functionalized and loaded with therapeutic agents to locate and to attach 

to targets (e.g. tumors, human organs…), facilitating the drug delivery process and 

reducing systemic effects. In contrast, the latter strategy exploits the mobility and 

natural tactic behavior of targets (e.g. human cells, pathogens…). Targets are attracted 

and guided to a drug reservoir, which eliminates them when they penetrate inside. 

 

Figure 2.1. Summary of taxes-inspired targeted drug delivery therapies 

1.1. Physical stimulus responsive taxis 

Physical factors of the environment affect organisms in several ways. For example, 

many organisms’ activities are dependent on the day/night period or light/shadow area. 

The ability to sense light intensity gradient and to move accordingly is call phototaxis. 

This behavior is commonly observed in insects like moths, when they fly toward or away 

from light sources [11]. Phototaxis is also found in microorganisms, such as Serratia 
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marcescens and Tetrahymena pyriformis [12]. In Euglena, combining with sensing light, 

they sense gravity direction to find optimal niches in water [13]. This behavior is called 

gravitaxis, which is the ability to follow and to align along the gravity vector. 

Furthermore, many organisms also react to a temperature gradient, namely 

thermotaxis behavior. Taking advantage of the thermotactic movement of sperm, high-

quality sperms can be separated and selected to improve the fertility [14]. In the human 

body, cells also respond to the gradient of stiffness, namely durotaxis behavior. For 

example, cancer cells migration is affected by the stiffness of the extracellular 

environment, which may be related to the increase in the stiffness of tumors over time 

[15]. In this review, we only focus on tactic behaviors that have been based on to 

innovate new drug delivery and release strategies.  

1.1.1. Magnetotaxis 

Magnetotaxis is the ability to detect and to follow a magnetic field of an organism. This 

behavior is found in magnetotactic bacteria, which are a group of bacteria that lie along 

the magnetic field of the Earth. Magnetotactic bacteria were first discovered by Bellini 

in 1963 [16] and rediscovered independently by Blakemore in 1975 [17]. Their 

alignment along Earth’s magnetic field characteristic comes from an organelle called 

magnetosome, which contains chains of magnetic iron oxide (Fe3O4) or iron sulfide 

(Fe3S4) nanocrystals with the size of 35-120 nm [18–20]. These magnetic nanocrystals 

introduce a magnetic force to the bacteria and align them along the magnetic field of 

the Earth. Therefore, magnetotactic bacteria usually swim along this alignment [17]. 

Death bacteria, despite of not being able to swim, continue to align along the magnetic 

field. Some researchers believe that the magnetotaxis behavior of bacteria helps them 

to migrate to areas of optimal oxygen concentration [21–23]. The high iron uptake of 

bacteria to synthesize magnetic nanocrystal also helps to detoxify toxic oxygen free 

radical [24,25].  

1.1.2. Electrotaxis 

Electrotaxis or galvanotaxis is the migration behavior of organisms along an electric 

field. In mammals, electric fields were measured at wound sites [26,27]. For example, 

immediately after being injured, a large rise in the electric field strength was measured 

at the wound edge of a guinea pig [28]. The electric field is generated from the trans-

epithelial potential on mammalian skin. This voltage is positive on the skin basal layer 

and negative on the skin apical layer [27]. The cut through the skin creates a short 

circuit, driving a positively charge current toward the wound edge [29]. It acts as a cue 

to guide cells to the wound site, increasing the regeneration rate [26,27,29]. However, 

in experiments, not all types of cells move in the same direction under an electric field. 

In general, cells move toward the cathode, for example, bovine corneal epithelial cells, 

bovine aortic vascular endothelial cells, human keratinocytes… [30]. Meanwhile, some 

cell types move toward the anode, such as human granulocytes, human vascular 
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endothelial cells [30]. Interestingly, primary human lens epithelial cells move toward 

the cathode, while the transformed human lens epithelial cells move in the opposite 

direction [31]. Moreover, stronger metastatic and weakly metastatic prostatic cancer 

cell lines migrate in opposite directions while being under the same applied electric 

field and conditions [32]. Understanding electrotaxis in cells is very important to 

investigate the metastasis of cancer cells. In addition, the healing rate of wounds may 

be improved using electrotaxis by applying an optimized electric field to the wound site. 

1.2. Chemical stimulus responsive taxis 

1.2.1. Chemotaxis 

Chemotaxis is the movement of an organism toward or away from a chemical 

concentration gradient. This behavior helps organisms migrate to the rich nutrition 

areas, optimal living condition regions or detect and avoid dangerous substances. For 

example, Escherichia coli (E. coli) swims toward high glucose concentration regions [33]. 

In humans, chemotaxis is extremely important in the development and the self-defense 

of body, such as, the movement of leukocytes toward injured and inflamed sites or the 

migration of sperms toward eggs. Microorganisms sense chemical cues using their 

receptor proteins, which detect 2 types of signals: chemoattractants and 

chemorepellents. They migrate to high chemoattractants concentration regions and 

flee from high chemorepellents regions. For example, a chemoattractant of leukocytes 

- formyl peptide, which is released by some types of bacteria, attracts leukocytes like 

neutrophils or macrophages to the disease sites [34]. This is an immune reaction to 

protect the human body from the invasion of pathogens. On the other hand, 

chemorepellents repel microorganisms. In the case of Helicobacter pylori (H. pylori) - 

bacteria that live in the human stomach, they sense acid concentration and migrate 

away from low pH regions [35]. Understanding the chemotactic behavior of human cells 

is very important to investigate how diseases work and affect the human body. For 

example, the environment inside tumors has lower pH, lower oxygen concentration, 

higher resting temperature and higher hydrogen peroxide concentration compared to 

normal tissues [36–38]. Taking advantage of these special properties, chemotaxis-

inspired drug carriers can be designed to specifically target tumors by sensing and 

following chemical cues, such as the gradient of hydrogen peroxide concentration, the 

gradient of pH or the gradient of oxygen concentration. 

2. Targeted drug delivery therapies inspired by natural taxes 

2.1. Guiding carriers to a target 

Aiming to synthesize a “magical bullet”, which can reach any places in the body then 

locally increase drug concentration and release to treat the disease without affecting 

other healthy parts of the human body, several strategies to guide drug carriers to a 

target have been proposed and investigated by many research groups in the world. 



Chapter 2. Targeted drug delivery therapies inspired by natural taxes 

52 

 

Recently, there are some reviews about the use of micro-/nanomotors for drug delivery 

application, which propose several advantages compared to the nanoparticles system 

due to their high mobility [39–41]. However, some micro-/nanomotors move randomly, 

which does not offer any benefits for the drug delivery application. Aiming to improve 

the interaction between the target and the drug carriers, herein, we summarize 3 

popular methods to guide and to control drug carriers to a target: using a magnetic 

field, using an electric field and using a chemical concentration gradient. 

2.1.1. Using a magnetic field 

Inspired by magnetotaxis bacteria, several drug delivery systems use a magnetic field 

as the navigation and/or the moving force to guide drug carriers to the desired location 

(Figure 2.1B). The core of these systems is magnetic particles, which are able to orient 

and/or move along an applied magnetic field. The driving force of the magnetic drug 

carrier can be magnetic force or the combination of magnetic force and a self-

propelling force. Magnetic particles may also serve as imaging agents using magnetic 

resonance imaging (MRI), enabling the tracking of the magnetic carriers while driving 

them inside patients’ bodies [42]. In addition, under an alternating magnetic field 

exposure, magnetic nanoparticles are heated, leading to an increase of the local 

temperature. This effect may trigger physiological reactions of cells such as necrosis or 

even carbonization, aiding tumor treatment process [43]. 

2.1.1.1. Magnetic nanoparticles – Magnetic force as the driven factor 

One simple magnetic drug delivery system is individual magnetic particles. In general, 

after the identification of the destination for drug carriers, for example, a tumor’s 

location, the patients are injected with drug-loaded magnetic carriers. Then an external 

magnetic field is used to control and guide these magnetic carriers to the desired 

destination. Several groups synthesized functionalized magnetic nanoparticles [44–48]. 

The drug is attached to the nanoparticles by functional groups. Interestingly, some 

other groups have reported the synthesis of porous magnetic nanoparticles [49–51]. 

The drug is loaded by physical adsorption inside the pore network. The high porosity 

increases the specific surface area, increasing the amount of drug that can be loaded. 

For example, Chen et al. have reported the synthesis of mesoporous MxFe3-xO4 (with M 

= Fe, Co, Zn) microspheres [51]. The loading efficiency of VP16 (Etoposide) in their 

particles is up to 64.8%. The drug release can be controlled using microwave radiation.  

Directly taken from magnetotactic bacteria, magnetosome is gaining interest as drug 

carriers [52]. Magnetosome is a membranous, intracellular organelle containing 

magnetic iron oxide particles which has a pivotal role in the magnetotactic behavior of 

bacteria. Magnetosomes have several advantages in drug delivery applications, such as 

the narrow size distribution, which can be genetically controlled, and the high purity of 

iron oxide nanoparticles [52]. In addition, magnetosomes are already covered by a 

membrane, which offers facile functionalization, controllable drug release rate and 
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biocompatibility [52]. Moreover, magnetosomes can be produced at large scale with 

high quality [53,54]. There are several amino groups or chimeric proteins in the case of 

engineered magnetosomes on the magnetosomes’ membrane, enabling the drug 

coupling via linkers [52]. So, drug or model molecule-loading into magnetosomes is 

achieved by surface functionalization [52,55–58]. For example, bacterial 

magnetosomes have been used as doxorubicin carriers for cancer treatment [58]. In 

this report, the research group of Li et al. showed the biocompatibility of 

magnetosomes and stability in the circulatory system in vitro [58]. The loaded 

doxorubicin was released effectively from the magnetosomes and killed cancer cells 

[58]. Tested in EMT-6 and HL60 cell lines, the IC50 value of DOX-functionalized 

magnetosomes (3.114 mg/mL for EMT-6 and 0.050 mg/mL for HL60) was smaller than 

that of magnetosomes (very high for EMT-6 and 4.112 mg/mL for HL60) and of free DOX 

(7.205 mg/mL for EMT-6 and 0.381 mg/mL for HL60). 

However, it is not easy to control the movement of single magnetic nanoparticle or 

single magnetosome, due to their low magnetization, therefore weak magnetic force 

[59]. In addition, the magnetic force applied to the magnetic carriers is proportional to 

the volume of magnetic materials [42]. With the nano-size particles, the magnetic force 

would be very small and may not overcome the circulation drag force inside the body. 

However, to keep the unique property of nanoparticles, the size of magnetic 

nanoparticles should be kept at the nanoscale. For example, superparamagnetic 

nanoparticles lose their superparamagnetic properties at a size larger than 

approximately 20 nm [60,61]. For ferromagnetic property, the formation of multiple 

magnetic domains, which reduces the remanent magnetization, occurs at the size 

threshold of approximately 128 nm for Fe3O4, 55 nm for nickel, 15 nm for iron and 

hexagonal close-packed cobalt and 7 nm for face-centered cubic cobalt [62,63]. To deal 

with this problem, a strategy is mimicking the magnetosome of magnetotactic bacteria, 

where the magnetic nanocrystals are organized in one or more chains. Therefore, drug 

carriers containing clusters of small magnetic nanoparticles are fabricated. Under the 

same magnetic field, the magnetic force of the assembly system is higher than that of 

individual nanoparticles. The system consists of several magnetic nanoparticles 

encapsulated in a matrix, for example, silica [64–68] or liposome [69–82], where the 

drug is usually loaded. 

The magnetic nanoparticles assembly core – silica shell structure combines the 

advantage of both types of materials. The silica shell, which can be made to be 

mesoporous, not only protects the core from the outside environment, but also 

provides a large surface area for drug loading. Silica nanoparticles are also well-known 

for their biocompatibility [83–86], which further enhances the potential of this drug 

delivery system. For example, the group of Lu et al. reported the synthesis of 

mesoporous organosilica nanoparticles encapsulating with Fe3O4 nanocrystals clusters 

[66]. Thanks to the addition of organosilica precursors during the synthesis, NH2 

functional groups are on the surface of the organosilica layer. NH2 groups bind with the 
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drug (aspirin and ibuprofen), hence reducing the release rate. This strategy not only 

increases the magnetization of the carriers, but also embeds the high mesoporosity, 

functionalization and the biocompatibility of silica into the drug delivery system. 

Magnetic nanoparticles functionalized liposomes, also called magnetoliposomes, is 

another very interesting drug delivery system. This strategy introduces controllable 

mobility property and MRI imaging into liposomes. In addition, due to the hyperthermia 

effect of magnetic nanoparticles, the crystal structure of liposome can be controlled by 

applying an alternating magnetic field, thus regulating the drug release rate [69]. It is 

synthesized by loading several magnetic nanoparticles inside the lumen [70–75], or 

inside the lipid layer [76–79] or on the surface of liposome [77]. The location of magnetic 

nanoparticles inside liposomes can be controlled by changing their surface functional 

groups [69]. The position between lipid bi-layers could be favorable in some situations, 

since the heat from the hyperthermia effect will be delivered directly to the lipid to 

change the structure. By combining the large drug loading capacity and 

biocompatibility of liposome with the high mobility, MRI imaging and hyperthermia 

effect of magnetic nanoparticles, a wide range of applications is opened for 

magnetoliposomes. 

Precise control of individual magnetic nanoparticles in vivo is hard to achieve, since they 

tend to form chains and aggregation under an external magnetic field [87]. Several in 

vivo studies about the guidance of magnetic nanoparticles to site of interests have been 

reported [88–90]. However, the accumulation of particles in the site of interest is 

achieved more than a long-distance guidance demonstration. The penetration depth of 

100 nm magnetic particles inside tumors in vivo was reported to be only 7 cm [88]. 

Therefore, the injection of magnetic drug carriers near the site of interests seems 

required. 

2.1.1.2. Magnetic micro-swimmers – Self-propelling force as the driven factor 

While the encapsulation of several magnetic nanoparticles inside a drug carrier 

increases the magnetic force of magnetic fields applied to it, the aggregation may lead 

to the loss of superparamagnetism. Another approach is introducing a self-propelling 

force into the magnetic carriers. In this case, the magnetic field only acts as a navigator. 

Carriers move forward by their own propelling force. This approach does not require 

too strong magnetic fields, and does not depend on the magnetic force [42]. The self-

propelling force can be from a bacterium, a sperm or a micron-size magnetic motor. 

Using a rotating magnetic field, a mechanical rotation movement may be created. 

Inspired by the bacterial flagella, screw-shaped magnetic micro-motors for drug 

delivery are fabricated. The micro-motors (also called micro-swimmers) can swim 

steadily, pick up drug-loaded cargos and release them into cells. This drug delivery 

system offers many advantages: high controllability, drug loading and release on 

demand, possibility to synthesize in large scale, no fuel needed and low magnetic field 
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strength requirement compared to magnetic-force-driven systems… [42]. For instance, 

Wang et al. reported the synthesis of Ni-Ag micro-swimmers, which can move with a 

speed of 10 µm/s [91]. The cargos, which are drug-loaded magnetic polymer 

microparticles, are stuck to the swimmers by magnetic force. The system can directly 

deliver the drug-loaded particles to cancer cells in vitro. Similarly, helix-shaped Ni/Ti 

bilayer coated polymeric micro-swimmers were synthesized by the group of Nelson et 

al. [92,93]. Their micro-swimmers can be functionalized with lipoplexes to deliver genes 

into cells [92] or pick up microparticles (around 6 µm in diameter) using a basket-

shaped head [93], offering a wide range of applications. This micro-swimmer has a 

screw-shaped and rotates under an alternating magnetic field (Figure 2.2A and 2.2B). It 

moves in a wobbling motion; the wobbling angle is determined by the frequency of the 

magnetic field. When the wobbling angle is very small, the moving behavior is 

corkscrew. The speed of the micro-swimmer is ranging from 20 to 200 µm/s depending 

on the size, shape and design. 

Having the self-powered ability, living microorganisms are promising candidates for 

drug carriers. Compared to the speed of synthetic micro-swimmers, the speed of some 

microorganisms, for example bacteria, is higher, since their movement in biological 

environments is naturally optimized [42]. In addition, they have better bio-adaptability, 

for example, sperms adapt well to the environment inside the female reproductive 

system [95]. Moreover, they have the ability of trans-membrane transport, which is not 

available in synthetic micro-motors [42]. In the case of microorganisms having magnetic 

property, they are functionalized with drug carriers [94,96]. For example, Stanton et al. 

integrated ciprofloxacin-loaded silica microtubes into magnetotactic bacteria 

Magnetosopirrillum gryphiswalense (MSR-1) and demonstrated the controllability of this 

system using a magnetic field [94]. The drug delivery system was created simply by 

incubation of bacteria with silica microtubes. The drug-loaded microtubes-MSR-1 was 

magnetically guided to an E. coli biofilm, whose pH is acidic, facilitating the release of 

CFX. As shown in Figure 2.2C, the drug-release rate of CFX in low pH is much higher 

than in high pH. In addition, under magnetic field control, the bacteria can push the E. 

coli biofilm and be trapped inside it, providing more chances for drug release (Figure 

2.2C). For microorganisms that do not naturally have magnetic particles inside, such as 

sperm or E. coli, they are loaded with drugs and functionalized with magnetic “gears” 

[95,97]. For example, taking advantage of the motility of sperms, Xu et al. loaded 

doxorubicin into sperms and put a magnetic cap around their heads [95]. Using a 

magnetic field, the magnetic caps around sperms orient and point them to the 

destination. When sperms arrive at the tumor, they penetrate inside it, leaving the caps 

behind. The drug-loaded modified sperms (approximately 15 pg of DOX-HCl per sperm) 

could swim for a suitable time, distance for drug delivery, and showed a high tumor cell 

elimination efficiency. Using HeLa spheroid model, the percentage of live cells after 24h 

when the spheroids were incubated with free DOX-HCl and with DOX-HCl-loaded 

sperms were 45% and 47%, respectively. The difference in percentage of live cells 

between these 2 cases were negligible after 72h, showing that the integration of drug 
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into sperms did not affect its therapeutic efficiency. Having almost equal cancer cells 

elimination efficiency with free DOX-HCl, DOX-HCl-loaded-sperms also possess 

targeting property, reducing systemic effect while keeping the same toxicity toward 

cancer cells. 

 

Figure 2.2. (A) Illustrative, fluorescence and TEM images of magnetically guided micro-

swimmer show the screw shape and the success in p-DNA loading, marked with green 

fluorescence. (B) The wobbling moving behavior of a screw-shaped swimmer and its moving 

speed are dependent on the magnetic field frequency and the helix angle. (C) The 

ciprofloxacin release rate from drug-loaded silica microtubes and the photo of 

magnetotactic bacteria carrying those microtubules; drug-carrying magnetotactic bacteria 

can be guided to an E. coli biofilm using a magnetic field.  

(A) Reproduced with permission from ref. [92] 

(B) Reproduced with permission from ref. [93]  

(C) Reproduced with permission from ref. [94] 

While there have been many reported drug delivery strategies using controllable 

magnetic carriers, there are still many problems remaining unsolved. Practically, the 
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strongest, yet safe for human health, external magnetic field generated from a magnet 

can penetrate up to only 5 cm below human skin, limiting the application of magnetic 

drug carriers for deep targets [98]. To enhance the penetration depth of the magnetic 

field, superconducting magnets used in MRI are required. However, these magnets are 

very bulky and hard to move, raising the problem of controlling the direction of the 

magnetic field. Martel communicated an idea about moving the patient instead, but 

further investigation and experiments are needed [42]. 

Besides the problem of magnetic field penetration in deep targets, there is also a 

problem with the movement of drug carriers in vivo. Due to the no-slip boundary 

condition at the blood vessel wall, the highest circulation drag force is in the middle of 

the blood vessels, while it is 0 near the wall [98]. Therefore, if a magnetic field pushes 

the magnetic drug carriers out of the center, they would accumulate and form a film of 

magnetic particles on the blood vessel wall, while they should be deep inside a tumor. 

The aggregation would terminate the superparamagnetic property of nanoparticles. 

The film also requires a stronger magnetic field to move. MRI can be applied to know 

the location of magnetic carriers and to detect the formation of the film. However, this 

division of duty between control mode and imaging mode leads to the loss in carriers' 

driving effectiveness [98]. These problems in vivo can be solved if the magnetic carriers 

have their own propelling force; since they do not require a too strong magnetic field 

to move, and they can escape from the film by themselves. While the bio-hybrid carriers 

made from microorganisms have better bio-adaptability and moving speed than 

artificial micromotors, they would trigger the human immune system. In addition, with 

the micro size of bacteria and some types of microswimmers, it would be hard to 

penetrate deep inside a tumor. 

2.1.2. Using an electric field 

Similar to electrotaxis in many organisms, the use of electric fields to guide drugs to the 

desired location is a potential therapeutic strategy to cure diseases. Since a strong 

electric field is harmful to cells and tissues, only weak electric fields are applicable, 

leading to the low penetration depth of electric fields into the human body. Therefore, 

electric fields can only be used to guide drugs through epithelial barriers (such as skin) 

to improve the permeability of drugs. This technique is called iontophoresis (Figure 

2.1A), which is not only applied to treat skin-related diseases, but also to eliminate deep 

tumors that are not suitable to be operated via implantation of iontophoresis devices. 

Due to the ease of access, transdermal approaches of iontophoresis can be applied for 

several applications, such as the treatment of skin cancer [99–104] and local anesthetics 

[105,106]. The electric field helps drugs to go through the skin layer, improving 

treatment efficiency. For local anesthetics application, Manjunatha et al. reported the 

delivery of Lidocaine Hydrochloride (HCl) using iontophoresis through ex vivo human 

skin and in vivo mice skin [106]. The Lidocaine HCl concentration penetrated into human 
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skin of continuous direct current (DC) iontophoresis application group was 4 times 

higher than that of passive diffusion group. By applying pulsed DC current, the drug 

concentration penetrated into human skin was only 3 times higher than the drug 

concentration in passive diffusion application group, but the skin damage investigated 

in mice was highly reduced, suggesting the potential application of pulsed DC 

iontophoresis for local anesthetics application. In cancer treatment, Huber et al. used 

iontophoresis of nanoparticles drug formulation to improve the penetration depth of 

doxorubicin (DOX) to treat squamous cell carcinoma in mice [101]. In their report, under 

passive diffusion condition, the penetration depth in viable epidermis in vitro of DOX 

solid lipid nanoparticles (DOX-SLNs, 136 nm in diameter) was approximately 3.4 times 

higher than that of DOX solution. The penetration efficiency can be further improved 

by the application of iontophoresis. In viable epidermis layer, the penetration depth of 

DOX-SLNs in iontophoresis condition was 45 times higher than that of DOX-SLNs in 

passive diffusion condition. In combination, the use of iontophoresis for nanoparticles 

drug formulation highly increased the penetration depth of DOX into skin. For skin 

cancer treatment efficiency investigation, in vivo study in mice was conducted. The 

tumor growth inhibition rate in mice treated with iontophoresis of DOX-SLNs was 

higher than that of DOX solution. In addition, the use of iontophoresis of DOX-SLNs 

reduced the amount of undifferentiated cancer cells, compared to both non-treated 

mice group and mice group treated with the iontophoresis of DOX solution. These 

achievements show the very high potential of electric-field-guided drug treatment for 

skin cancers. 

Although iontophoresis has shown its high performance in skin cancers treatment in 

both preclinical and clinical trials, it cannot be applied for tumors lying deep inside the 

body due to the access difficulty of iontophoresis devices. Specifically for bladder, 

intravesical delivery is one of the approaches for post-surgery treatment of bladder 

cancers. The electrode and drugs are inserted into the bladder through urinal tracts, 

helping to deliver drugs deep inside the bladder wall. The delivery of mitomycin C using 

iontophoresis into the bladder reduces recurrences in patients [104]. In an ex vivo 

experiment of human bladder tissue, after 15 minutes, the amount of drug delivered 

by iontophoresis was approximately 6 times higher than that by passive diffusion [107]. 

Several clinical trials gave positive results for the use of iontophoresis to deliver drugs 

intravesically for bladder cancer treatment [104,108]. For example, Gan et al. reported 

a clinical trial using sequential bacillus Calmette-Guérin (BCG)/iontophoresis of 

mitomycin C to treat high risk, nonmuscle invasive bladder cancer [109]. The treatment 

was successful in 87% of patients (90 of 104 people). After 1 year, nearly 87% of patients 

did not develop recurrence (75 of 86 people). After 2 years, approximately 93% of 1-

year-disease-free patients continued to be disease-free (66 of 71 people). 

Because of the shallow penetration of applied electric fields, iontophoresis devices 

have to be implanted inside the body to reach deep targets. The use of implanted 

devices helps to concentrate drugs on the implanted location and to reduce systemic 
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drugs. This approach is suitable for unable to be operated tumors, such as in the case 

of pancreatic cancer. In the advanced state of pancreatic cancer, many patients have 

locally advanced cancer, leading to the invasion of the tumor to the adjacent blood 

vessels, creating difficulties for surgery [110,111]. Byrne et al. fabricated a 

biocompatible iontophoresis device, which was then implanted inside the pancreatic 

cancer xenograft mouse model [110]. After 7 weeks, the tumor size of mice treated by 

implanted gemcitabine-releasing iontophoresis device was 1.7 times smaller than the 

initial. Meanwhile, the tumors of mice treated by intravenous gemcitabine, intravenous 

saline and saline-releasing iontophoresis device continued to develop for 7 weeks. In 

another report, the implanted iontophoresis device for local drug delivery showed a 

better tumor response than intravenous drugs [112]. 

The main challenge with the use of electric fields to guide drug is the danger of high 

strength electric fields, lowering the electric force inducing on the drug. Therefore, only 

small molecules can be guided by iontophoretic, while antibodies, nanoparticles are 

excluded from this treatment method due to their big size [104]. The penetration depth 

of molecules in tumors is improved by electric field, but still too small for large size 

tumors. For example, the drug is found up to 12 mm [113], 10 mm [104] or only 5 mm 

[114] from the electrode surface. In addition, at high depth, the quantity of drug may 

not be sufficient for therapeutic purposes. Although the electrode can be put in the 

desired location (for example, on tumors), the drug still diffuses to healthy surrounding 

tissues, raising the concern about toxicity, especially in sensitive areas. For instance, 

pancreatitis may develop if drugs are delivered directly to the pancreas [104]. 

2.1.3. Using a chemical concentration gradient 

Chemotaxis is very important in the development of an organism. Bacteria, human cells 

sense chemical cues to migrate, to find food and to avoid dangers. Taking advantage of 

chemotaxis, many targeted drug delivery systems use chemical cues released from the 

target to migrate there (Figure 2.1C). In addition, these taxis behavior can be further 

engineered to increase the sensitivity or to fit the application. Unlike magnetically 

guided carriers or electric guided therapies, in which the location of action must be well 

known, chemotactic guided drug carriers spontaneously follow the chemoattractant to 

the desired location. 

2.1.3.1. Self-driven micromotors 

Micromotors can transfer chemical reaction energy to mechanical movements. They 

interact with chemicals that exist in their surrounding environment to move, equipping 

them the capacity to sense and move toward high reactants/catalysts concentration 

regions. This behavior is similar to chemotaxis in living organisms, giving micromotors 

a very high potential in the targeted drug delivery application. Using fuels like hydrogen 

peroxide [115–120], or catalysts like pH [121,122], which are overproduced in tumors 

[123,124], micromotors are able to move specifically toward cancer cells. 
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Polymerization reactions also can be used to move micromotors [125], giving them the 

chemotactic movement toward high monomer concentration. Interestingly, a glucose-

fueled nanomotor system has demonstrated the improvement in mice blood-brain 

barrier penetration in vivo [126]. The nanomotor showed the chemotactic movement 

toward high glucose concentration. The nanomotors are polymersomes containing 

glucose oxidase and catalase, which catalyze glucose oxidation reaction and 

decomposition of H2O2 to form O2, pushing the nanomotor forward. The directional 

movement of polymersomes was achieved due to the asymmetric configuration. Via in 

situ brain perfusion, the amount of chemotactic polymersomes in the central nervous 

system of rat was 4 times higher than that of non-chemotactic polymersomes (20% and 

5% of injected dose, respectively) – consisting of symmetric polymersomes, asymmetric 

but empty polymersomes. Drug-loaded micromotors moving specifically in acidic pH 

have been reported for drug delivery in the stomach [121,122]. Wang et al. showed the 

improvement in the Helicobacter pylori elimination rate in vivo when using 

clarithromycin-loaded micromotors compared to non-moving microparticles [122]. As 

shown in Figure 2.3A, the micromotor main component is the Mg core, which reacts 

with HCl in mice's stomach to move. The directional movement is achieved by the 

configuration of the TiO2 shell, which covers partly the Mg core, leaving space for the 

bubble forming reaction. In Figure 2.3B, the amount of H. pylori in mice treated with Mg 

motor is comparable to mice treated with the conventional method (antibiotic and 

proton pump inhibitor), confirming the drug-protection capacity of the motor. 

Researches about micromotors are mostly conducted in non-biological environments. 

There are not many investigations in vivo, especially the behavior of micromotors in 

blood, maybe because of their remaining disadvantages. Hydrogen peroxide – the fuel 

of many micromotor systems, has a very low concentration in blood (1-5 µM at normal 

state [127]), while the needed H2O2 concentration to activate H2O2-fueled micromotors 

movement is at least 64 mM (0.15% v/v) [115]. Therefore, a direct administration of 

micromotors to the surrounding site of interest is required. In addition, micromotors 

are easily recognized and caught by macrophages in the blood, since they do not have 

any stealth coating. The addition of a stealth layer would cover the reaction site of 

micromotors, hindering their movement. 
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Figure 2.3. (A) Structure and moving mechanism of Mg micro-motor in acidic environments; 

(B) The application of clarithromycin-loaded micromotors in H. pylori treatment in mice 

shows comparable performance to the combination of clarithromycin and proton pump 

inhibitor. Reproduced with open-access permission from ref. [122] 

2.1.3.2. Biological and bio-hybrid drug carriers 

2.1.3.2.1. Bacteria 

Bacteria is a potential candidate to carry drugs. They have the ability to locate, target 

and then to proliferate inside tumors thanks to their chemotactic sensing [128]. 

Bacteria find the tumor's location by following the chemoattractants in necrotic regions 

produced by cancer cells, such as aspartate, serine, citrate, ribose and galactose [129]. 

Then they enter tumors via the leaky vascular networks. Because oxygen acts as a 

chemorepellant for certain types of bacteria, tumors are perfect niches for them to 

replicate because of the hypoxia, rich nutrition and lack of immune system 

environment [128]. Bacteria have been reported to be carriers of proteins [130–133], 

DNA [134–140] and micro/nanoparticles [141–145] for tumors elimination. 

Bacteria can be genetically modified to have the capacity to produce desired 

therapeutic proteins. The interested proteins, such as anti-tumor cytotoxic agents, are 

directly expressed in bacteria. The modification procedure is well known and easy to 

manipulate [146]. With the ability to target and accumulate inside tumors by following 

chemotactic signals, bacteria enter tumors and express therapeutic proteins, which act 

as drugs, prodrugs or immune stimulation agents [133]. The combinational therapy 

involving many drugs can be achieved by integrating several proteins of interest at the 

same time on bacteria. This in vivo production of therapeutic agents reduces the drug 

purification step in drug production, hence reducing the cost of treatment. In addition, 
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since the bacteria migrate and express proteins only inside tumors, the systematic 

toxicity is highly decreased. For example, Tangney et al. reported the use of probiotic 

bacteria to on-site produce prodrug [132]. In vitro and in vivo experiments on mice 

showed the reduction in tumor size and the increase of mice survival rate, indicating 

the potential of this strategy. In another example, Zheng et al. reported the use of an 

attenuated Salmonella Typhimurium strain, which was genetically engineered to secrete 

Vibrio vulnificus flagellin B (FlaB), to target tumors in mice model [147]. FlaB triggered 

the recruitment of immune cells, which eliminated and suppressed tumor cells. 55% of 

mice treated with modified bacteria no longer had tumor after 52 days. Meanwhile, 

mice treated with PBS or purified FlaB did not show any sign of tumor regression and 

died before the experiment ended, indicating the importance of the targeting property 

of bacteria. The secretion of FlaB from engineered bacteria also can prevent metastasis 

of orthotopic human colon cancer in nude mice. In mice treated with engineered S. 

Typhimurium, only 4 metastasis lesions were found in 3 mice, while 91 lesions were 

found in PBS treated mice. However, when bacteria express eukaryotic proteins, the 

lack of post-translational modification, the formation of inclusion bodies, incomplete 

protein folding or codon usage bias inactivate the produced proteins or reduce the yield 

rate [148].  

Instead of proteins, the delivery of DNA directly into cancer cells using bacteria is an 

effective strategy to kill cancer cells, which is called bactofection. In comparison to other 

types of gene delivery vector, the use of bacteria has lower cost and more simple 

preparation, while still keeps a high delivery load [146]. The gene is embedded into a 

bacteria plasmid. Then, it is transferred to the host cell nucleus after the internalization 

of bacteria. Therefore, the most popular choice of plasmid carrier is intracellular 

bacteria, for example, Listeria monocytogenes (L. monocytogenes), due to their ability to 

internalize, live in the cytoplasm and to spread from cells to cells without going through 

extracellular matrix [146,149]. Proteins of interest are then synthesized and expressed 

by mammalian cells. This strategy produces more stable expression compared to 

proteins expressed directly on bacteria [146]. Bactofection has been reported for in vivo 

delivery of therapeutic DNA to inflamed tissue for treatment of inflammatory bowel 

disease [137], the delivery of herpes simplex virus thymidine kinase and ganciclovir 

(called suicide gene therapy) to bladder cancer cells, leading to their apoptosis [138–

140]. Nevertheless, bactofection is also well-known for its application in the delivery of 

DNA vaccines, which is a plasmid encoding antigen that provides mammalian cells the 

immunity against pathogens and cancer cells [134–136]. For example, L. monocytogenes 

have been used to deliver melanoma, cervical and breast cancer antigens to T-cells for 

cancer immunotherapy [134]. However, not all cancer cells express therapeutic 

antigens, leading to the uncompleted elimination of cancer cells [150]. Thus, a 

combination of therapy would be necessary to totally cure a disease.  

Using bacteria to deliver protein or DNA requires genetic modification, which can be 

affected by mutation, hence reducing the efficiency of this method. To avoid this 
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problem, a division in the responsibility of drug loading and transport is needed. So, 

the drug is loaded inside a cargo, for example liposomes or nanoparticles, and the duty 

of bacteria is only carrying the cargo to the desired destination by following chemotactic 

cues. The cargos can carry any drugs or imaging agents without harming the bacteria. 

The linkage between cargos and bacteria can be formed without or with very little 

modification of bacterial membrane, leading to the simplicity in the fabrication of the 

delivery systems. The cargos-bacteria bond can be bioaffinity [142–144], such as 

streptavidin-biotin and antibody-antigen, or covalent interaction [151]. For example, 

Nguyen et al. have reported the attachment of paclitaxel-loaded liposome to Salmonella 

Typhimurium bacteria for tumor targeting and elimination (Figure 2.4) [144]. The 

paclitaxel-loaded liposome was coated with streptavidin, which could adhere to biotin 

on the bacteria membrane. Therefore, no complicated modification was needed on 

bacteria. The drug release rate of the drug-loaded liposomes is similar to the liposome-

bacteria system, showing the minor influence of bacteria on the drug release property 

of liposomes. Thanks to the mobility of bacteria, the liposomes-bacteria system had a 

higher speed than the only-liposomes formulation, which possessed only Brownian 

motion (3.09 µm/s and 0.4 µm/s, respectively). With the liposomes’ size of 2.25 µm, the 

number of bacteria adhering to one liposome was from 1 to 3. In addition, the bacteria 

provided the tumors-targeting ability to the system, hence increasing the therapeutic 

efficiency. In vitro, the IC50 of the liposome-bacteria system was significantly lower than 

that of only-liposomes, indicating the high potential of the system. While the strategy 

of attaching drug-loaded cargos to bacteria ignores the high functionality of bacteria, 

the simplification in the production process brings the therapy closer to the realization 

[146].  
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Figure 2.4. Images of Salmonella Typhimurium carrying paclitaxel-loaded liposomes; The 

drug release rate of liposomes and of bacteria carrying liposomes are almost identical, while 

the moving speed of the bacteria-liposome system is higher than single liposomes. 

Reproduced with permission from ref. [144] 

2.1.3.2.2. Human cells 

Besides the same advantages as bacteria in drug delivery applications, human cells also 

offer the compatibility with the human immune system. With the ability to follow 

chemotactic signals, immunocytes and stem cells can migrate to injured, inflamed or 

cancerous sites. For example, the inflammation process recruits many mononuclear 

phagocytes to inflamed sites [152]. Macrophages and monocytes also accumulate in 

the hypoxic region of tumors, as reported in prostate and breast cancer [153,154]. In 

addition, they can pass through biological barriers, such as the blood-brain or blood 

tumors barrier, then release the loaded drug, enhancing the therapeutic efficacy 

[155,156]. Another advantage of the human cell drug delivery system is the simple drug 

loading process. In general, drugs are loaded inside a cargo, for example, nanoparticles, 

liposomes. Then, the drug-loaded cargos are endocytosed by human cells during the 

incubation of the cells [157]. Human cells like leukocytes are known to store many 

compounds in their intracellular vesicles, which is then released via exocytosis at the 

disease site [158]. Drugs are then released following these chemicals. Human cells 

acting as promising drug carriers are leukocytes [159–163] and stem cells [164–167] 

due to their homing property to disease sites. Although red blood cells hold many 
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advantages to be potential drug carriers, they do not possess any important intrinsic 

chemotactic movements. Therefore, we do not discuss about them in this review. 

Leukocytes hold great potential for targeted drug delivery applications due to their well-

known homing behavior to inflammation or pathogens’ sites. From the fact that 

neutrophils have the ability to track, hunt and follow E. coli, Qiang He et al. loaded drugs 

into neutrophils and showed that they could carrier drugs toward an E. coli gel via 

chemotactic movement [159]. The drug – doxorubicin (DOX) was loaded inside 

mesoporous silica nanoparticles (MSNs), which had high biocompatibility and high 

specific surface area for drug loading. To reduce drug leakage and increase MSNs 

uptake by neutrophils, MSNs were coated with a layer of E. coli membrane (EM) (Figure 

2.5A). EM@MSNs uptake rate by neutrophils was 97.36%, higher than the uptake rate 

of MSNs (32.58%). The drug leakage rate was significantly reduced in both neutral and 

acidic pH after the coating of EM. Figure 2.5B shows the directional movement of 

EM@MSNs carrying neutrophils towards an E. coli gel over 8 minutes, with a velocity of 

0.165 µm/s. In addition to chasing after bacteria, the chemotactic behavior of 

leukocytes also brings leukocytes in blood or in bone marrows specifically to injured, 

inflamed locations [168]. Leukocytes were also found inside tumors [169]. Tumor cells 

undergo inflammation process and secret chemoattractants to attract a high amount 

of leukocytes, mainly macrophages and T cells [170,171]. Moreover, in the inflammation 

environment, cell adhesion molecules are overexpressed on the surface of epithelial 

cells, facilitating the attachment of leukocytes to the epithelial layer, which is highly 

favorable for drug release [168,172]. Taking advantage of these properties, when 

leukocytes are loaded with a drug, they carriers the drug to the disease site, accumulate 

in that region and release the drug, enhancing the therapeutic efficacy. For example, 

Zhang et al. have reported the use of neutrophils to carry paclitaxel-loaded liposomes 

to target inflamed brain tumors [160]. Liposome-carried neutrophils migrate to the 

tumors following inflammatory chemoattractants, penetrate the brain and reduce the 

recurrence of malignant glioma in mice. However, cancer in mice was not fully cured, 

even when the chemotactic attraction of cells to disease site was observed. Probably, 

the drug encapsulation capacity of cells was not high [158]. In addition, leukocytes like 

macrophage cannot penetrate too far into the tumor. The drug then cannot reach 

tumor cores. When the size of tumors reduces, hypoxia and other inflammatory signals 

from the tumor reduced, hence reducing the recruitment of leukocyte and slowing 

down the treatment [173]. Moreover, macrophages accumulation on the tumor surface 

would make the size of tumors nearly unchanged [173]. Therefore, the combination of 

therapies in addition to the use of leukocytes is needed for complete eradication. 



Chapter 2. Targeted drug delivery therapies inspired by natural taxes 

66 

 

 

Figure 2.5. (A) EM@MSNs (top-left) and MSNs (bottom-left) uptake percentage by neutrophils 

characterized by flow cytometry. The release rate of loaded DOX inside each system in 

different pH shows that the E. coli membrane coating reduces the leakage of drug. (B) 

Trajectories of 10 neutrophils carrying drugs over 8 minutes in the absence or the presence 

of an E. coli gel. Reproduced with permission from ref. [159] 

Just like leukocytes, stem cells have the property of homing to inflammation and tumors 

site. Stem cells surface interacts with chemokines and cytokines secreted by injured 

tissues [174]. They then migrate, adhere and penetrate into that site [174]. The 

targeting capacity of stem cells can be improved by overexpressing chemoattractant 

receptors [174]. In addition to their chemotactic behavior, stem cells are also interesting 

due to their regenerative function. They can release trophic factors to repair damaged 

neurons and facilitate recovery [175]. So, they are applied intensively in the treatment 

of neurodegenerative diseases [176,177]. To enhance the healing capacity of stem cells 

for angiogenesis improvement, vascular endothelial growth factor (VEGF)-loaded 

nanoparticles was integrated inside stem cells [167]. After intramuscular injection of 

modified stem cells and delivery of VEGF, muscle degeneration and tissue fibrosis were 

highly reduced. This approach would be highly effective for injures recovery and tissue 

regeneration. Stem cells are also applied in targeted-delivery of genes. Menon et al. 

transduced a lentivirus vector of tumor necrosis factor-related apoptosis-inducing 
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ligand (TRAIL) into mesenchymal stromal cells [166]. After injection, engineered 

mesenchymal stromal cells migrated to glioma tumors, locally expressed TRAIL to kill 

cancer cells, leading to the high suppression rate of glioma tumor growth (81.6%) and 

the high survival rate of the tested animals. 

The drug delivery systems using human cells also possess disadvantages. In general, 

human cells have low drug loading capacity [158]. In addition, both leukocyte and stem 

cells have the ability to disintegrate and destroy loaded therapeutic agents, leading to 

even lower loading capacity [158,178]. The drug formulation must also be safe for 

carrying cells, since they still need to function normally and migrate toward the desired 

destination. The uptake of nanoparticles modifies cellular membrane, influences the 

differentiation process and cellular migration [178–180]. For example, after 

endocytosed titanium oxides nanoparticles, the migration distance of stem cells was 

reduced [180]. The large TiO2 nanoparticles inhibit more severely the migration 

behavior of cells than small nanoparticles [180,181]. Furthermore, after the injection of 

cells, not all drug-loaded cells migrate to injured sites, leading to the need of 

overexpressing cellular chemoattractants receptors, which complicates the therapeutic 

procedure. After the penetration, drug-loaded cells remain inside tumors or disease 

sites and block new-coming cells, reducing the influence of drugs to the center of the 

location. Finally, when the tumor’s size reduces, the chemotactic signals secreted by 

cancer cells also decreases, leading to the lower attraction of drug-loaded leukocytes 

or stem cells [173]. Thus, the total eradication of cancer cells must be realized by other 

supplementary therapeutic methods. 

The sensing ability using chemotaxis only works at short range and cannot be precisely 

controlled in vivo, since the chemical cues source is originated from the desired 

destination, leading to the low concentration at far distances. Therefore, the injection 

of drug-loaded bacteria or cells must be near the site of interest. So, using additional 

guidance, such as a magnetic field, is a strategy to overcome the problem. The external 

guidance helps the biological carriers get close to the destination, enough to activate 

the chemotactic sensing. Then, the carriers move along the chemical signal to the site 

of action. For example, magnetotactic bacteria have both chemotactic and 

magnetotactic behavior. Felfoul et al. used a magnetic field to guide liposome-loaded 

magnetotactic bacteria to the tumor region, where the oxygen concentration is suitable 

for the activation of their aerotactic behavior [96]. The number of bacteria found inside 

tumors increased approximately 4 times when a magnetic field was applied.  

2.2. Attracting targets to a desired location 

“Magical bullets” can only be shot at well-defined targets, for example a tumor, or an 

inflammation site. However, this is not the case for problems like circulating cancer 

cells, whose location is not always obvious. Using cellular natural taxis behavior, guiding 

these moving targets to a trap is another strategy to eliminate residual cancer cells or 
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harmful bacteria living in the body and for disease diagnostics. In another application, 

the scaffold can be used as a training camp, which attracts, modifies and equips 

dendritic cells with tumor antigens to increase anti-cancer immunity. 

2.2.1. Cancer cells trap 

The first strategy is establishing an artificial scaffold to catch metastasis cancer cells to 

prevent the adhesion of cancer cells, to reduce the metastasis burden for human 

organs and to detect circulating cancer cells for early detection of cancer metastasis 

(Figure 2.1D). This niche or trap simulates an optimal environment for cancer cells, 

deceives and redirects them from their original destination [182–185]. Benefiting the 

chemotactic behavior of cells, the trap may be loaded with chemokines to enhance 

cancer cells attraction efficiency. Cancer cells are guided to the trap by extracted 

exosomes [186,187], cells encapsulated inside the trap [184,188], hypoxia environment 

creating compound [182], proteins [183,189–191] or nanofibers [192]. The location to 

install traps is determined based on the information that certain types of cancer cells 

only migrate and metastasize to certain organs. For example, the bone marrow is a 

favorite site of metastasis in breast or prostate cancer cases [183], or the peritoneal 

cavity is a metastasis site of ovarian and colorectal cancer cells [186,188]. Hence, traps 

are set up in the predicted metastasis destination. Cancer cells stuck inside the traps 

will be then removed by removing the traps [186,188], be killed by drugs loaded inside 

the traps [192], by in situ hyperthermia [193] or irreversible electroporation activation 

[194].  

The cancer cell traps are applied for early diagnosis of cancer metastasis, by detecting 

them in the early state, when the metastasis tumors haven’t formed [191,195]. Azarin 

et al. fabricated CCL22 chemokine loaded scaffolds and investigated its behavior using 

the orthotopic breast cancer metastasis model [191]. CCL22 loaded inside the trap 

recruits immune cells to trigger an immune response at the scaffold, which facilitates 

the recruitment of cancer cells. Using inverse spectroscopic optical coherence 

tomography, the invasion of circulating tumor cells to the trap can be detected via the 

changes in tissue architecture. After 28 days, the amount of metastasis cancer cells 

detected in the lung was 88% lower in trap-implanted mice compared to sham treated 

group, showing that the trap also reduced the metastasis burden.  

After the colonization of cancer cells inside traps, the trap removal step is necessary to 

improve the survival duration of cancer patients. For example, knowing that peritoneal 

cancer is developed when ovarian cancer cells metastasize to the cavity of peritoneal, 

the group of De Wever synthesized engineered niches from cancer-associate 

fibroblasts encapsulated microparticles, which attract peritoneal cancer cells and 

prevent the adhesion of them to mesothelial cells, delaying tumors formation rate 

[188]. After being saturated with cancer cells, the microparticles niches were then 

removed magnetically thanks to an iron oxide coating on the surface. In vitro 
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experiments showed that the system can trap effectively several cell lines and have 

higher cell attractiveness than an in vitro model of the peritoneal wall (64% reduction 

of cells adhering after the introduction of microparticles). In the xenograft peritoneal 

cancer model, the group of mice treated with microparticles survived for 67 days, 

longer than sham-treated mice (50 days), indicating the potential of this treatment. 

Applying a similar strategy but using scaffolds containing exosomes extracted from 

ovarian cancer patients, Abal et al. reported the delay of peritoneal cancer metastasis 

in murine ovarian cancer model [186]. The metastasis trap became a favored 

destination for metastasis, which distracted circulating cancer cells away from their 

migration pathway, preventing the occurrence of peritoneal metastasis. With the 

implantation of the trap, the survival duration increased from 117 days to 199 days, 

indicating the therapeutic effect of the trap. The presence of the trap delays the 

metastasis and reduces the burden for the peritoneal cavity. Interestingly, if the trap 

was removed after one month, the survival duration increased to 309 days, showing 

the importance of trap removal after the colonization of cancer cells into it.  

The removal of tumor traps requires surgery, which may not be favorable for some 

patients. In addition, the total removal of traps is not easy, especially when many trap 

systems are micro-size. If trap residual stays inside the human body, they may act as a 

metastasis enhancement source [188]. Therefore, eliminating cancer cells in situ inside 

traps is a strategy to avoid these problems. Jain et al. encapsulated anti-tumor drugs 

inside a hydrogel scaffold and guided brain tumors cells there using aligned 

polycaprolactone nanofibers [192]. From primary brain tumors, cancer cells attached 

then migrated along nanofibers to the trap. They then underwent apoptosis inside the 

trap due to the influence of loaded cyclopamine. Eighteen days after the implantation 

of the trap, the tumor volume was approximately 12 times smaller than the tumor 

volume of the non-treated case. However, in clinical, the insertion of such a large device 

proposes several difficulties. In another strategy, in which the elimination of cancer cells 

trapped inside a scaffold is controlled externally, micro-size traps are equipped with 

metal mesh to induce irreversible electroporation [194] or metal disk to have the 

heating ability via electromagnetic induction [193].  

In clinical, the implantation, the removal and replacement of cancer cell traps require 

surgery, which is not always possible for patients and may negatively affect their health. 

The wound site created after surgery is an attractive location for the colonization of 

cancer cells due to the excessive secretion of growth factors [188]. Thus, this 

therapeutic approach is not suitable in all cases. After the installation of scaffolds, the 

in vivo monitoring of the trap to quantify the amount of recruited cancer cells need to 

be done carefully. The saturation of the scaffold leads to the escape of cancer cells, 

reducing the efficiency of the trap [186]. The residual of scaffolds due to incomplete 

removal may act as a source of metastasis to enhance tumor progress [188]. The in situ 

elimination of trapped cancer cells strategy using electroporation and electromagnetic 

induction heating also requires surgery to remove metal parts after the treatment. 
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Concerning another aspect, cancer cells chemoattractants must be well-characterized 

and have a high specificity toward cancer cells. The use of cells and exosomes ensures 

the tumor cells attraction selectivity; however, it complicates the fabrication procedure 

of tumor traps. Proteins as chemoattractants are easier to manipulate in the procedure 

of trap synthesis. However, in the case of SDF-1 (also called CXCL12), it also attracts 

stem cells, speeding up the saturation of the trap [196,197]. In addition, SDF-1 is 

associated with the process of tumor progression, survival, angiogenesis and 

metastasis [198].  

2.2.2. Immune cells training camp 

The rise of cancer is partly originated from the failure of the human immune system. 

Instead of introducing chemical drugs into the body, training the immune system by 

equipping them with essential gears is one of the approaches to treat the disease. The 

ex vivo modification of dendritic cells (DCs) approach has been investigated for a long 

time. It is however an expensive, complicated procedure with inconsistent success rate, 

and often leads to failures in phase III of clinical trials [199]. The explanations are 

proposed to be the low number of ex vivo modified DCs migration to lymph node and 

the limitation in the function of ex vivo differentiated DCs [199]. To avoid these 

problems, the in vivo modification of DCs method is investigated as a solution. In detail, 

bio-scaffolds, acting as training camps for dendritic cells, are installed around the body, 

aiming to expose them with tumor antigens (Figure 2.1E). The key factor for this 

approach is the chemoattractants loaded inside the scaffold, which attract DCs to the 

training camps for surface antibody modification and maturation. In addition, drug-

loaded bio-scaffolds provide residence sites for DCs, highly improve the therapeutic 

efficiency compared to bolus formulation [200]. For example, Kumamoto et al. co-

implanted MIP-3β chemokines-loaded and tumor-lysates-loaded polymer rods in the 

abdominal skin of mice to attract epidermal Langerhans cells [201]. Firstly, the release 

of MIP-3β chemokine was controlled to recruits DCs to the polymer rods, with >70% of 

MIP-3β released after 48h. Then, the entrapped DCs were exposed to tumor lysates, 

which helped to modify DCs. In the last step, dinitrofluorobenzene (DNFB) was injected 

to induce DCs maturation and emigration from the epidermis to lymph nodes. In vivo 

experiments using fibrosarcoma tumor and lung carcinoma mouse model, mice 

received implanted rods had a significantly lower tumor growth rate compared to non-

treated groups, indicating the promising application of this approach. Similarly, Ali et 

al. loaded into scaffolds granulocyte-macrophage colony-stimulating factor (GM-CSF) as 

a DCs recruitment factor, cytosine guanosine oligonucleotide (CpG-ODN) as a danger 

signal to activate DCs and tumor lysates containing tumor antigens [200]. To keep a 

long-term attraction of DCs, GM-CSF release was controlled to be continuous for 10 

days, while CpG-ODN was formulated with polyethylenimine to form cationic charged 

nanoparticles, improving adhesion to scaffolds, resulting in 80% retention after 25 days. 

The co-loading of CpG-ODN and GM-CSF into scaffolds increased the amount of 

activated DCs by 2.5 times, compared to scaffolds loaded only with GM-CSF. Using the 
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melanoma mouse model, 90% of scaffold-implanted mice survived after 90 days, while 

non-treated mice survival time was up to 25 days. In the following studies, Ali et al. 

investigated the therapeutic efficiency of scaffold loaded different chemokines like GM-

CSF, Flt3L, CCL20 and adjuvants like Poly-(I:C) and CpG-ODN [202,203]. Different 

chemokines recruited and activated different subsets of DCs, resulting in different 

therapeutic efficiency [202]. In the melanoma mouse model, the survival rate of CCL20-

loaded scaffold implanted mice after 120 days was approximately 60%, while those of 

GM-CSF-loaded scaffold and Flt3L-loaded scaffold implanted mice were about 76% and 

90%, respectively. Besides melanoma, this approach was tested and showed positive 

results in glioma mouse [204,205] and Lewis lung carcinoma model [203]. The feasibility 

of the strategy can be further improved by using injectable bio-scaffold, reducing the 

side effects of surgery on patients. Using cryo-gelation hydrogel as the scaffold 

material, several groups have reported the in vivo installation of DCs recruitment camps 

via intramuscular injection [206] or subcutaneous injection method [207–210]. The high 

porosity and elasticity of hydrogel provide high chemokines encapsulation efficiency 

and a suitable living environment for DCs [199]. For example, Liu et al. injected GM-CSF-

loaded hydrogel into the melanoma mouse model and investigated its therapeutic 

efficiency [207]. The scaffold recruited a high amount of both DCs and macrophages, 

peaked at 4 million cells after 1 week; however, most of DCs were inactive. The recruited 

DCs were then programmed and activated with tumor antigen via the injection of viral 

or non-viral vectors into the scaffold. The implantation of hydrogel improved cancer 

immunity in murine melanoma model. The hydrogel-injected mice had a higher survival 

rate and much lower tumor development rate than non-treated mice. While non-

treated mice could not survive for more than 30 days, the survival duration of 

vaccinated mice was from 40 to 46 days. Similarly, Mooney et al. loaded GM-CSF, CpG 

and irradiated breast cancer cells into cryogel scaffold, which was then implanted near 

inguinal lymph nodes of mice [209]. After a burst release initially, the release rate of 

GM-CSF and CpG from the scaffold was sustained for at least 14 days, long enough for 

the application (Figure 2.6A). As demonstrated in Figure 2.6A, thanks to the release of 

GM-CSF, the amount of recruited DCs cells and neutrophils in the chemokines-loaded 

scaffold was much higher than in the blank scaffold. However, the blank scaffold 

recruited more macrophages than the GM-CSF-loaded scaffold. To evaluate the 

efficiency of the vaccine scaffold, it was implanted inside mice, which were challenged 

with tumor 30 days after vaccination (Figure 2.6B). Vaccinated mice had a higher level 

of anti-HER2 antibody than mice that were implanted with the blank scaffold. This level 

of anti-tumor antibody was maintained for at least 37 days after implantation. 

Interestingly, the scaffold implantation location highly affected the immunity and the 

survival rate of mice. After 150 days, the survival rate of mice that had scaffold near 

inguinal lymph nodes was 80%, much higher than mice had scaffold far from inguinal 

lymph nodes (40%).  
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Figure 2.6. (A) The release rate of GM-CSF and CpG from the scaffold; GM-CSF-loaded scaffold 

recruits more neutrophils and DCs, but fewer macrophages than the blank scaffold. (B) The 

implantation of the vaccine scaffold improves the production of anti-cancer antibody; the 

location of implantation (near or far from the draining inguinal lymph nodes) influences the 

kinetics of antibody response, resulting in the difference in survival rates after 150 days. 

Reproduced with permission from ref. [209] 

While preclinical studies of immune cell training camp strategy have shown a very high 

potential for cancer treatment and prevention, this strategy cannot prevent the case of 

tumors escape, which is one main reason for cancer relapse and metastasis. Tumor has 

mechanisms to escape from the surveillance of the immune system, avoiding the attack 

of immune cells and facilitating metastasis [211,212]. Whereas immunotherapy boosts 

the ability of the immune system to fight against tumors, cancer cells can alter the 

behavior of host immune system via the recruitment of immunosuppressive cells, 
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which reduce the activity of immune cells and create a tumor immunosuppressive 

microenvironment [211]. These immunosuppressive cells disturb the surface antigens 

recognition of DCs, inactivate T and B cells while prevent their proliferation, and inhibit 

activities of natural killer cells and cytotoxic T lymphocytes [213]. In another strategy, 

cancer cells can change their antigenicity to hide from DCs. The change and loss of 

tumor antigenicity are proposed to be originated from the immune selection of 

mutated cancer cells or from the defects in antigen presentation [212]. To solve the 

problem of tumor escape, the combination of “training camp” strategy with other 

immunotherapies is necessary. Calmeiro et al. suggested two potential strategies for 

the combination, which are using immune checkpoint inhibitors and equipping DCs 

with specific neoantigens from patient tumors [199]. By delivering immune checkpoint 

inhibitory molecules, the tumor immunosuppression is inhibited, blocking one of the 

main routes of tumor escape. Neoantigens can be predicted by studying the frequency 

of cancer mutation [212]. While several clinical trials of using neoantigens and using 

immune checkpoint inhibitors have been conducted, the combination of them with a 

scaffold-based system to boost the treatment efficiency has not been investigated 

[199]. Further research in these directions are needed to investigate this promising 

therapy. 

3. Future prospects and conclusion 

We have reported two targeted taxis-inspired therapeutic strategies: guiding drug 

carriers to a target and guiding targets to an immobilized drug reservoir. To guide 

carriers to a target, electric field, magnetic field, and chemical concentration gradient 

are applied. On the other hand, two types of bio-scaffold to attract tumor cells and DCs 

are reviewed. 

Strategy using magnetic fields to guide drug carriers showed potential results in pre-

clinical studies. We have reported the application of two types of magnetic system in 

targeted drug delivery: magnetic nanoparticles and magnetic micro-swimmers. It has 

been shown that magnetic nanoparticles systems have less controllability than 

magnetic micro-swimmers. However, to drive micro-swimmers, we need to know their 

position and their current orientation, which are only possible under microscope, 

hindering their application in clinical research. Therefore, while the use of magnetic 

micro-swimmers for drug delivery stays in in vitro research, several magnetic 

nanoparticles-based drugs have already been investigated in clinical trials. Whereas 

many of magnetic nanoparticles systems exploited the hyperthermia effect [214–216], 

certain clinical trials tried to focus magnetic nanoparticles to a site of interest using 

permanent magnets [217]. Under the guidance of magnetic fields, the penetration 

depth of drug carriers was indeed increased, but only few centimeters, due to the weak 

magnetic field of permanent magnets. So, only tumors near or on skin were eligible for 

this method. To improve the depth of drug delivery, the strength of magnetic field 

should be increased, and the control of magnetic field direction should be more precise. 



Chapter 2. Targeted drug delivery therapies inspired by natural taxes 

74 

 

The ideas of using superconductor coils magnets, complicated magnets configuration, 

such as moving magnets, or combination of electromagnets and permanent magnets, 

were communicated by several groups [42,217]. Yet, due to several difficulties, such as 

the large size of magnets, or the complication of the configuration, these magnet 

systems have not been investigated in any clinical studies. Moreover, even if we can 

control the magnetic field perfectly, the exact location of diseases to guide drugs to is 

needed. This location is not always obvious, for example, in the case of bone, skin and 

blood cancer. In addition, the complexity of the blood vessel network complicates the 

position control of the magnetic nanoparticles. 

Electric field guided therapy has shown the improvement in drug delivery through 

epithelial layers. However, because of the harm of strong electric field, iontophoresis 

using weak electric field can only reach shallow targets. To get to deeper targets, device 

implantation is needed, which raises several difficulties of surgery. Iontophoresis has 

been applied in clinical trials of several diseases like skin, bladder and eyes related 

diseases [104,108,218], which resulted in very promising results. 

Chemical concentration gradient is also a signal to guide drug carriers. Inspired by the 

chemotactic behavior of organisms, chemical-fueled micromotors moving toward 

specific molecules are reported with high controllability. However, several 

improvements are needed to increase their biocompatibility before they can be applied 

in clinical trials. While the stealth coating is necessary for drug carriers to move in the 

bloodstream, this coating layer would cover the reaction site of the motor, blocking its 

movement. Having chemotactic behavior, bacteria and human cells can carry drugs, 

proteins or genes and delivered them to the desired destination. Several clinical trials 

have been conducted to investigate the potential of using bacteria in the treatment of 

cancer [146]. While many promising results were reported, certain clinical trials had to 

be stopped due to the problem with bacteria’s toxicity [146]. In addition, a high dose of 

bacteria may trigger patient’s immune response, clearing all bacteria in the body. Since 

bacteria may provoke the immune response of the human body, the use of human cells 

seems to be the more appropriate solution. Exploiting chemotactic behavior of human 

cells, several therapies using human cells such as immunotherapy or regenerative 

therapy have been investigated in clinical trials [219–221]. However, there have not 

been any clinical trials about the use of drug-loaded human cells. With very promising 

results in pre-clinical studies, this strategy is potential for clinical studies, however, 

several disadvantages need to be improved to complete the treatment method. Firstly, 

the stability of human cells-drugs formulation is not high, because drugs may be 

degraded by human cells after being endocytosed. In addition, the loading of drug, such 

as nanoparticles, hinders the movement and the migration behavior of cells. Besides, 

in general, chemotactic behavior only works at short distances from the signal source, 

due to the low signal concentration at high distances from the source. The combination 

of chemotactic guided carriers and another guiding approach, for example, magnetic 

field guided carriers, is necessary to improve the targeting efficiency. 
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In contrast to the “magic bullet” concept, cancer cells trap, and immune cell training 

camp are two strategies that use chemotaxis to attract cells to scaffolds pre-installed in 

the human body. Cancer cells trap attracts metastasis cancer cells and eliminates them, 

reducing the metastasis burden for organs. Having high biocompatibility, high 

efficiency in preclinical studies, it is interesting to conduct clinical trials with this strategy 

to prevent metastasis in cancer patients. The safety and efficiency of a cancer cell trap 

called M-trap have been investigated in a clinical trial (NCT03085238). Being implanted 

by surgery in the peritoneal cavity of patients having advanced ovarian cancer, M-trap 

captured metastasis cells and was removed after 18 months, or after cancer recurrence 

was detected. From the newest updated results (January 27, 2020), among all recurrent 

patients, at least 25% of recurrent tumor was captured by the M-trap in 64.3% of 

patients (10/14 of recurrent patients). During the clinical trial, only 4.3% of patient (1/23 

people) had M-trap removal due to device-related adverse events. Instead of attracting 

cancer cells, immune cells training camp attracts DCs to the scaffold and modifies them 

with tumor antigens, enhancing anti-cancer immunity. This strategy opens a new way 

for immunotherapy, and has very positive results in preclinical studies. Until now, a 

phase I clinical trial is conducting to study the therapeutic efficiency of a PLGA scaffold 

loaded with patient’s tumor lysate, GM-CSF and CpG in treatment of melanoma 

(NCT01753089). It will be very interesting to see the results of this study in the future. 

Throughout the review, we emphasize that there is no perfect drug delivery system. 

The combination to cover the disadvantages of each individual strategy is necessary to 

have an optimized drug carrier. Following this direction, we propose an ideal structure 

consisting of a “macro-targeting” component and a “micro-targeting” component. When 

using physical stimuli to guide drug carriers, the location of carriers can be controlled, 

facilitating the accumulation of drugs to the site of interest. However, it is hard for 

physical stimuli to penetrate deeply into the human body and to act at cellular 

resolution. On the other hand, since chemical signals are released from cells, 

chemotaxis-inspired carriers can reach deep location, increase the interaction between 

carriers and cells, improve carriers’ retention effect, providing chances for ligand-

receptor coupling. Yet, their application is limited due to the low concentration of 

signals at far distances. These two limitations strongly suggest that real guidance from 

the entry point to the cellular target requires a two-level strategy: firstly, a “macro-

targeting” toward the region of interest, thanks to a physical stimulus as magnetic field; 

and secondly, a “micro-targeting”, refining the final destination and essentially based 

on chemo-attraction. Consequently, the ideal carrier should be strongly multifunctional 

and complex with a physical stimulus-responsive part, a chemical stimulus-responsive 

domain, a drug reservoir, and a ligands coating layer for active targeting. A possible way 

to simplify the design of the carrier is to avoid the macro-targeting step. From a certain 

point of view, the EPR effect is a macro-targeting approach but seems not efficient 

enough. The injection of drugs carriers near signal sources or the application of drugs 

in more confined systems than blood circulation (i.e. specific segments of the digestive 
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tract, bladder, lung…) would increase the success rate. It results from the analysis of the 

literature, that the most important questionings on nano-/micromotors for drug 

delivery purposes are the renewal of the fuel, their miniaturization towards nanoscale 

devices and the biocompatibility of the materials. Drug loading and release did not 

show any particular difficulties. 

In a reverse strategy, the interaction between cells and drugs can be further enhanced 

when cells move towards drugs. This is the concept of attracting target to a drug-loaded 

scaffold. Nowadays, this approach is mainly investigated to trap circulating tumor cells 

in order to reduce metastasis risk. As a lot of bacteria or viruses are highly sensitive to 

chemo-attractants and developed sophisticated tools to swim through gradients, a 

similar strategy should be considered for such pathogens. Nonetheless, the scaffold’s 

location is fixed in one location, hence requiring a long time to recruit targets and 

cannot be applied in the case of low mobility targets. 

Whatever the strategy, the development of these bio-inspired drug delivery therapies 

based on natural taxes requires also models that mimic the conditions of drainage, i.e. 

blood flow for IV administration or specific dynamics for local administrations. The 

conditions for success will only be met if the driven forces induced by the chemical or 

physical stimuli are able to overcome the biological fluid flux in the region of interest.  
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1. Introduction 

In our project, it is essential to load 2 types of drugs in 1 formulation. The challenge is 

to load 2 types of molecules having opposite solubilities. We aim to design a carrier 

having a lipophilic domain for lipophilic drugs and a hydrophilic domain for hydrophilic 

drugs. In this 2-domain carrier, the interaction between the lipid part and the water part 

needs to be clarified and well understood. In this chapter, we will present different 

lyotropic forms of lipids with water. We then describe recent research about lipid 

particles formulations that have both lipophilic and hydrophilic domains.  

In a mixture of 2 immiscible substances, for example, oil and water, there are 2 

immiscible domains: oil and water. The mixture has 2 possible morphologies: oil-in-

water (o/w) and water-in-oil (w/o). Usually, the type of morphology is determined by 

looking at the continuous phase. If the continuous phase is water, the mixture is o/w 

and vice versa. However, this method would be difficult to use in the case of 

bicontinuous structures, which have 2 continuous phases. In a more general way, if the 

curvature of the interface oil-water towards oil, then it is an o/w mixture and vice versa. 

The exact determination of morphology can be done by calculating the average 

curvature H of the interface between oil and water. In 3D, if the average curvature H 

calculated from the oil’s view is convex, the morphology is o/w and vice versa. The 

convention in literature is that “type 1” mesostructure is o/w and “type 2” is w/o [1].  

In the case of lyotropic structures of an amphiphilic molecule with water, we can predict 

the tendency to form type 1 or type 2 morphology by looking at its shape. For example, 

if the hydrophobic chains of the molecule are bulky and larger than the hydrophilic 

head, when we “pack” the molecules head-to-head and tail-to-tail, the morphology is 

likely to be type 2 (w/o). In detail, from the dimension of the molecule, we can calculate 

the critical packing parameter (CPP) to predict the lyotropic morphology. The critical 

packing parameter (CPP) “s” of the molecule can be estimated from the area per 

surfactant molecule at the head-group/chain interface “a”, the chain length of the 

molecule “L” and the chain volume “v” [1]. 

𝑠 =  
𝑣

𝑎×𝐿
  (Equation 3.1) 
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The value of “a”, which is from the interface between head-group/chain (not head-

group/water interface), can be estimated very roughly from the area per linear 

hydrocarbon chain, which is around 30 – 35 Å3 [1]. The value a is however highly 

dependent on the hydration rate, temperature, ionization state, counter ions in 

solution, etc.   

For each linear hydrocarbon chain, its length and volume can be estimated using 

Tanford’s formulae [1]: 

𝑣 = (27.4 + 26.9 × 𝑛3) Å3 (Equation 3.2) 

𝐿 = (1.5 + 1.26 × 𝑛) Å (Equation 3.3) 

with n being the number of carbon atoms in the hydrocarbon chain. 

Figure 3.1 shows the morphology of amphiphilic molecules in a water and oil mixture. 

Generally, if the CPP value is larger than 1, the morphology is likely to be type 2 (w/o) 

and otherwise, if the CPP value is smaller than 1, the morphology is likely to be type 1 

(o/w).  

 
Figure 3.1. Morphology of amphiphilic molecules in water and oil mixture: (a) type 1 - w/o, 

(b) lamellar phase, (c) type 2 - o/w. The shaded area represents water. The image is adapted 

from ref. [1]. 

2. Lyotropic crystals 

In water or polar solvents, amphiphilic molecules can self-assemble into different 

lyotropic structures to minimize their surface energy. The term lyotropic is made from 

“lyo”, which means “solvent” and “tropic”, which means “form”. Herein, we describe 

different lyotropic crystals that may form from the mixture of amphiphilic molecules 

with water. 

2.1. Lamellar mesophase 

Lamellar mesophase consists of several lipid bilayers stacking periodically together. 

Water is located between these layers. The thickness of all water planes is the same. 

The illustration of the structure is in Figure 3.2. This structure is commonly found in 

molecules having CPP equal to 1. In the structure, the hydrophilic heads of the 
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molecules face toward the water, while the lipophilic chains face toward themselves. 

Because the CPP is 1, the molecules pack together to form a plane. The structure is 

stabilized by the hydrophobic interaction between hydrophobic chains, and hydrophilic 

interaction and hydration force between hydrophilic heads and water. The thickness of 

the water layer can be influenced by the concentration of water, the introduction of 

charges in the lipid bilayer, or the change in pH etc. The lamellar structure can be 

identified by a series of peaks in X-ray scattering data, with the d-spacing being a, 2*a, 

3*a, 4*a etc, with a being the spacing between 2 adjacent lipid bilayers.  

The lamellar mesophase can be categorized into fluid lamellar mesophase and gel 

lamellar mesophase. In fluid lamellar mesophase, the hydrocarbon chain is in a liquid 

state. In X-ray scattering data, we may have only 1 wide and large diffuse scattering 

peak at the wavevector q~14 nm-1 (d = 0.45 nm), which is the characteristic of in-plane 

spacing between molten chains [1,2]. In gel lamellar mesophase, the hydrocarbon 

chains are in a solid state. Due to the crystalline state of the hydrocarbon chains, the X-

ray scattering data typically has a sharp peak at the wavevector q~15-15.3 nm-1 (d = 0.41 

– 0.42 nm) [1]. In this case, the hydrocarbon chains are arranged in a hexagonal 

arrangement, and the distance between chains is 0.41 – 0.42 nm. 

 

Figure 3.2. Illustration of lyotropic lamellar mesophase, adapted from ref. [1] 

2.2. Columnar mesophase 

The columnar mesophase consists of densely packed cylindrical micelles. When the 

cylindrical micelles are arranged in hexagonal morphology, the mesophase is called 

hexagonal mesophases (H1 and H2 for hexagonal mesophase type 1 and type 2, 

respectively). Usually, molecules having a CPP value of 0.5 result in H1 mesophase, while 

molecules having CPP > 1 form H2 mesophase. The hexagonal mesophase can be 

determined by X-ray scattering, which shows a series of peaks having a wavevector ratio 

of 1:√3:√4:√7 etc. The illustration of H2 mesophase is in Figure 3.3a. The top view shows 

the hydrophobic interaction between chains of adjacent cylindrical micelles. Those 

cylindrical micelles are arranged in a hexagonal lattice, with the lattice parameter α. 

a 

Water layer 
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Another columnar mesophase is ribbon mesophase (Figure 3.3b), which was reported 

as a variation or a deformed hexagonal mesophase [1]. The ribbon mesophase has 

cylindrical micelles arranged in a rectangular lattice, leading to several possibilities of 

rectangular symmetry. The illustration in Figure 3.3 is only an example of the centered 

mesophase. The ribbon mesophase is described as less homogenous than the 

hexagonal mesophase and is expected to be found in multi-component systems. 

  

Figure 3.3. Illustration of (a) hexagonal mesophase type 2 (H2) side view and top view with 

lattice parameter α; (b) ribbon mesophase type 2, centered configuration, with lattice 

parameters α and β. The figure is adapted from ref. [1]. 

2.3. Globular mesophases 

Globular mesophase is created from the aggregation of globular micelles, which self-

assemble into 3D crystalline structures. Globular mesophase is also called discrete 

micellar mesophase. The notation is I1 for globular mesophase type 1, and I2 for 

globular mesophase type 2. One of the common forms is the body-centered cubic (bcc) 

3D lattice of micelles (Figure 3.4). Other forms were also found such as face-centered 

cubic (fcc) or clathrate. Usually, to form globular mesophase type 1, the CPP of the 

molecule is ~1/3, while globular mesophase type 2 requires molecules having CPP >1. 

 

 

Figure 3.4. Globular body-centered cubic (bcc) mesophase in an exploded view, each cell 

contains a micelle. The figure is adapted from ref. [1]. 

a b 
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2.4. Bicontinuous mesophases 

Bicontinuous mesophases can be visualized as wrapped lamellar phase, with the idea 

that a bicontinuous mesophase crystal is one lipid bilayer having hyperbolic geometry. 

The fold of lipid bilayers in bicontinuous mesophase is to minimize the surface, creating 

homogenous zero mean curvature (minimal surfaces) structures. Unlike in the case of 

globular mesophases, which have discontinuous, closed micelles, the term 

bicontinuous means we have 2 continuous phases, polar and non-polar. The polar and 

non-polar phases in a bicontinuous mesophase crystal create 2 distinct networks inside 

a crystal.  

2.4.1. Cubic ordered bicontinuous mesophase 

Taking the name of 3 minimal surfaces P (primitive), D (diamond), and Gyroid (G), there 

are 3 discovered cubic bicontinuous mesophase: P phase (𝐼𝑚3̅𝑚 space group), D phase 

(𝑃𝑛3̅𝑚 space group) and G phase (𝐼𝑎3̅𝑑 space group) (Figure 3.5). To determine the type 

of mesophase, we can imagine the lipid bilayer as a film, and the bicontinuous 

mesophase as a wrapped, folded thick film. If the film is filled with water, the 

bicontinuous mesophase is type 1, and if the film is filled with hydrocarbon chains, it is 

type 2. The notation for cubic bicontinuous mesophase is V1 for type 1 and V2 for type 

2. In X-ray scattering experiments, the P phase shows the peaks ratio of 

√2: √4: √6: √8: √10 etc, D phase shows √2: √3: √4: √6: √8 etc, G phase shows 

√6: √8: √14: √16: √18: √20 etc [1]. Usually, to have cubic bicontinuous mesophases, the 

CPP of the molecules is around 2/3 for type 1, and around larger than 1 for type 2. 

 

Figure 3.5. Morphology of type 2 cubic bicontinuous mesophases, the figure is adapted from 

ref. [3]. 

2.4.2 Mesh-ordered bicontinuous mesophases 

Another ordered bicontinuous mesophase is mesh, which can be visualized as a stack 

of holey bilayers. In 1 bilayer, the holes are arranged in a 2D lattice, which can be a 

hexagonal array (rhombohedral mesh mesophase) or square array (tetragonal mesh 

mesophase, Figure 3.6). The holey lipid bilayers form mesh mesophase by making a 

G phase                                    D phase                                        P phase                   
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stack, with a distance parameter c between bilayers. It is very hard to predict the 

formation of mesh mesophase from CPP, due to the large variability of CPP that may 

form mesh mesophase. 

 

Figure 3.6. Morphology of mesh bicontinuous mesophases in tetragonal geometry, with the 

lattice parameters α and c. The figure is adapted from ref. [1]. 

2.5. Sponge-disordered bicontinuous mesophase 

The sponge is a complex, disordered bicontinuous mesophase, which may form from 

the fusion of ordered bicontinuous mesophase (Figure 3.7). A sponge may have local 

mesostructures, but the domain’s size is not large enough to define a lattice. It can be 

visualized as an aggregation of molten bicontinuous mesophases. In a phase diagram, 

the formation of the sponge phase is usually between lamellar mesophase and cubic 

bicontinuous mesophase. Because the sponge mesophase is disordered, there aren’t 

any sharp peaks in X-ray scattering experiments. There might be a wide peak in small-

angle x-ray scattering data, with a distance similar to the thickness of the lipid bilayer 

[4]. Under a polarized light microscope, the sponge phase is anisotropic when flowing, 

while it is isotropic at rest [1].  

 

Figure 3.7. Illustration of a sponge having folded continuous lipid bilayer, creating connected 

aqueous channels. The figure is adapted from ref. [5]. 
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3. Water-containing drug delivery systems from lyotropic lipid structures 

After understanding different lyotropic lipid structures, in this part, we summarize 

research about lipid particles containing both hydrophilic and lipophilic domains. 

Figure 3.8 shows the different lyotropic structures mentioned above and their 

particulate form observed by cryogenic electron microscopy (cryo-EM). In our project, 

we are interested in water-containing lipid particles and only present them in this 

chapter. So, some other lipid particles like bicelles, emulsion, or solid lipid particles are 

not included. In addition, all lipid particle types presented in Figure 3.8 are stable upon 

dilution.  

The sponge particle in Figure 3.8 was fabricated by a low-energy top-down method 

from sponge mesophase [6]. The sponge particles cryo-EM image shows disordered-

structured particles having both water and oil channels. The particle size is around 100-

200 nm, and the size of the water channels is around 13 nm, making it a suitable system 

for our application.  

The cubosome, which is the lipid particle in bicontinuous cubic mesophase, is shown in 

Figure 3.8. In this case, the structure is P-phase, determined by the X-ray scattering 

technique [7]. Cubosomes have ordered networks of water and oil, suitable for loading 

both hydrophilic and hydrophobic drugs.  

From lamellar mesophase, 2 types of lipid particles can be fabricated. They are α-gel 

emulsion and liposome. The α-gel emulsion is fabricated from the gel lamellar phase, 

in which the hydrocarbon chains are solid. In Figure 3.8, we can see layers of lamellar 

structure in an emulsion sample [8]. The formulation has a lipophilic phase in oil and a 

hydrophilic phase in between lamellar sheets. If the hydrocarbon chain of the lamellar 

mesophase is in the liquid state, liposomes may be obtained. The liposome is a vesicle 

made from lipid bilayers. In liposomes, the hydrophilic domain is in the core, while the 

lipophilic domain is in the lipid layers. Figure 3.8 shows a multi-walled liposome, which 

may be suitable for our project. 

Hexosomes are particles having hexagonal mesophase type 2. The hexosome has 

tubes of water and hydrocarbon chains around those tubes. The hexosome structure 

can be visualized as the aggregation of channels of water in a hexagonal arrangement, 

the space between the water channels is filled with hydrocarbon chains. The hexosome 

in Figure 3.8 has a hexagonal shape and scattering characteristic of hexagonal phase 

[9]. Hexosome is also an interesting system for our project. 

Multiple emulsion is a system of a w/o emulsion inside an o/w emulsion droplet, which 

is called water-in-oil-in-water (w/o/w) emulsion. The system has oil droplets stabilized 

in water, inside the oil droplets, there are water droplets. So hydrophilic compounds 

can be loaded inside the water droplets, while hydrophobic compounds are loaded 

inside the oil region around those water droplets. Figure 3.8 shows a micro-size w/o/w 
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multiple emulsion sample [10], in which we can clearly observe water droplets inside 

the oil droplet. Multiple emulsions may also be a strategy for our project. 

 

Sponge 

phase 

 

Bicontinuous 

cubic P-phase 

 

Lamellar phase 

 

Hexagonal 

phase 

 

Emulsion 

 

Sponge 

particle 

 

Cubosome 

 

α-gel 

emulsion 

 

Liposome 

 

Hexosome 

 

Multiple 

emulsion 

Figure 3.8. Lyotropic lipid structures and examples of their particulate forms, only water-

containing lipid particles are presented. Lipid lyotropic structure illustrations are adapted 

from ref. [11]. From left to right, cryo-EM images of a sponge particle [6], cubosome [7], α-gel 

emulsion [8], liposome [12], hexosome [9], and multiple emulsion [10] are adapted from the 

corresponding references. 

In the following sections, we will present in detail the materials, fabrication methods, 

and the structures of mentioned lipid particle systems. We also comment on their 

potential as a drug delivery system and the ability to load hydrophilic and lipophilic 

drugs. 

3.1. Multiple emulsion 

An emulsion is a mixture of lipids and an aqueous solution, commonly used in the 

pharmaceutical, cosmetic and food industries. Emulsions are formed by the dispersion 

of oil particles in water, making o/w emulsion, or by the dispersion of water particles in 

oils, making w/o emulsion. In the case of o/w emulsions, they help to solubilize lipophilic 

compounds in water, by solubilizing active compounds in oils, then dispersing oil in 

water. Multiple emulsions are emulsions of emulsions, meaning that the dispersed 

phase (for example, oil in o/w emulsions) is an emulsion itself. In the case of w/o/w 

multiple emulsions, they can have both lipophilic and hydrophilic compounds 

solubilized in 1 oil particle. 
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Interestingly, in the case of internal phase separation of multiple emulsions, a structure 

called Janus particles could be created when 2 phases still stay intact in 1 particle (Figure 

3.9) [13]. This Janus-structured lipid particle was patented by our team, enabling the 

loading of both hydrophilic and lipophilic drugs in one particle.  

 

Figure 3.9. Janus lipid nanoparticles under Cryo-EM, figure adapted from ref. [13]. 

3.1.1. Composition of multiple emulsion 

Multiple emulsions have 4 main components: lipid, water, lipophilic surfactant, and 

hydrophilic surfactant. While the lipid can be chosen according to the application and 

lipophilic active compounds, the choice of 2 types of surfactants is crucial for the 

formation of a stable multiple emulsion. The existence of small-size emulsion is not 

thermodynamically favorable, due to the high interfacial surface energy of the 

curvature. To stabilize the emulsion, the interfacial surface energy needs to be reduced 

via the activity of surfactants. Based on the amphiphilic characteristics of the 

surfactants, there are 2 types of surfactants: lipophilic surfactant and hydrophilic 

surfactant. The amphiphilic characteristic can be determined by the value hydrophilic-

lipophilic balance (HLB). The HLB value can be calculated from the morphology of the 

molecule. The HLB scale range from 0 to 20 for non-ionic surfactant. The surfactant is 

called lipophilic if its HLB value is <10, while it is called hydrophilic if its HLB value is >10 

[14]. For ionic surfactants, the effective HLB can be very high, up to 40, due to the 

hydrophilicity of ionic groups [14]. The lipophilic surfactants (low HLB) favor the 

formation of w/o emulsion, while the hydrophilic surfactants (high HLB) favor the 

formation of o/w emulsion. So, to stabilize a multiple emulsion, the choice of a 

combination of surfactants and the optimization of their concentration is very 
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important. The oil phase can be made to crystallize by using high melting point lipids, 

such as those containing long-chain saturated triglycerides, diglycerides, 

monoglycerides, free fatty acids, hard fats, and waxes. Several works have 

demonstrated that this approach can improve the stability and functional properties of 

this kind of structured emulsion-based delivery system [15,16]. 

3.1.2. Fabrication methods of multiple emulsion 

The mechanism of the formation of multiple emulsions is overcoming the interfacial 

energy barrier to create a metastable state of dispersion. In the ideal case, the multiple 

emulsion should be the metastable state which has a lower energy state than the 

formation of a normal emulsion, promoting the formation of multiple emulsions and 

preventing the coalescence of phases. To understand the fabrication of multiple 

emulsions, we first present the fabrication of normal emulsions. There are 2 main 

methods to fabricate normal emulsion: high-energy emulsification and spontaneous 

emulsification (also called phase inversion method). The high-energy emulsification 

method applies high stress to the water-lipid mixture to overcome the interfacial 

surface energy. The technique can be high-shear mixing, high-pressure 

homogenization, high-pressure microfluidic and ultra-sonication etc. As the interfacial 

surface energy increases with the decrease of the droplets' size, the higher the energy, 

the smaller the droplets. Spontaneous emulsification is the process of slowly adding 

the desired continuous phase (for example, water in the case of o/w emulsion) to the 

monophasic mixture (for example, oil in the case of o/w emulsion). Up to the phase 

boundary point, when the nucleation of nucleate droplets occurs, the monophasic 

mixture nucleates in the continuous phase and grows larger until the phase separation 

completes. In the presence of surfactants, the interfacial surface tension decreases and 

favors the stabilization of small droplets instead of the total phase separation. 

In the fabrication of multiple emulsions, the sequential mixing of components is usually 

applied [14]. For example, to make a w/o/w emulsion, in the first step, a w/o emulsion 

is prepared using a lipophilic surfactant. Then, the prepared w/o emulsion is added to 

an aqueous solution containing hydrophilic surfactant to form the w/o/w emulsion. To 

mix the components, a high-energy mixing can be applied to obtain small-size droplets. 

However, high-energy mixing usually cannot control the size of the particles. In 

addition, the high energy may rupture the first emulsion, resulting in a normal 

emulsion. Sequential mixing can also be performed using microfluidic devices. The size 

of the droplet of multiple emulsions fabricated in this method, which is typically >10 

µm, is dependent on the device geometry and capillary size [14]. 

Multiple emulsions can also be fabricated by the one-step mixing method. Using the 

engulfment mechanism, the emulsion is created using high-energy emulsification. The 

droplets are deformed by the high-energy mixing and a part of the continuous phase 

internalizes the droplet, making a multiple emulsion. The engulfment using high-energy 
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emulsification usually creates core-shell morphology droplets. In this method, the 

optimization of the surfactant ratio, surfactant concentration and volume of 2 phases 

are crucial [17,18]. 

3.1.3. Application of multiple emulsions in drug delivery research 

Large-size multiple emulsions are widely used in the food industry and chemical 

preparation [14]. However, in pharmaceutical research, specifically in our project, we 

prefer micro- to nano-scale multiple emulsions. Herein, we summarize some examples 

of using nano-size multiple emulsions for drug delivery. Nano-size multiple emulsions 

can be used to load both hydrophobic and hydrophilic drugs. 

Using nanosize w/o/w emulsion to load hydrophilic drugs, the release rate of 

hydrophilic drugs can be controlled [19,20]. For example in cancer treatment, a w/o/w 

emulsion was used to contain 5-fluorouracil (5-FU), an anticancer drug, to control its 

release rate in oral administration [20]. The in vitro release of 5-FU can be prolonged up 

to more than 60 minutes, depending on the formulation. The use of nano w/o/w 

emulsion to load hydrophilic drugs also improves drug penetration through the skin. 

By loading aciclovir, a hydrophilic drug, in a w/o/w emulsion, the amount of drug from 

w/o/w emulsion penetrated through the skin in a Franc cell experiment is larger than 

the amount of drug from an aqueous drug solution [19]. 

As an example of using nanosize w/o/w emulsion to load both hydrophilic and lipophilic 

drugs, oxaliplatin (OXA), a lipophilic anticancer drug, and 5-FU, a hydrophilic anticancer 

drug, have been loaded inside a nano-size w/o/w emulsion [21]. Authors used industrial 

excipients to fabricate w/o/w emulsion using 2 steps spontaneous emulsification 

method. In the 1st emulsion, Capryol 90 was used as the oil phase, Labrasol and 

Transcutol HP were used as the surfactant and co-surfactant. To make the w/o/w 

emulsion, the 1st emulsion was dispersed in water containing Cremophor EL and 

Transcutol HP as the surfactant and co-surfactant. The ratio of all components was 

optimized to maximize the yield of w/o/w emulsion. The w/o/w emulsion showed higher 

efficiency in tumor suppression than the control group of drugs only. 

3.2. Liposome and α-gel particle 

Liposomes are closed lipid vesicles made from lipid bilayers. Liposomes are fabricated 

from amphiphilic lipids having CPP of 1, which have a lamellar structure in water. 

Liposomes have been discovered since the mid-1960s, and there are already 

pharmaceutical, cosmetic and food commercial products using liposomes [22,23]. In 

the literature, there are several comprehensive reviews about liposome and its 

development [22,23]. We would like to refer readers to them for detailed information 

and experts’ opinions. In this part, we present briefly the structure, fabrication process 

and application of liposomes, which may be applicable to our project. Liposomes are 

lipid particles having lipid bilayers membrane, which can load hydrophilic drugs, and 
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an aqueous core, which can load hydrophilic drugs. Liposomes can be uni-lamellar, 

meaning that the vesicle has only 1 membrane, or multi-lamellar, meaning that the 

vesicle has more than 1 membrane. The size of liposomes can be from 30 nm to 

micrometer scale. 

Similar to liposomes, α-gel particles are also assembled from amphiphilic lipids having 

CPP of 1; however, α-gel particles are not closed vesicles. The difference is in the state 

of the hydrocarbon chain of the amphiphilic lipids used to make the particles. In 

liposomes, the hydrocarbon chain of the lipids is generally in the liquid state, leading to 

the fluid lamellar mesophase. In α-gel particles, the hydrocarbon chain of lipids is in the 

solid state, leading to the gel lamellar mesophase. Similar to liposomes, α-gel-based 

particles and emulsions are widely used in the pharmaceutical, cosmetic and food 

industries [24–26]. In α-gel particles, hydrophilic drugs can be loaded in between 

lamellar membranes, while lipophilic drugs can be loaded inside hydrocarbon chains, 

or in oil droplets in the case of α-gel based emulsions (Figure 3.10). 

 

Figure 3.10. α-gel based emulsion under Cryo-EM, the arrow points to the α-gel region, the 

star indicates the oil droplet, the figure is adapted from ref. [8]. 

3.2.1. Composition of liposome and α-gel particle 

To fabricate liposomes and α-gel particles, amphiphilic lipids having CPP of 1 are 

required to create lamellar mesophase. In the case of liposomes, glycerolphospholipid 

(GP), sphingomyelin (SM) and cholesterol (Chol) are basic components of current 

products in the market (Figure 3.11) [22]. The hydrophilic head of phospholipids is 

chosen to have negative, positive or neutral charges in the working pH, according to the 

requirement of the application. GPs are the key component of liposomes that form lipid 

bilayers. The choice of GPs affects the drug encapsulation efficiency, stability, and drug 
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release behavior of liposomes. For example, the morphology of the hydrocarbon chain 

of GPs (unsaturation degree, branching, length etc) influences the fluidity and the phase 

transition temperature of the lipid bilayer. The long hydrocarbon chain may tighten the 

membrane, increasing the drug retention efficiency. When the glycerol of GPs is 

replaced by the sphingosine group, the SMs are obtained. When using SMs to form 

liposomes instead of GPs, the stability of liposomes in acid increases, due to the slower 

hydrolysis rate in acid of SMs compared to GPs [22]. Chol promotes the packing of lipid 

chains and helps the formation of lipid bilayer via the change in the fluidity of the 

membrane. The addition of Chol may control the drug release rate and the stability of 

liposomes [22]. In addition to GP, SM and Chol, other additives or additional 

components may be added to functionalize liposomes. For example, the polyethylene 

glycol (PEG) group may be functionalized on the surface of liposomes by using PEG-lipid 

to increase the circulation time and protect drugs from metabolic degradation [23]. The 

cellular intake efficiency of liposomes can be increased by functionalizing ligands like 

antibodies, proteins, and nucleic acids on the surface of liposomes [23]. 

 

Figure 3.11. The main components of liposome (a) glycerolphospholipid, R1 and R2 are fatty 

acids, such as decanoic acid, lauric acid, palmitic acid, oleic acid, myristic acid, stearic acid, 

and erucic acid, R3 can be phosphatidylcholine (PC), phosphatidyl ethanolamine (PE), 

phosphatidyl serine (PS), phosphatidyl inositol (PI), phosphatidic acid (PA), 

phosphatidylglycerol (PG), and cardiolipin. (b) sphingomyelin and (c) cholesterol. The figure 

is adapted from ref. [22]. 



Chapter 3. Lyotropic lipid particles formulation for co-encapsulation of both hydrophilic and lipophilic drugs 

112 

 

α-gel particles and α-gel based emulsions can be fabricated from lamellar gel phase 

lipids having CPP of 1, such as monoglycerides, a mixture of fatty alcohols with 

hydrophilic surfactants, phospholipids, etc. [26]. The α-gel lamellar phase is usually 

used in the cream formulation, to stabilize oil droplets and form an α-gel network. 

When the α-gel lamellar phase is created by low HLB molecules, such as 

monoglycerides or fatty alcohols, the addition of a high HLB surfactant is required to 

create α-gel particle suspension. 

3.2.2. Fabrication methods of liposome and α-gel particle 

The fabrication of liposomes can be described in 2 main steps: liposomes formation 

and size reduction. There are several liposome formation methods [23]; herein, we only 

briefly introduce widely used methods, which are film hydration, solvent injection, and 

emulsification [22,27]. 

The thin film hydration method starts with the dissolution of lipids in an organic solvent. 

The solution is then evaporated under a vacuum using a rotary evaporator to create a 

thin film of lipids. Multiple lamellar vesicles are then formed by adding an aqueous 

solution to hydrate the thin film. This method can be applied to all kinds of lipids; 

however, it is difficult to scale up and has a low encapsulation efficiency for water-

soluble drugs [23]. 

The solvent injection method starts with the dissolution of lipids in a water-miscible 

solvent, usually ethanol or ether. The lipid solution is then injected into a large quantity 

of aqueous buffer solution. Liposomes are then formed spontaneously in the aqueous 

solution. Another modified version of this method is the use of microfluidic devices to 

mix the organic phase and aqueous phase to form liposomes. This method is simple 

and reproducible. However, it is not suitable for ethanol-sensitive proteins, and the 

removal of ethanol is difficult. 

The emulsification method starts by mixing an organic solvent, water, and lipids to form 

a water-in-organic solvent emulsion. The solvent is then removed slowly using a rotary 

evaporator. Liposomes will form around water droplets. This method is simple and has 

a high encapsulation efficiency. However, it requires a large volume of organic solvent 

and cannot be applied to load fragile molecules.  

After the formation of liposomes, the size reduction step is usually conducted. The high 

energy is applied to the liposomes to cut them into smaller particles, which self-

assemble again to form small liposomes. The techniques usually used are 

ultrasonication, French press, extrusion and high-pressure homogenization. In 

commercial products, extrusion and high-pressure homogenization are widely used 

due to their simplicity and large-scale production capacity [22].  
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The fabrication of α-gel particles or α-gel-based emulsion is similar to the fabrication of 

emulsion, which is described above. Since the lamellar gel phase can be formed easily 

by mixing lipids with water, the formation of particles is done by high-energy mixing 

methods, such as sonication or homogenizer to generate α-gel lipid particles. 

3.2.3. Application of liposome and α-gel particle in drug delivery research 

The amount of publication about α-gel particles or α-gel-based emulsions in drug 

delivery applications is still limited, despite their wide use in several industries. Probably 

because amphiphilic surfactants having lamellar gel phases, such as fatty alcohols or 

monoglycerides, are usually identified as co-surfactants or additives in a formulation. 

In addition, according to Iwata [26], the technology of the lamellar gel phase has been 

maintained as a trade secret by companies. In contrast, there are several reports about 

the use of liposomes to co-encapsulate both hydrophilic and lipophilic drugs and we 

present here some examples of them. 

Chen et al. encapsulated both Epigallocatechin-3-gallate (EGCG), a hydrophilic 

compound, and quercetin, a hydrophobic compound in liposomes for antioxidant 

application [28]. The liposomes were prepared using the thin film hydration method, 

with quercetin added during the thin film-making process, and EGCG added during the 

thin film hydration step. Both ingredients were encapsulated successfully in the 

liposomes, with EGCG in the aqueous core and quercetin in the lipid bilayer. The 

liposomes showed the synergistic antioxidant property in vitro. 

Liu et al. encapsulated vitamin C, a hydrophilic compound, and β-carotene (BC), a 

hydrophobic compound in liposomes for oral administration [29]. The liposomes were 

prepared using the solvent injection method, with BC dissolved in a dichloromethane-

ethanol (1:2 v/v) mixture, and vitamin C dissolved in an aqueous buffer solution. After 

the fabrication, vitamin C was in the aqueous core and BC was in the lipid bilayer. In the 

in vitro release study, both ingredients were released slowly in simulated gastric fluid 

pH 1.2 during the 1st 2 hours, then released faster in simulated intestinal fluid, reaching 

72% cumulative release rate after 4 hours. The study showed the protection efficiency 

of liposomes for both hydrophilic and hydrophobic compounds against gastric acid. 

Wong et al. encapsulated vincristine, a hydrophilic anticancer drug, and quercetin, a 

hydrophobic compound, in liposomes for the parental route [30]. Liposomes were 

prepared using the thin film hydration method, with quercetin added to the lipid 

solution in an organic solvent. Vincristine was loaded inside the liposomes after the 

formation of liposomes using an ionophore-mediated proton gradient. The liposomes 

showed a synergistic effect against cancer cells in vitro, with much higher cell 

elimination efficiency than free drugs. The liposomes also showed high efficiency in vivo 

experiments. The volume of tumors in mice treated with co-encapsulated liposomes 

was only 36% of the untreated groups, while the value for the group treated with free 

vincristine/quercetin combination was 49%. This study demonstrated the potential of 
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liposomes for co-encapsulation of both lipophilic and hydrophilic, promoting the 

treatment efficiency. 

3.3. Hexosome, cubosome and sponge particle 

Cubosome, hexosome and sponge particles are non-lamellar lipid particles. They all 

have both lipophilic and hydrophilic domains. The cubosome is a particle having 

bicontinuous cubic mesophase type 2, giving cubosome ordered hydrophilic and 

lipophilic networks. Sponge particle is particles having bicontinuous sponge 

mesophase, in which the hydrophilic and lipophilic networks are disordered. The 

hexosome is a particle having hexagonal mesophase type 2, in which the hydrophilic 

domain is in cylindrical micellar tubes, while the lipophilic domain is located around 

those tubes.  We present them in the same section, because the transformation 

between bicontinuous cubic mesophase, hexagonal mesophase and sponge 

mesophase can be tuned by the change in temperature, pH, ionic strength or other 

environmental and fabrication parameters. In addition, they have a non-lamellar 

structure, meaning that the CPP of the molecules used to make them is usually larger 

than 1. 

3.3.1. Composition of cubosome, hexosome and sponge particle 

Non-lamellar lipid particles are made from amphiphilic lipids, additives, and stabilizers. 

The common amphiphilic lipids are phospholipids, monoglycerides, PEGylated 

phospholipids, glycolipids [31]. Due to the variability in the CPP, they may form different 

mesophases in water. In the fabrication of cubosome, hexosome and sponge particles, 

glycerol monooleate (GMO), phytantriol (PHYT) and the related structures are used 

frequently due to the high stability of their mesophases in excess water [31]. The 

structure of GMO and PHYT are shown in Figure 3.12. GMO is a natural lipid, which has 

been applied to make pharmaceutical and cosmetic formulations. The glycerol head 

contributes to its hydrophilicity, while the hydrocarbon chains give it the lipophilicity. 

Compared to PHYT, GMO is less stable, due to the possible oxidation of the ester bond 

and the unsaturated hydrocarbon chain. PHYT has similar physicochemical properties 

to GMO, however, is more stable. While PHYT is also biocompatible, PHYT-based 

formulation is shown to be more cytotoxic than GMO-based formulation in one study 

[32]. 
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Figure 3.12. The molecular structure of glycerol monooleate (GMO) and phytantriol (PHYT) 

While GMO and PHYT can form stable mesophases in excess water, the addition of 

surfactants, or drug molecules may change the mesophases and the stability [31]. To 

stable the structure and introduce functionality, additives may be added to the 

formulation. Fatty acids, phospholipids, glycolipids, mono- and diglycerides are 

commonly used [31]. For example, the formation of hexosomes, cubosomes and 

sponge phase particles can be controlled by the change in ratio and/or addition of 

glycerol dioleate and diglycerol monooleate to the main matrix of GMO [7].  

Stabilizers are needed to stabilize lipid crystalline particles in water, reduce the viscosity 

and prevent the aggregation of particles. Block co-polymers, especially Pluronic F127 

(also known as Poloxamer 407, P407) are frequently used as the stabilizer for 

cubosomes, hexosomes, and sponge phase particles [31]. Amphiphilic proteins, bile 

salts, PEGylated surfactants are also reported to maintain the stability of the dispersion 

[31]. P407 is a triblock hydrophilic co-polymer having 2 polyethylene glycol blocks and 

1 polypropylene glycol block. P407 is used as a steric stabilizer via the adsorption of the 

polypropylene glycol block on the surface of the lipid particles in the case of PHYT-based 

cubosomes, and via the integration into the lipid inner structure in the case of GMO-

based cubosomes [33]. The concentration of P407 can be used to control the size of the 

cubosomes [31]. Concerning safety issues, cubosomes stabilized by P407 caused 

cytotoxicity in certain cell lines. Discussion about other steric stabilizers and their 

application in drug delivery can be found in the reference [34]. 

3.3.2. Fabrication methods of cubosome, hexosome, and sponge particle 

Cubosome, hexosome and sponge particles can be fabricated using the top-down 

approach or the bottom-up approach. The top-down approach, in general, is making 

particles from bulk-size input materials. Meanwhile, the bottom-up approach is the 

assembly of the particles from lipid molecules. 

Glycerol monooleate 

Phytantriol 
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In the top-down approach to fabricate cubosome, hexosome and sponge particles, 

firstly, the lipid is hydrated by water in a designed ratio of lipids, water, stabilizers to 

make its bulk self-assembly structure, such as bicontinuous cubic phase, hexagonal 

phase or sponge phase. Then a high-energy input, such as high-pressure 

homogenization or ultrasonication, is applied to the bulk self-assembly structure to 

shear and cut down to the desired particle size. The typical reported lipid particle size 

is in the range of 100 nm [31]. The drawback of the method is the heat produced during 

the high-energy process may degrade the sample, if there are any heat-sensitive 

components. Moreover, undesirable particles, such as vesicles, may be produced [31]. 

The bottom-up approach is also known as the hydrotrope approach. Firstly, the lipid is 

dissolved in hydrotropes, such as ethanol, to create a solution of lipid molecules. The 

lipid solution in hydrotropes is then poured into the aqueous phase containing 

stabilizers; the mixture is then agitated under a low-energy method such as vortex or 

stirring, until the complete formation of lipid particles. The bottom-up method has the 

advantage of low energy input, low working temperature, and a low percentage of 

undesirable particles. However, the control of the particle size is difficult. In addition, 

even with evaporation, residual hydrotropes may be present, posing toxicity problems. 

Some products, which are sensitive to chosen hydrotropes, may not be suitable for this 

method. 

For drug loading, drugs can be pre-loaded inside the lipid matrix, post-loaded after the 

fabrication of lipid particles or pre-loaded inside hydrotropes [35]. In the pre-loading 

strategy, drugs are usually loaded inside lipids before the hydration step. This strategy 

ensures the encapsulation of drugs inside lipids and may increase the encapsulation 

efficiency. In the post-loading strategy, drugs are loaded via the adsorption on the 

surface of fabricated lipid particles. This strategy can be applied to hydrophilic drugs, 

which penetrate the water network inside cubosome, hexosome or sponge phase 

particles. In the hydrotrope-loading strategy, drugs are soluble in hydrotrope during 

the lipid solution preparation step. This strategy may be applied for drugs which are 

soluble in hydrotrope. 

3.3.3. Application of cubosome, hexosome, and sponge particle in drug delivery 

research 

Cubosome, hexosome and sponge phase particles can be applied in drug delivery 

applications. While cubosomes and hexosomes are widely used, the number of reports 

about sponge phase particles is low. We will report here the research about 

cubosomes, hexosomes and sponge phase particles to load hydrophilic and/or 

lipophilic drugs. Lipophilic drugs can be loaded inside the lipid bilayer, while hydrophilic 

drugs can be loaded inside aqueous networks, enabling a wide range of applications 

for cubosomes, hexosomes and sponge phase particles [31,35].  
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As an example of co-loading lipophilic compounds in cubosomes and sponge phase 

particles, the work of Rakotoarisoa et al. in our team showed the potential of using 

cubosomes and sponge phase particles loaded with curcumin and fish oil to protect 

cells against oxidative stress [36]. Both curcumin and fish oil were integrated inside the 

lipid matrix. By varying the quantity of fish oil, the mesophase of the lipid particles was 

tuned from bicontinuous cubic (low fish oil content) to sponge phase (high fish oil 

content). Both types of lipid particles had the antioxidative stress property in vitro, 

suggesting the potential for neuro-regenerative applications.  

As an example of the loading of a hydrophilic drug in cubosome, 5-fluorouracil (5-FU), 

a hydrophilic anticancer drug, has been loaded inside cubosome made from GMO and 

P407 [37]. Because 5-FU is soluble water, a large quantity of 5-FU was outside of the 

particles, leading to an encapsulation efficiency of 31%. In vitro, after a burst release, 

the 5-FU was released slowly due to the diffusion mechanism from the aqueous 

network of cubosomes. In vivo study showed the accumulation of the drug in the liver 

when injecting 5-FU loaded cubosomes, 5 times higher than the accumulation of the 

drug in the case of injection of 5-FU solution, indicating the liver-targeting effect of 

cubosomes. 

As an example of the co-loading of both hydrophilic and lipophilic active compounds in 

one carrier, Li et al. reported the fabrication of pH-responsive GMO-based cubosome 

and hexosome for the co-delivery of Brucea javanica oil (BJO) and doxorubicin (DOX) 

[38]. The main materials for the lipid particles were GMO and oleic acid, with pluronic 

F127 as the stabilizer. BJO was incorporated inside the lipid phase, while DOX was 

loaded inside the aqueous phase of the lipid particles. However, the presence of DOX 

also affected the lipid structure, indicated by the peak shift in the X-ray scattering 

experiment. The fabricated lipid particles were pH-responsive, as the mesophases 

changed with pH. In pH 7.4, pH 6.8, pH 5.3, the particles were hexosome, cubosome 

and emulsified microemulsion, respectively. The formulation had cytotoxic activity 

against cancer cells in vitro, suggesting its potential application. 

4. Conclusion 

By taking advantage of the lyotropic behavior of lipids, several types of particulate 

formulations can be created to load both hydrophilic and lipophilic compounds for drug 

delivery application. Each type of formulation has its own advantages and 

disadvantages. Therefore, careful analysis needs to be done to choose the most 

suitable type of formulation for the project.  

Cubosomes, hexosomes and sponge phase particles are good candidates for the 

project; however, they have low gastrointestinal resistance [31]. The change in pH in 

the oral administration route would change the lipid mesophase, hence influencing the 

drug release property. Moreover, the optimization of the formulation ratio is essential 

for the formation of the desired mesophase. The purity of lipids is important for the 
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optimization purpose, since the impurity may change the phase behavior. So, the 

materials to make cubosome, hexosome and sponge phase particles are generally 

expensive due to their high purity. Similarly, for liposome fabrication, the quality of 

phospholipid and cholesterol in the formulation needs to be high to ensure the integrity 

of the lipid membrane. In addition, the lipid concentration in the case of cubosomes, 

hexosomes, sponge phase particles and liposomes is low (from 0.01 wt% to 10% wt% 

of the formulation) [39], hindering the amount of drug loaded inside the formulation.  

Multiple emulsion has been used for a long time in industries. The pharmaceutical 

excipients for multiple emulsions such as surfactants and lipids are available in large 

quantities. Moreover, the fabrication process is simple and well-established. The 

concentration of lipids in emulsions is much higher, can be up to 30wt% of the 

formulation [40], leading to a high potential for drug loading. So, we conclude that the 

use of multiple emulsions would be interesting for the project. Furthermore, in order 

to avoid water droplet coalescence and/or drug leakage, our primary intention is to 

develop crystallizable multiple emulsions in the nanometric size range to favor our 

application. 
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Abstract 

This first chapter presents the work of materials screening and optimization of 

fabrication parameters. With the aim to create lipid particles that can load both 

hydrophilic and lipophilic drugs, we adopted the hot homogenization method. From 4 

lipophilic surfactants and 2 lipids, we found the combination of 1 lipophilic surfactant 

and 1 lipid to be the main lipid matrix, which can load water with high stability. We have 

chosen and optimized the ratio of cocoa butter and sorbitan monostearate (Montane 

60) in the emulsion to be 2/8. Then, sodium dodecyl sulfate (SDS) has been chosen to 

be the hydrophilic surfactant to stabilize the lipid particles and to charge them 

negatively. The temperature of fabrication and steps of fabrication have also been 

optimized to raise the robustness of the process. We then successfully fabricated lipid 

nanoparticles that can load water inside and are charged negatively. 

1. Introduction  

The first step of any formulation development process is choosing materials and 

performing materials characterization. In our team, while we have already developed 

strategies to load both hydrophilic and lipophilic drugs in one carrier, they are not 

suitable for our current application in this project [1]. Based on our expertise, we 

decided to screen and investigate existing industrial excipients to find suitable 

materials for the project. In our formulation, we need to load urea solution inside lipid 

nanoparticles. We envisioned the fabrication of a water-in-oil-in-water (w/o/w) 

nanoemulsion (also called multiple nanoemulsion) [2]. However, instead of using oil, 

we will try to use solid lipids. We hypothesized that the solid lipid multiple 

nanoemulsion can be produced using the 2-step emulsification method. The 1st step is 

making w/o emulsion by using a lipophilic surfactant to stabilize water inside the lipid 

matrix. The 2nd step is mixing the obtained w/o emulsion into a hydrophilic surfactant 

solution to make the w/o/w emulsion. The hydrophilic surfactant will stabilize the w/o 

lipid particles in water. Due to being solid, the lipid matrix will prevent the separation 

of water droplets in the lipid matrix. Lastly, we introduce charges on the surface of the 

lipid nanoparticles to prepare for the coating of polymers. 

In this chapter, we will present the materials screening results and the optimization of 

the fabrication parameters. The characterization of materials and the interaction 
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between materials will also be reported. At the end of the chapter, we completed and 

established the fabrication process to make solid lipid nanoparticles that can load urea 

solution inside the particles. 

2. Materials and methods 

2.1. Materials 

Cocoa butter was provided by Edna Group. Sorbitan monostearate and sorbitan 

monooleate were provided by Seppic under the trade name of Montane 60 (M60) and 

Montane 80. Sorbitan tristearate and sorbitan trioleate were provided by Croda under 

the trade name of Span 65 and Span 85. Precirol and Gelucire 50/13 were provided by 

Gattefosse. 1-Octadecylamine (ODA, 97%) was purchased from Alfa Aesar. Urea 

(Molecular Biology grade, Ultrapure, Batch 200927) was purchased from Thermo 

Scientific. Lecithin Phospholipon 90G (P90G) was provided by Lipoid GmbH. 

Erythromycin was purchased from Cooper. Sodium dodecyl sulfate (SDS, GPR 

Retapur®) was purchased from VWR chemical. 

2.2. Taguchi’s design of experiment for excipients screening 

To optimize the choice of materials, we set up a Taguchi’s design of experiment (DoE) 

to make a water-in-oil emulsion (w/o) from a lipid, a lipophilic surfactant, and a urea 

solution at the eutectic point (the use interest of urea eutectic solution will be explained 

in the following section). In terms of materials for the experiment, we investigated 

cocoa butter (triglyceride of mainly palmitic, stearic, and oleic acids) and Precirol® 

(diglycerides of palmitic and stearic acids) as the main lipid matrix, since the team 

already has some experience with them. Montane 60, Montane 80, span 65, or span 85 

were chosen as the lipophilic surfactant to stabilize water inside the lipid matrix. By 

choosing these compounds, we established a series of lipophilic surfactants of the 

same family with different hydrophilic-lipophilic balance (HLB) values. The HLB value of 

Montane 60, Montane 80, Span 65 and Span 85 are 4.7, 4.3, 2.1, and 1.8, respectively 

[3–5].  Moreover, in the chocolate research field, sorbitan monostearate is often mixed 

as an additive in cocoa butter to reduce the blooming effect, hence proving that 

sorbitan monostearate is well fused in the matrix of cocoa butter [6]. The summary of 

the experiment design is shown in Table 4.1. To fabricate the w/o emulsion, in general, 

a lipid (cocoa butter or Precirol) and a surfactant (Montane 60, Montane 80, Span 65 or 

Span 85) were melted and mixed at 85oC. Then an amount of 85oC pre-heated urea 

solution at eutectic point (32.85 wt% [7]) was added to the lipid mixture. The mixture 

was then agitated using an Ultra-Turrax homogenizer IKA® for 5 minutes at level 5 

(20000 rpm of no-load speed). The obtained w/o emulsion was then cooled to room 

temperature. 
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Surfactant HLB Surfactant 

concentration 

(wt%) 

Hydration rate (%) Lipid (0 = cocoa 

butter, 100 = 

Precirol) 

Span 85 1.8 1 10 0 

1.8 5 20 0 

1.8 10 30 100 

1.8 15 40 100 

Span 65 2.1 1 20 100 

2.1 5 10 100 

2.1 10 40 0 

2.1 15 30 0 

Montane 80 4.3 1 30 0 

4.3 5 40 0 

4.3 10 10 100 

4.3 15 20 100 

Montane 60 4.7 1 40 100 

4.7 5 30 100 

4.7 10 20 0 

4.7 15 10 0 

Table 4.1. Summary of the factors and their levels in the design of experiment 

The aim of the experiment was to find the right composition of lipid, surfactant, and 

hydration rate to have the highest urea solution loading percentage in the lipid matrix. 

In addition, since the final formulation is nanoscale, the size of urea solution droplets 

in the lipid matrix should be in the nanoscale. Because nano-size solution droplets 

freeze at a lower temperature than the solution in bulk form (explained by the 

nucleation theory), we can identify the amount of urea solution loaded inside the lipid 

matrix in the form of small droplets by differential scanning calorimetry (DSC) [8]. In the 

DSC experiment, we performed a cooling-heating cycle. The sample was cooled from 

25oC to -45oC, kept at -45oC for 5 minutes, then heated to 25oC. The urea solution 

concentration was chosen at the eutectic point of urea-water. So, there was only 1 peak 

of freezing in the cooling step and 1 peak of melting in the heating step in DSC, 
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facilitating the data analysis. In the cooling step, only large-size urea solution droplets 

were frozen and identified by an exothermic peak at around -34oC. The enthalpy of 

melting of the melting peak in the heating step was used to calculate the enthalpy of 

fusion. We then calculated the ratio of the enthalpy of fusion of samples over the 

enthalpy of fusion of urea solution at the eutectic point. If the ratio was 1, all urea 

solution in the sample had been frozen at a temperature above -45oC, meaning that we 

did not have any small-size urea solution droplets in the lipid matrix. On the other hand, 

if the ratio was smaller than 1, the volume of urea solution that stayed in liquid at the 

end of cooling cycles was small droplets of urea solution. Therefore, we chose the 

response for the DoE is: 

enthalpy ratio (K) = 
𝐻𝑠𝑎𝑚𝑝𝑙𝑒

𝐻𝑈𝑟𝑒𝑎 𝑠𝑜𝑙.  𝑒𝑢𝑡𝑒𝑐𝑡𝑖𝑐
   (Equation 4.1) 

with Hsample is the enthalpy of fusion calculated from the endothermic peaks in the 

heating cycle, Hurea sol. eutectic is the enthalpy of fusion of urea solution at the eutectic 

point (found to be 269.23 J/g). K is ranging from 0 to 1. 

2.3. DSC measurement of w/o emulsions 

To find the response for the DoE, DSC measurement of all w/o emulsion samples was 

performed using a Diamond DSC machine (Perkin Elmer). The sample weight was about 

10 mg. We set a cooling-heating cycle. In the 1st step, the temperature cooled from 20oC 

to -45oC at 2oC/min, then stayed at -45oC for 5 minutes, then raised from -45oC to 20oC 

at 2oC/min. 

In the experiment to optimize the cocoa butter / Montane 60 ratio in the w/o emulsion, 

DSC measurement of all w/o emulsion samples was also performed using a Diamond 

DSC machine (Perkin Elmer). The sample weight was about 10 mg. We set a heating-

cooling cycle. In the 1st step, the temperature increased from 20oC to 70oC at 2oC/min, 

then stayed at 70oC for 5 minutes, then decreased from 70oC to 20oC at 2oC/min. 

In all DSC experiments, the time between the sample preparation and DSC 

measurement was overnight if not indicated. All samples were measured 3 times to 

ensure repeatability.  

2.4. Sample morphology characterization by polarized light microscopy 

To examine the structure and morphology of w/o emulsions, Nikon Eclipse E600 

polarized light microscope was used. A homemade heater stage was used to observe 

the sample at different temperatures. A Mightex USB camera attached to the 

microscope was used to take photos.  
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2.5. Lipid structure characterization 

The lipid structure was determined by the small- and wide-angle X-ray scattering 

technique (S-WAXS) using the Bruker MicroCalix machine. The S-WAXS patterns were 

acquired at the laboratory using a microfocus X-ray tube (IµS, Incoatec), selecting the 

Cu Kα radiation. It was used with an intensity of 1000 µA and a voltage of 50 kV. The 

incident beam was focused at the detector with multilayer Montel optics and 2D Kratky 

block collimator. Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering analyses 

were performed simultaneously using two position-sensitive linear detectors (Vantec-

1, Bruker) set perpendicular to the incident beam direction, up to 7° (2θ) and at 19° to 

28° (2θ) from it, respectively. The direct beam was stopped with a W-filter. The scattered 

intensity was reported as a function of the scattering vector  

q=4π sin θ/λ   (Equation 4.2) 

where θ is half the scattering angle and λ is the wavelength of the radiation. The 

temperature of the samples was controlled by a Microcalix calorimeter cell (Bruker). 

Silver behenate and tristearin (β form) were used as standards to calibrate SAXS and 

WAXS detectors, respectively.  

Samples for X-ray experiments were contained inside quartz glass capillary tubes (1.5 

mm inner diameter) purchased from Glas Müller, Germany. The time between the 

sample preparation and measurement was overnight if not indicated. All samples were 

measured 3 times to ensure repeatability. 

2.6. Fabrication of lipid nanoparticles 

The fabrication of lipid nanoparticles has 2 steps, the 1st step of making w/o emulsion, 

and the 2nd step of making w/o/w emulsion. In the 1st step, cocoa butter, Montane 60, 

and water were melted and mixed at 85oC (the ratio of cocoa butter over Montane 60 

CB/M60 is 6/4 or 2/8). Then an amount of 85oC pre-heated urea solution at the eutectic 

point was added to the lipid mixture, so that the hydration rate of Montane 60 is 30%. 

The mixture was then agitated using an Ultra-Turrax homogenizer IKA® for 5 minutes 

at level 5 (20000 rpm of no-load speed). In the 2nd step, the w/o emulsion was cooled 

down to the high-pressure homogenization (HPH) temperature (room temperature, 

40oC or 85oC). Then it was mixed with a suspension of hydrophilic surfactants (P90G 

and Gelucire 50/13) so that the final weight percentage of lipid phase (cocoa butter plus 

Montane 60) was 10%, P90G was 1% and Gelucire 50/13 was 2%. The obtained 

suspension was called w/o/w suspension, which was homogenized by Ultra-Turrax for 

5 minutes at level 5, then by a preheated high-pressure homogenizer (APV-2000 

SPXFlOW) for 5 minutes at 600 bars. The choice of hydrophilic surfactant percentage 

and pressure in HPH were made from the experience of our group with the materials 

[1]. In the fabrication of w/o/w emulsion, we used water instead of urea solution, to be 

able to separate lipid phases using ultracentrifugation. 
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The obtained suspension after the HPH process was centrifuged at 40000 rpm, 4oC for 

16 hours using an ultracentrifuge (Optima L-100K, Beckman Coulter), with the rotor 

70.1 Ti to check the homogeneity of the suspension. 

2.7. Particles’ size and zeta potential measurement 

The particle size and zeta potential were measured using Zetasizer Nano ZS90 (Malvern 

Panalytical Ltd.) at 25oC. To prepare the sample for measurements, the fabricated 

particle suspension was diluted 30 times in NaCl 3 mM solution. The final estimated 

particle concentration was 7 mg/ml. All measurements were repeated 3 times. 

2.8. Solution surface tension measurement 

SDS aqueous solutions from 0.005 to 0.3 wt% were prepared by the dilution of SDS 

mother solution 1 wt%. The surface tension was measured at 25°C by the Wilhelmy 

plate method, using a digital tensiometer (Krüss K10T, Germany). Before 

measurements, the surface of the solutions was cleaned using an absorbing paper and 

the platinum plate of the tensiometer was cleaned using concentrated sulfochromic 

acid. At the start of the experiment, the plate was brought into contact with the solution 

surface and the surface tension value was monitored until its value was considered 

stable. The error of the tensiometer measurement was 0.1 mN/m. The reported values 

of surface tensions are the average of 3 measurements. 

2.9. Finding the solubility of erythromycin in SDS solution 

Erythromycin was added in excess to a series of SDS aqueous solutions from 0.01 to 3 

wt%. The solutions were mixed by a magnetic stirrer overnight to ensure the total 

solubility of erythromycin. Then they were filtered through a 200 nm syringe filter for 

the high-performance liquid chromatography (HPLC, Thermo UltiMate 3000 UHPLC 

system, Thermo ScientificTM) measurement. 

The dosage of erythromycin was adapted from the literature with some modifications 

[1]. We used a 150 x 4.6 mm I.D YMC-Triart C18 column (particle size of 3 µm and pore 

size of 12 nm). The mobile phase was acetonitrile (ACN) : 8 mM K2HPO4 solution in 

water at pH 9 (1:1) and flowed at 1 mL/min in the isocratic condition. The temperature 

of the column was kept at 50oC. The detection wavelength was 210 nm. The injection 

volume of samples was 20 µL. In running conditions, the stable pressure was 147 bar. 

Erythromycin retention time was 14 minutes. The running time was 30 minutes to be 

able to detect degraded products of erythromycin. The limit of detection (LOD) and limit 

of quantification (LOQ) of erythromycin were 4.1 µg/mL and 12.3 µg/mL, respectively. 

After each analytical sequence, the column was rinsed with ACN : H2O (1:1) for 30 

minutes, followed by ACN 100% for 30 minutes and stored in ACN. 
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3. Results and discussion 

3.1. Input materials screening using DoE 

Taguchi’s design was chosen to screen input materials. The choice of the design was 

partially due to the low number of experiments that we needed to perform for multi-

level factors. Since we have 3 factors having 4 levels and 1 factor having 2 levels, the 

number of experiments of a full factorial design would be 128. However, the decrease 

in the number of experiments causes the loss of information. Taguchi’s design does not 

provide information about the interaction between factors. In addition, the aliasing of 

factors contributes to the response, and if it is significant, the main effect of factors 

would be false. The data analysis method of Taguchi is also controversial. A detailed 

discussion about the design of experiments would exceed the scope of this chapter, 

and we recommend the critical review of Taguchi’s method found in the textbook of 

Montgomery [9]. Lastly, our response of enthalpy ratio K can identify the amount of 

small water droplets but cannot estimate their real size due to the lack of reference. By 

using an optical microscope and observing w/o emulsion samples having an enthalpy 

ratio significantly smaller than 1, we estimated the size of droplets that froze below -

45oC was smaller than 10 microns. This is however an indirect method, since we cannot 

freeze the sample under the microscope. Therefore, the results obtained from our DoE 

are only for qualitative analysis to have a brief idea about the behavior of factors.  

Figure 4.1 shows the effects of HLB, surfactant concentration, hydration rate and the 

choice of triglyceride materials (cocoa butter or Precirol) on the enthalpy ratio (the 

percentage of small-size droplets in the lipid mixture). The smaller the ratio, the higher 

percentage of small urea solution droplets in the sample. For example, Figure 4.2a 

shows the freezing and melting peaks of bulk-size urea solution at eutectic point urea-

water, in this case, the enthalpy ratio is 1. Because the solution is at the eutectic point, 

there is only 1 peak of freezing and 1 peak of melting. The shape of the freezing peak 

is due to the fast crystallization rate of the solution, that the DSC equipment cannot 

catch up. Figure 4.2b shows the DSC signal from a w/o sample that had only small urea 

solution droplets. Since the sample only had urea solution in the form of small droplets, 

there was not any sharp peak of freezing at -34oC. We observed a small peak of freezing, 

which indicated the crystallization of a population of small-size droplets. In the heating 

step, we had the corresponding melting peak, which gave the enthalpy ratio of 0.04. 
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Figure 4.1. Summary of responses (enthalpy ratio) from main effects 

 

 

Figure 4.2. (a) DSC freezing and melting peaks of eutectic urea solution, (b) DSC freezing and 

melting peaks of urea solution in the sample (15 wt% Montane 60, 10% hydration rate, cocoa 

butter as lipid) which only had small urea solution droplet. 
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The hydration rate significantly influenced the response and could be identified as the 

most impactful factor. We obtained the tendency that the lower hydration rate was 

more favorable to have a high percentage of small urea solution droplets. It can be 

explained by the saturation of surfactants at the high hydration rate and the presence 

of urea solution outside the lipid matrix. Similarly, the high concentration of lipophilic 

surfactant concentration increased the amount of small-size urea solution droplets in 

the lipid matrix. For the type of lipid and surfactant, the influence was not so significant; 

however, we can see that the use of cocoa butter and Montane 60 (HLB = 4.7) was the 

most optimal. Therefore, we decided that the combination of cocoa butter and 

Montane 60 is interesting for further investigation. We then observed the w/o sample 

of cocoa butter and Montane 60 under a polarized light microscope (Figure 4.3). By 

varying the temperature, the components in the image could be identified. At 80oC, we 

have a w/o emulsion having microns-size droplets. At 45oC, when cocoa butter was still 

liquid, but Montane 60 had already solidified, we can confirm that the urea solution was 

stabilized by Montane 60. Montane 60 and water formed a gel-like structure when 

Montane 60 was solid. At 25oC, cocoa butter solidified, confirming that the background 

was cocoa butter. 

   
Figure 4.3. w/o emulsion (10% hydration rate) made from the mixture of cocoa butter, 

Montane 60 (15 wt%) and urea solution at (a) 80oC, (b) 45oC and (c) 25oC.  

In summary, from the set of experiments, we have identified the input materials that 

are suitable for the loading of urea solution in a lipid. Cocoa butter is chosen as the lipid 

matrix, and Montane 60 is chosen as the lipophilic surfactant to stabilize the urea 

solution. In cocoa butter matrix, Montane 60 stabilizes urea solution by the formation 

of a gel-like hydrated structure. This structure is solid at room temperature. To 

maximize the urea solution loading capacity, the ratio of cocoa butter and Montane 60 

needs to be optimized to maximize the quantity of gel-like structure in the lipid matrix. 

Then in the nanoparticle’s fabrication process, we envisaged a top-down method to 

reduce the size of this gel-like structure from micro to nano-size. 

 

 

a – 80oC b – 45oC c – 25oC 
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3.2. Optimization of Montane 60 and cocoa butter ratio 

To optimize the ratio of Montane 60 and cocoa butter in the emulsion, the lipid 

structure needs to be investigated. Figure 4.4 shows the S-WAXS spectra of cocoa 

butter, Montane 60 and hydrated Montane 60. The structure of cocoa butter has been 

well presented in the literature [10]. Cocoa butter is a mixture of triglycerides. The main 

fatty acids are palmitic (P), stearic (S) and oleic acids (O). The main triglycerides are POS, 

POP and SOS. There is also a smaller amount of linoleic and arachidic acid. Cocoa butter 

has a complex polymorphism. Its structure changes over time to the most stable 

structure βVI and the rate of structure transformation may depend on other 

components mixed inside its lipid matrix. Our native cocoa butter has a structure like 

in the literature. In the SAXS region, we detected a triple chain length (3L, peaks at 1 

and 2 nm-1) and a double chain length (2L, the peak at 1.5 nm-1) lamellar structure. In 

the WAXS region, we identified that cocoa butter has the βV structure. For Montane 60, 

while the name is sorbitan monostearate, it is a mixture of sorbitan esters with different 

degrees of esterification [11,12]. We detected in SAXS region 1 hydrophilic lamellar 

structure (peak at around 1 nm-1 in the anhydrous sample, shifting to 0.63 nm-1 in 30% 

hydrated Montane 60 sample) and 1 hydrophobic lamellar structure (peak at around 

1.25 nm-1) in Montane 60. The hydrophilic structure may come from sorbitan 

monostearate and distearate, while the hydrophobic structure may come from 

sorbitan tristearate and tetrastearate. In the WAXS region of Montane 60 and hydrated 

Montane 60, we detected only a peak at 15.12 nm-1, indicating the H-α arrangement of 

lipid chains [13]. Details about the structure of Montane 60 can be found in the next 

chapter. 

 

Figure 4.4. S-WAXS spectra of cocoa butter, Montane 60, and 30% hydrated Montane 60 
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When making the w/o emulsion, we fixed the hydration rate of Montane 60 to 30% due 

to the limitation of the SAXS machine. Above 30%, the lamellar distance of the 

hydrophilic structure of hydrated Montane 60 is too large to be in the wavevector range 

of the machine. In all w/o emulsion samples, the hydrated lamellar structure of 

Montane 60 was present, meaning that it was not affected by cocoa butter (Figure 4.5a). 

This is reasonable since cocoa butter is hydrophobic. In addition, triglycerides have 3 

hydrocarbon chains, making it hard to blend in the sorbitan monostearate (1 

hydrocarbon chain) hydrated matrix. However, the hydrophobic structure of Montane 

60 may be mixed with cocoa butter. So, in samples having a low percentage of cocoa 

butter (CB/M60 = 4/6, 3/7 and 2/8), we could not detect anymore the β peak in the WAXS 

region. The hydrophobic part of Montane 60 (mainly sorbitan triesters and tetraesters) 

changed the crystallization behavior of cocoa butter, preventing the formation of β 

crystals. In contrast, in samples having a low quantity of Montane 60 (CB/M60 = 7/3, 6/4 

and 5/5), 2 types of crystals, β (the peak at 13.68 nm-1) and α (the peak at 15.12 nm-1) 

were detected in WAXS region, indicating the co-existence of cocoa butter region and 

Montane 60 region. 

We used DSC to determine the point that cocoa butter is fully integrated into the lipid 

matrix of Montane 60. Figure 4.5b shows that when we have both α peak and β peak, 

for example, at the ratio CB/M60 = 6/4, in DSC, we have the endothermic peak of 

melting of cocoa butter first, then the peaks of melting of Montane 60. DSC experiments 

showed that at the ratio CB/M60 = 2/8, cocoa butter had been fully integrated into the 

matrix of Montane 60, because the melting peak of cocoa butter had disappeared. The 

melting peak at around 42oC of Montane 60 was shifted to lower temperatures when 

cocoa butter was added to the emulsion, indicating the incorporation of cocoa butter 

in Montane 60. 

In summary, if we want to make a w/o/w emulsion, the ratio CB/M60 = 6/4 would be 

interesting, since we may obtain nanoparticles having a cocoa butter shell and hydrated 

Montane 60 core. Meanwhile, if the purpose is to maximize the amount of urea solution 

loading, the ratio CB/M60 = 2/8 would be suitable, then we may obtain nanoparticles of 

gel-like hydrated lipid. Further investigation and optimization of the nanoparticle 

fabrication process are detailed in the section below. 
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Figure 4.5. (a) S-WAXS spectra and (b) DSC signal in the heating step of w/o emulsions made 

of cocoa butter (CB), Montane 60 (M60) and urea solution, each thermogram is an emulsion 

with different ratio of CB/M60. The hydration rate of M60 in all samples is the same (at 30%). 

In figure a, the sample CB/M60 = 1/0 contained only CB and was not hydrated. The dashed 

arrow in figure b is only for eye guidance. 
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3.3. Optimization of nanoparticles fabrication parameters 

When using the ratio CB/M60 = 6/4 to make w/o/w suspension as mentioned above, we 

could get nanoparticles by the high-pressure homogenization (HPH) method (the size 

and polydispersity index (PDI) are summarized in Table 4.2). However, using ultra-

centrifugation, we observed that there were 2 populations of particles having different 

densities (photo in Figure 4.6b). After the ultra-centrifugation, we obtained a top layer 

(density lower than water) and a bottom pellet (density higher than water). Using S-

WAXS, we can identify that the top layer is cocoa butter. We fabricated cocoa butter 

nanoparticles (without Montane 60) in the same condition to use as a reference (Figure 

4.6a), which confirmed that the top layer of the centrifuged w/o/w suspension is cocoa 

butter. The cocoa butter particles layer showed in SAXS the 2L and 3L lamellar and 

structure, in WAXS the β form peak at 13.68 nm-1. The bottom layer is hydrated 

Montane 60, identified by the hydrated lamellar structure in SAXS and the α form peak 

in WAXS. So, when the w/o emulsion made of cocoa butter and Montane 60 (ratio 

CB/M60 = 6/4) was resuspended with the hydrophilic surfactant, under HPH, the cocoa 

butter domain was separated from the hydrated Montane 60 domain. Even when the 

HPH was at room temperature, meaning that cocoa butter was not fully melted during 

the fabrication process, we still had 2 layers of lipid after centrifugation. The existence 

of 2 populations of particles after HPH is due to the mechanism of the top-down 

approach. Because the w/o emulsion is broken down into nano-size pieces, when the 

cocoa butter domain is too large, it would be broken down into nano-size cocoa butter 

pieces. Similarly, the hydrated Montane 60 domain is broken down into nano-size 

hydrated Montane 60 pieces. So, after the fabrication process, we have 2 types of 

particles in the suspension. It may be hypothesized that the separation of particle 

populations is facilitated by the centrifugation force. 

Ratio 

CB/M60 

Temperature 

of HPH (oC) 

Size 

(nm) 
PDI 

Number of 

layers after 

centrifugation 

Observation 

6/4 25 528 0.35 2 layers 
Viscous suspension, 

hard to process 

6/4 40 181 0.28 2 layers  

2/8 40 531 0.26 1 layer 
Viscous suspension, 

hard to process 

2/8 85 180 0.16 1 layer  

Table 4.2. Results summary of nanoparticles fabricated in different conditions 

When using the ratio CB/M60 = 2/8, which is the ratio that cocoa butter is well integrated 

into the lipid matrix of Montane 60, we also obtained nanoparticles. As expected, when 

we have only 1 domain of lipid in w/o emulsion, the obtained suspension gave only 1 
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bottom layer after the ultracentrifugation (Figure 4.6c). This bottom layer is identical to 

the bottom layer of the suspension fabricated from the ratio CB/M60 = 6/4. Even when 

being homogenized at 85oC, when both cocoa butter and Montane 60 were melted, we 

still obtained suspension that had only 1 population after ultracentrifugation. This 

means that when cocoa butter is well integrated inside the matrix of Montane 60, the 

centrifugation force cannot separate cocoa butter from Montane 60. Therefore, the 

ratio CB/M60 = 2/8 is optimal for the suspension fabrication, since we can have 

homogenous suspension and a maximum loading rate of urea solution. 

About the temperature of fabrication, we noted that in cold HPH, when the lipid phase 

is not melted, the suspensions both before and after HPH are very viscous. This high 

viscosity may indicate that the suspension is not homogenized in terms of particle size, 

is aggregated, or the particle size is too large (microns-size). The quantity of lipid inside 

the suspension is limited by the high viscosity, since in general, the higher the lipid 

percentage, the higher the viscosity. So, when fabricating the nanoparticles using the 

ratio CB/M60 = 2/8, we decided to fix the temperature to 85oC to facilitate the 

fabrication process. At 85oC, in addition to the fact that cocoa butter is not separated 

from Montane 60, the particle size is reduced to the nanoscale, and we can increase 

the percentage of lipid from 10 wt% to 20 wt%. Moreover, we can eliminate the 1st step 

of making w/o emulsion and mix directly molten lipid mixture (cocoa butter and 

Montane 60) to urea solution, since the mixing at 85oC also hydrates Montane 60. 

In summary, the nanoparticle fabrication parameters have been fixed. We use the ratio 

CB/M60 = 2/8, the point that cocoa butter is integrated inside the matrix of Montane 

60. This ratio also maximizes the possible hydration rate of particles. The temperature 

of fabrication is 85oC, which helps to reduce the particle size and to increase the 

percentage of lipid in the suspension to 20 wt% without changing the structure of lipid. 

The obtained suspension has a size of 180 nm, with a PDI of 0.16. In the next step, we 

will try to incorporate charges to the surface of nanoparticles, preparing for the 

polymer coating step. 
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Figure 4.6. Structure of particles population found in nanoparticles fabricated in different 

conditions (a) CB/M60 = 1/0, T = 40oC – using as reference, (b) CB/M60 = 6/4, T = 40oC, (c) 

CB/M60 = 2/8, T = 85oC. 

3.4. The incorporation of charge into lipid particles 

To complete our formulation, we coat a layer of polymer on the surface of the 

nanoparticles. The polymer coating is for the active targeting purpose, helping the 

particles to stick to the surface of H. pylori. We will use the electrostatic interaction 

method for polymer coating. The challenge is to keep both lipid particles and polymers 

charged in the acidic pH of the stomach. If the lipid particles are positively charged, we 

will use fucoidan, which is negatively charged in pH > 2.5 (pKa of fucoidan is from 1 – 

2.5 [14]). Fucoidan has been shown to interact with H. pylori [15]. If the lipid particles 

are negatively charged, we will use chitosan, which is positively charged in pH < 6.5 (pKa  

of chitosan is ~ 6.5) [16]. Chitosan has also been shown to interact with H. pylori  [17]. 

a b c 

SAXS WAXS 
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So far, we have identified that the lipid used for the particle’s fabrication is the mixture 

of cocoa butter and Montane 60 at the ratio CB/M60 = 2/8. This lipid mixture is charged 

negatively at pH 7, due to the presence of fatty acids in Montane 60 (data from 

manufacturer); however, in gastric acid, it would be neutral. In the first attempt, we 

wanted to introduce positive charges by mixing ODA in the lipid phase. However, the 

suspension was jellified and phase-separated upon the addition of ODA (starting from 

2 wt% of ODA, earlier when the aqueous phase was a buffer pH7). Interestingly, this 

phase separation and jellification only happened at a high temperature (85oC), blocking 

the homogenization step. We suspected a change in the lipid structure at high 

temperatures, however, could not detect anything in S-WAXS experiments of mixture 

Montane 60, ODA and water in Figure 4.7 (the sample has 20% Montane 60, 2% ODA 

and 78% water, CB is not in the sample). Upon the addition of ODA, besides the increase 

in melting temperature, we did not find any structural changes. 

We decided to charge the nanoparticles with negative charges, which would be difficult 

since the charge should stay negative even in gastric acid (pH 1.2 at the lowest). Sodium 

dodecyl sulfate (SDS) is chosen, because of its low pKa (-1.5), hence giving the particles 

negative charges even in highly acidic environments [18]. In the fabrication process, we 

change the hydrophilic surfactants (mixture of P90G and Gelucire 50/13) to only SDS, 

while keeping the same weight content of the surfactant in the formulation. Further 

investigation about the effect of SDS on the lipid structure will be discussed in the 

following chapter. 
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Figure 4.7. S-WAXS spectra at different temperatures of ODA-containing emulsion (20 wt% 

Montane 60, 2 wt% ODA, and 78 wt% water). The emulsion was heated from 17oC to 71.8oC 

at 2oC/min (red curves), kept at 71.8oC for 5 minutes (orange curves) and cooled down to 

25oC at 5oC/min (blue curves). Red dots indicate the peaks position. 

3.5. Characterization of the SDS, erythromycin, and urea 

After finishing the finding and optimization of lipids, we characterize other components 

of the formulation and their interactions. 

3.5.1. Critical micelle concentration (CMC) of SDS and urea in water 

Using a plate tensiometer, the CMC of SDS in water at 25oC was found to be 0.13 wt% 

in water (~4.5 mM, Figure 4.8), lower than the reported value in literature (~8 mM) 

[19,20]. It may be due to the difference in the supplier and or the contamination in the 

SDS. Unexpectedly, we found that our urea is surface-active. The urea solution at the 

eutectic point (32.85 wt%) has a surface tension of 50.3 mN/m, lower than that of water 

(73 mN/m). It is contrary to the reported value, which is higher than water [21]. It may 

be due to the contamination of surfactant in the urea, which is however denied by the 

supplier. This unexpected property of our urea may increase the solubility of 

erythromycin in water, hence reducing the drug loading capacity of lipid particles. 

Therefore, the drug loading capacity and encapsulation efficiency of lipid particles need 

to be investigated carefully. 

SAXS WAXS 
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Figure 4.8. The surface tension of SDS solution at different concentrations, error bars present 

the standard deviation calculated from 3 measurements. 

3.5.2. Solubility of erythromycin in SDS solution 

SDS can increase the solubility of erythromycin in solution. The addition of SDS 

increases the amount of erythromycin in the water phase [22], hence decreasing the 

erythromycin loading capacity of lipid particles. Figure 4.9 shows the saturated 

erythromycin concentration in different SDS solutions. The concentration of 

erythromycin was determined by HPLC. We can confirm that the higher the SDS, the 

higher the saturated concentration of erythromycin. We also confirmed the solubility 

of erythromycin in water is 1.9 mg/mL, which agrees with the literature [22,23]. 

However, the solubility of erythromycin in water is influenced by its crystalline state and 

by the suppliers [24]. It has been found that when dissolving in water, amorphous 

erythromycin rapidly converses to the dihydrate crystal form, hence reducing the real 

solubility of amorphous erythromycin [24]. In our case, using S-WAXS, we confirm that 

our erythromycin is amorphous. So, when dissolving in water or SDS solution, an 

amount of erythromycin might convert to dihydrate crystal and was filtered away 

during the HPLC sample preparation. This may explain the reduction in erythromycin 

solubility below CMC of SDS, since the addition of SDS may facilitate the nucleation and 

conversion of erythromycin amorphous form to crystalline form. 

CMC value 

y = -22.5x + 15.6 
y = 4.4x + 39.1 
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Figure 4.9. The saturated concentration of erythromycin in SDS solution, error bars present 

the standard deviation from 3 measurements. 

The saturated erythromycin solution in SDS jellified over time. Figure 4.10 

demonstrates the jellification of erythromycin saturated in 0.1wt% SDS solution. This 

jellification happened over time, normally taking a few days for a volume of 10mL like 

in the photo. We suspected it would be due to the formation of erythromycin dihydrate 

crystal, however, the jellified sample was found to be amorphous under S-WAXS 

measurement. We hypothesize that there is an interaction between erythromycin 

(positively charged in water) with SDS (negatively charged in water). Due to any reason, 

the erythromycin saturated in SDS solution is found to be jellified or crystallized, 

creating erythromycin gel or crystal in the aqueous phase of the nanoparticle 

suspension. Therefore, the elimination of free erythromycin in the aqueous phase of 

the nanoparticle suspension is necessary and should be done as soon as possible. Due 

to this reason, in our final fabrication process, the nanoparticles suspension is 

ultracentrifuged directly after the HPH process to eliminate the aqueous part. 

 

Figure 4.10. Jellification of saturated erythromycin in 0.1 wt% SDS solution 

CMC of SDS 
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3.5.3. Solubility of erythromycin in melted Montane 60 and cocoa butter 

The solubility of erythromycin in solid lipid is hard to determine, since at room 

temperature, the lipid is solid state, trapping both soluble erythromycin and 

precipitation of erythromycin in lipid. We then determine the solubility of erythromycin 

in melted Montane 60 and cocoa butter, to ensure that we do not have erythromycin 

crystals precipitated during the fabrication step. To determine the solubility of 

erythromycin in Montane 60 and cocoa butter, we added slowly erythromycin in melted 

Montane 60 or cocoa butter at 85oC under agitation by a magnetic stirrer. We then 

observed the melted lipid at 85oC under a polarized light optical microscope equipped 

with a heater stage to find erythromycin crystals. The solubility of erythromycin in lipids 

is determined as the point that erythromycin crystals appeared in melted lipids. The 

result is in Table 4.3, which shows the high solubility of erythromycin in melted Montane 

60. Meanwhile, erythromycin is less soluble in cocoa butter. 

Lipid Saturated Erythromycin concentration (mg/g lipid) 

Montane 60 16.34 

Cocoa butter 477.6 

Table 4.3. Solubility of erythromycin in Montane 60 and cocoa butter at 85oC 

4. Conclusion 

We have finished the first step of the formulation development process is to choose 

the materials and optimize the fabrication parameters. Using DoE approaches, we 

found that the mixture of cocoa butter and Montane 60 at the ratio CB/M60 = 2/8 can 

hold water in form of gel, whose lipid structure is solid and stable at room temperature. 

SDS has been chosen as the hydrophilic surfactant to introduce negative charges on 

the surface of the lipid particles. Due to the hydration and viscous properties of the 

lipid mixture, we rejected the initial proposal of using 2 steps fabrication method of 

making w/o emulsion and then w/o/w emulsion. The optimized fabrication process is 

more simple, robust with only 1 step of hot homogenization at 85oC. We can increase 

the lipid content and reduce the size while keeping water inside the lipid matrix with 

the new process. Finally, the jellification of erythromycin with SDS over time is 

investigated, suggesting quick centrifugation after the suspension fabrication process 

to eliminate free erythromycin in the aqueous phase. 

In the next chapter, we will analyze the structure and composition of Montane 60 and 

its interaction with SDS to form α-gel lipid particles. The hydration behavior of Montane 

60, which is important for the loading of urea solution in the particles, will be 

investigated and discussed in depth.  
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Abstract 

Multi-compartmented nanoparticles for combination therapy are being researched 

intensively because of the need to load more than one drug in one drug carrier. In this 

article, we report the fabrication of lipid α-gel particles from sorbitan monostearate - 

an industrial excipient. The α-gel particles have both hydrophobic and lipophilic sites, 

showing the potential for loading substances having opposite solubilities. The 

hydration rate of sorbitan monostearate can be very high, with a very thick lamellar 

distance (up to 42.5 nm at 90% hydration rate). The swelling behavior of sorbitan 

monostearate α-gel structure in water can be controlled by changing the pH, ionic 

strength, and adding surfactants. Interestingly, at high temperatures, the hydrated 

lamellar layer may be stabilized by the combination of electrostatic and undulation 

effects. Thanks to the monomorphism of their constituents, the α-gel structure and α-

gel suspension are stable for a long period of time. All these assets of sorbitan 

monostearate α-gel suspension make it a potential candidate for advanced drug 

delivery systems for applications requiring pH-sensitive or local activation properties. 

1. Introduction 

Combination therapy in cancer treatment is the co-delivery of two or more drugs, which 

may produce synergetic effects and improve the final treatment results. This approach 

reduces the resistance to chemotherapy and prevents the development of multi-drug 

resistance [1,2]. In addition, the high-dose side effect coming from only one drug can 

be reduced by lowering the dose of individual drugs used in the therapy [2]. While the 

combination treatment has been used widely in clinical, several obstacles are still 

present, for example, the variation in the pharmacokinetics of different drugs [1]. 

Currently, achievement in nanotechnology has shown the potential of using 

nanoparticles to control the pharmacokinetic profile through prolonged circulation 

time in the bloodstream, controlled drug release, and enhanced tumor retention [1]. 

However, most works on nanoparticles for combination therapy reports the 
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encapsulation of drug having similar solubility, noticeably hydrophilic drugs [1]. To 

tackle this problem, multi-compartmented nanoparticles have been developed to load 

drugs having opposite solubility, such as lipid Janus nanoparticles and block 

copolymers nanoparticles [3,4].  

Having both lipophilic and hydrophilic domains, lipid α-gel nanoparticles have the 

potential for the loading and delivery of drugs having opposite solubility [5]. α-gel is a 

hydrated lipid bilayer crystal structure. It has periodically repeated bilayers of lipid 

(and/or surfactant) with interlamellar water layers. This structure can be obtained by 

mixing amphiphilic molecules (such as some fatty alcohols or their mixtures with other 

surfactants, monoglycerides, sorbitan monostearate [6,7]) with water. The hydrophilic 

heads face to water, while the hydrophobic chains align together and face others. The 

lipid chains are in the solid state, and arranged in hexagonal form (also called H-α [8]). 

α-gel is generally used to stabilize the oil phase in cosmetic and pharmaceutical 

products [6,9]. It is also used as a foam stabilizer in the food industry [9]. In several 

systems, α-gel is a metastable state. For example, in glycerol monostearate, α-gel is 

formed by cooling the liquid crystal state to below the Krafft temperature [9]. Over time, 

the lipid chain arrangement changes from α to β, forming coagel (β crystal) which does 

not contain water [9]. On the other hand, while having a similar structure to glycerol 

monostearate, sorbitan monostearate forms a stable α-gel state in water due to its 

monomorphism [7]. This property makes sorbitan monostearate a potential material 

for the loading of drugs with opposite solubility.  

Herein, we reported a scalable fabrication process of lipid α-gel nanoparticles from 

Montane 60 - an industrial excipient. We investigate the hydration behavior of Montane 

60, its interaction with surfactants, and the particle formation mechanism. The 

obtained α-gel particles have a tunable size from micro- to nano-scale, and both 

lipophilic and hydrophilic domains, enabling the capacity to load both lipophilic and 

hydrophilic drugs in one particle. 

2. Materials and methods 

2.1. Materials 

Sorbitan monostearate was provided by Seppic under the trade name Montane 60 

(M60). Sorbitan tristearate was provided by Croda under the trade name Span 65. 

Sodium dodecyl sulfate (SDS, GPR Retapur®) was purchased from VWR chemical. 

Lecithin Phospholipon 90G (P90G) was provided by Lipoid GmbH. Glacial acetic acid 

(CH3COOH) was purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) was 

purchased from Carl Roth. Sodium chloride (NaCl) was purchased from Carlo Erba. 
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2.2. Montane 60 chemical composition analysis method 

Liquid chromatography-mass spectrometry (LC-MS) was used to qualitatively 

determine the chemical composition of Montane 60. Span 65 was also analyzed and 

used as a reference to compare to Montane 60. The analytical method was consulted 

from the literature [10,11] and applied with modification.  

For M60 sample preparation, a 5 mg/mL stock solution of M60 was prepared by 

dissolving M60 in a mixture of tetrahydrofuran (THF, LC-MS grade) and isopropanol 

(IPA, LC-MS grade) (ratio 1:2 v/v). Then, the concentration of M60 samples for injection 

was 3 mg/mL, prepared by diluting the 5 mg/mL M60 stock solution in IPA. For Span 65 

sample preparation, a 5 mg/mL stock solution of Span 65 was prepared by dissolving 

Span 65 in a mixture of THF and IPA (ratio 1:1 v/v). The concentration of Span 65 

samples for injection was 3 mg/mL, prepared by diluting 5 mg/mL Span 65 stock 

solution in IPA. The ratios of THF:IPA to dissolve Montane 60 and Span 65 in stock 

solutions were optimized experimentally. Non-dissolved solids were observed if only 

THF or IPA was used. This observation is opposite to some other articles, which 

reported the total dissolution of Span 60 and Span 65 in only THF or IPA at a 

concentration >2 mg/mL [10,12,13]. Moreover, it also shows the complexity of the 

composition of Span 60/Montane 60 and Span 65 and the differences between 

manufacturers. 

Regarding the liquid chromatographic condition, a 150 x 4.6 mm I.D YMC-Triart C18 

column (particle size of 3 µm and pore size of 12 nm) was used. The chromatographic 

separation was performed at 30oC, using a gradient elution process composed of 

IPA/water (ratio 60/40, solvent A) and IPA (solvent B). If the negative ion mode was 

chosen, solvents containing 0.1% v/v of formic acid were used. The gradient elution 

program was 0-4 minutes: 100% A, 0.4 ml/min; 4-15 minutes: 100% B, 0.4 ml/min; 15-

22 minutes: 100% A, 0.4ml/min. The first step is to eliminate THF in the sample and 

bring out hydrophilic compounds in the sample (for example, residual fatty acids or 

sorbitol), while hydrophobic compounds (esters of sorbitan) stay inside the column. The 

next step using 100% IPA as the mobile phase is to separate and drive out esters of 

sorbitan. The last step is to re-condition the column for the next injection. 

LTQ-Orbitrap Velos Pro system (Thermo Fisher Scientific, United States) was used for 

the LC/HR–MSn analyses. The system is made of a double linear trap and an orbital 

trap. The analysis was performed in positive ion mode (electrospray ionization - ESI+) 

under the following conditions: the source voltage was 3.4 kV, the source and the 

capillary temperatures were 300oC and 350oC, respectively. Sheath gas and auxiliary 

gas nitrogen flows were 40 and 20 arbitrary units, respectively. S-lens was set at 60%. 

The normalized collision was 35 for high-resolution fragmentation studies. The mass 

range of 150–1300 amu was applied for the Full Scan in the Orbitrap. The chosen full 

width at half maximum (measured at fifty percent of the maximum peak height) was 



Chapter 5. Sorbitan stearate: from the hydration behavior to the preparation of α-gel based particles 

150 
 

100,000 for all stages of HRMS. Instrumentation calibration was carried out daily based 

on the recommendations of the manufacturer of the mass spectrometer and using the 

Pierce™ LTQ Velos ESI positive ion calibration solution (ThermoFisher, United States). 

The MS data were handled using Xcalibur® software (version 2.2 SP 1.48). 

2.3. Sorbitan stearate spontaneous hydration method 

In order to visualize the hydration behavior of M60 and Span 65, solid grains of M60 

and Span 65 were submerged in DI water and pH5 buffer at ambient temperature. The 

pH5 buffer solution was prepared from CH3COOH and CH3COONa, whose 

concentrations are 17.12 mM and 29.75 mM, respectively. The mass of the grain was 

measured over time to calculate the hydration rate. Several grains were observed at 

the same time to ensure repeatability.  

2.4. Acquisition of the synchrotron radiation computed microtomography 

(SRμCT) dataset  

SRμCT measurements were conducted at the SYRMEP beamline of Elettra using a multi-

scale approach [14]. At SYRMEP the X-ray beam is delivered by a bending magnet 

source and experiments were performed in a filtered white-beam configuration (filters: 

1.5 mm Si + 0.025 mm Mo) with a mean energy of ∼27 keV (estimated entrance dose of 

the order of kiloGray).  Projections were recorded with a macroscope camera based on 

a 16-bit, water-cooled sCMOS detector (2048 × 2048 pixels) coupled to a 15 μm-thick 

LSO:Tb scintillator screen. Using the optical zoom of the detecting system, an effective 

pixel size of 0.9 μm was set corresponding to a field of view of about 1.8 × 1.8 mm. 

For each scan, we acquired 1800 projections over a 180° rotation with an exposure 

time/projection of 500 ms. The experiment was conducted in propagation-based 

phase-contrast mode with the sample-to-detector distance set to 150 mm for all 

measurements. The slice reconstruction was carried out using the custom-developed 

SYRMEP Tomo Project (STP) software. Before reconstruction, a ring-removal algorithm 

was applied. Then, projections were processed by a single-distance phase-retrieval 

algorithm with a δ/β parameter (ratio between the real and imaginary parts of the 

refraction index of the material n = 1 − δ − iβ) chosen on an ad hoc basis for a good 

visualization of fine details in the tooth enamel balancing between contrast and spatial 

resolution. In our case, the δ/β ratio was set to 100. 

2.5. Montane 60 hot hydration method 

M60 was melted at 85oC. Then, pre-heated water (or pH5 buffer solution) at 85oC was 

added to melted M60 to favor dispersion. The pH5 buffer solution was prepared from 

CH3COOH and CH3COONa, whose concentrations are 17.12 mM and 29.75 mM, 

respectively. The volume of water (or pH5 buffer solution) depends on the hydration 

rate. The mixture was then agitated vigorously at 85oC using an Ultra-Turrax 
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homogenizer IKA® for 5 minutes at level 5 (20000 rpm of no-load speed). The hydrated 

samples were cooled in room condition and characterized after one night. 

To verify if the hot hydration method separates components of M60, hydrated M60 

samples were centrifuged at 40000 rpm, 4oC for 16 hours using an ultracentrifuge 

(Optima L-90K, Beckman Coulter), with the rotor 70.1 Ti to separate the components by 

their density.  

2.6. α-gel particles fabrication process 

α-gel particles were fabricated by the homogenization method. SDS or P90G was added 

to melted M60 at 85oC. The melted lipid mixture was mixed slightly until the color was 

clear, indicating the solubilization of SDS or P90G in M60. Pre-heated 85oC water was 

then poured into the mixture. The suspension was agitated by Ultra Turrax at 85oC for 

5 minutes at level 5 (20000 rpm of no-load speed) to obtain M60 microparticles (MPs), 

and then homogenized by a high-pressure homogenizer (Homogenising systems Ltd.) 

at 1000 bar, 85oC for 5 cycles to obtain M60 nanoparticles (NPs). The obtained M60 

particles were then cooled down in ice for 5 minutes and characterized after one night. 

The composition of M60 particles is shown in Table 5.1.  

Material Composition (wt%) 

Montane 60 20 

SDS or P90G 0.1, 0.25, 0.5, 1, 2, 3, 4 or 5 

Water Add up to 100 

Table 5.1. Composition of M60 particles 

2.7. Lipid crystal structure determination method 

The lipid structure was determined by the small- and wide-angle X-ray scattering 

technique (S-WAXS) using the Bruker MicroCalix machine. The S-WAXS patterns were 

acquired at the laboratory using a microfocus X-ray tube (IµS, Incoatec), selecting the 

Cu Kα radiation. It was used with an intensity of 1000 µA and a voltage of 50 kV. The 

incident beam was focused at the detector with multilayer Montel optics and 2D Kratky 

block collimator. Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering analyses 

were performed simultaneously using two position-sensitive linear detectors (Vantec-

1, Bruker) set perpendicular to the incident beam direction, up to 7° (2θ) and at 19° to 

28° (2θ) from it, respectively. The direct beam was stopped with a W-filter. The 

temperature of the samples was controlled by a Microcalix calorimeter cell (Bruker). 

Silver behenate and tristearin (β form) were used as standards to calibrate SAXS and 

WAXS detectors, respectively.  
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For samples having large lamellar distances, which could not be observed in the 

MicroCalix machine, they were measured at the SAXS beamline, ELETTRA Synchrotron 

Trieste, Italy. The beam photon energy was 8 kV (wavelength 0.154 nm). The distances 

from the sample to SAXS and WAXS detectors were 1764 mm and 379 mm, respectively. 

Silver behenate and p-bromobenzoic acid were used as calibrants for SAXS and WAXS 

detectors. An in-line differential scanning calorimeter (DSC) was used as the sample 

holder. To investigate the change in the structure of the sample with the temperature, 

the sample was heated from 20oC to 75oC at the rate of 2oC/min, then kept at 75oC for 

5 minutes and cooled down to 20oC at the rate of 5oC/min. One diffractogram was 

acquired every 30 seconds, with an exposure time of 20 seconds. So, in the heating 

process, we recorded one frame every degree C, while in the cooling process, it was 

one frame every 2.5oC. 

The scattered intensity was reported as a function of the scattering vector: 

q=4π sin θ/λ   (Equation 5.1) 

where θ is half the scattering angle and λ is the wavelength of the radiation. The d-

spacing can be calculated from the scattering vectors:  

d = 2π/q   (Equation 5.2) 

where q is the scattering vector.  

Samples for X-ray experiments were contained inside quartz glass capillary tubes (1.5 

mm inner diameter) purchased from Glas Müller, Germany. All samples were measured 

3 times to ensure repeatability. 

2.8. Particles’ size and zeta potential measurement 

The particle size and zeta potential were measured using Zetasizer Nano ZS90 (Malvern 

Panalytical Ltd.) at 25oC. To prepare the sample for measurements, the fabricated 

particle suspension was diluted 30 times in NaCl 3 mM solution. The final estimated 

particle concentration was 7 mg/ml. All measurements were repeated 3 times. 

3. Results and discussion 

3.1. Chemical composition analysis of Montane 60 

Several articles have pointed out that sorbitan monostearate is not pure, but a mixture 

of mono-, di-, tri-, and tetra-ester of sorbitan [15,16]. Moreover, the fatty acid used to 

fabricate sorbitan monostearate is usually a mixture of stearic acid and palmitic acid 

[15]. However, the quantification of each component is difficult due to the lack of pure 

standard references. For a long time, several groups have tried to separate and identify 

all components of Span 60 and Span 65 using high-performance liquid chromatography 

(HPLC) with an assumption that mono-, di- and tri-esters of sorbitan have different 

retention times due to the difference in polarity [12,13]. Gas chromatography (GC) was 
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also applied to separate and quantify the composition of M60. However, the 

identification of sorbitan esters peaks was also based on the retention time [17]. By 

only identifying the different degrees of esterification, these results ignore the fact that 

both sorbitan and sorbitan esters have different isomers [15,18,19], which may have 

significantly different polarity. So, the integration of the peak to find the percentage of 

components may produce errors. In addition, in previous reports, the response of 

sorbitan esters to detectors is considered equal, or determined from the response 

factor of glycerides [12,13,17]. To improve the analysis of sorbitan esters, peaks in HPLC 

or GC need to be identified by mass spectrometry (MS) to confirm the separation 

efficiency of the method. Moreover, the response factor of different esters of sorbitan 

needs to be clarified. Considering all these problems, a deep analysis of sorbitan 

monostearate requires an enormous amount of work and is out of the context of this 

article. 

We applied a slightly modified published LC-MS method to analyze our sorbitan 

monostearate (Montane 60) sample qualitatively in comparison with a sorbitan 

tristearate (Span 65) sample [10,11]. While the separation of all components of sorbitan 

monostearate using HPLC is reported to be impossible [17], the MS detector helps to 

detect and identify further different molecules. However, the quantification in 

percentage is still not possible since the response factor of different molecules is 

different in MS. For example, a correlation between molecular volume and ESI 

ionization efficiency has been reported [20]. In the case of sorbitan esters, the addition 

of a fatty acid chain may significantly change the volume of different sorbitan esters. 

Therefore, the calculation of the percentage of different esters of Montane 60 and Span 

65 is solely for the purpose of comparison between sorbitan monostearate and 

sorbitan tristearate samples in this report. 

The mass spectra of Montane 60 and Span 65 are shown in Figure 5.1. In both samples, 

we detected 2 types of monoester, 3 types of diester, 4 types of triester, and 5 types of 

tetraester of sorbitan and their associated dehydrated products (one H2O molecule less 

in the molecular weight). In the chromatogram (Figure 5.2), we observed that while all 

components of Montane 60 are separated, the separation is not perfect. Interestingly, 

the difference in retention time for the same molecular weight species was noted 

(Figure 5.2), probably due to the existence of isomers of sorbitan and/or isomers of 

sorbitan esters. For example, for the same molecule sorbitan tetrapalmitate (sorbitan 

tetraester (C16:0)4), there are 3 separated peaks at 12.89, 14.34 and 14.77 minutes, 

showing that there are at least 3 isomers having different polarity. Interestingly, the 

peak at 12.89 minutes overlaps with the peaks of sorbitan triesters. Hence, while our 

method did not separate well all sorbitan esters, our results suggest that isomers of 

sorbitan esters have very different polarity and the use of only retention time to identify 

the degree of esterification may not be sufficient. 



Chapter 5. Sorbitan stearate: from the hydration behavior to the preparation of α-gel based particles 

154 
 

 

Figure 5.1. Mass spectra of (a) Montane 60 and (b) Span 65 



Chapter 5. Sorbitan stearate: from the hydration behavior to the preparation of α-gel based particles 

155 
 

 

Figure 5.2. The retention time of different sorbitan esters detected in Montane 60 

Figure 5.3 shows the MS peak area of different types of esters in Montane 60 and Span 

65. The contribution of esters of sorbitan with both palmitic acid and stearic acid is 

included. We can see that the amount of di-ester in Montane 60 and Span 65 are almost 

equal (19.66% and 23.22%, respectively). In Montane 60, the amount of tri-esters is one-

half of that in Span 65. So, there is a nonnegligible amount of hydrophobic substance 

in Montane 60. In contrast, in Span 65, there is a significant amount of amphiphilic 
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sorbitan monopalmitate and sorbitan monostearate, whose percentage is 

approximately one-half of those in Montane 60.  

 

Figure 5.3. The estimated composition of Montane 60 and Span 65 calculated from LC-MS 

peaks’ area 

3.2. Spontaneous hydration of Montane 60 and Span 65 

The spontaneous hydration experiments at ambient temperature visualize the 

hydration behavior of M60 and Span 65 and may estimate their maximum hydration 

rate. As shown in Figure 5.4a, Montane 60 grains took up water rapidly and became 

saturated at around 90% of hydration rate after 3 days, meaning that the weight of the 

grains increased by 10 times. Meanwhile, the hydration rate of Span 65 grain after 3 

days was only about 3%. The fully hydrated M60 grain in comparison with the 

anhydrous M60 grain is shown in Figure 5.4b. We can see that the M60 grain was 

swollen with water, showing the high capacity of holding water inside the lipid matrix. 

In contrast, there was not any increase in the size of Span 65 grain. Using SRμCT, we 

can confirm that the increase in size and weight of the M60 grain is not because of the 

porosity of the grain. Figure 5.4c and Figure 5.4d show the SRμCT photos of anhydrous 

M60 grain and hydrated M60 grain, respectively. In both photos, the M60 grains are 

dense macroscopically. There are not any water-containing pores or domains, 

indicating that water has entered the microscopic lipid structure of the M60 grain. As a 

comparison, Figure 5.4e shows the SRμCT photo of lipid microspheres that contain 

water pores. The water pores are visible inside lipid microspheres. 
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Figure 5.4. Spontaneous hydration experiment shows (a) hydration rate of M60 grain over 

time (the error bars of hydration rate are from 0.5% - 1%, which is too small to be seen in 

the graph), (b) the photo of M60 grain in DI water after 3 days (left) and anhydrous M60 

grain (right), (c) the SRμCT photo of anhydrous M60 grain, (d) the SRμCT photo of hydrated 

M60 grain, (e) the SRμCT photo of lipid microsphere containing water domains as a 

comparison reference. The width of each view of SRμCT photos is 1843 µm 

Figure 5.5 shows the S-WAXS spectra of anhydrous M60 grain and hydrated M60 grains 

that present the microscopic lipid structure of swollen M60 grain. In the SAXS region, 

the arrow showed the peak of the hydrated structure, confirming that water entered 

the lamellar structure and extended the lamellar distance. In the WAXS region, we can 

see that the hydrated M60 grain still has the H-α structure, indicating the solid lamellar 

lipid layers (peak at 15.12 nm-1) [8].  From these observations, we can confirm that due 

to the higher content of monoester, M60 hydrated more and faster than Span 65. For 

the application of loading drugs having opposite solubility, M60 would be a more 

suitable material due to the high hydration rate. In addition, we can see that the M60 

grain shape and structure remained stable and solid in water, meaning that in excess 

water conditions, M60 molecules are not dispersed. We hypothesized that this 

structure would remain the same when we reduce the size of the M60 grain to micro- 

and nano-size. The structure and swelling behavior of M60 are interesting and the 

details are investigated and discussed in the section below. 
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Figure 5.5. Structure of a fully hydrated M60 grain in comparison with an anhydrous M60 

grain, the arrow shows the hydrated structure peak. 

3.3. Crystal structure and lyotropic behavior of Montane 60 studied by hot 

hydration method 

3.3.1. The structure of hydrated M60 at ambient temperature 

To demonstrate the data analysis method, the SAXS spectrum of 20% hydrated 

Montane 60 is shown in Figure 5.6 as an example. We can clearly identify a series of 

lamellar structure peaks from the SAXS spectrum. The S-WAXS spectra at room 

temperature of hydrated Montane 60 are shown in Figure 5.7a. Our results partially 

agree with previously published results of anhydrous sorbitan monostearate [7]. In the 

WAXS region, regardless of the hydration rate, Montane 60 exhibits an H-α form (the 

only peak at q = 15.12 nm-1), meaning that lipid chains are arranged in the hexagonal 

configuration [7,8]. In contrast to the lamellar distance of 5.45 nm reported by Vang 

Sparso and Krog [7], in anhydrous Montane 60, we detected a water-sensitive lamellar 

structure (with a lamellar distance of 6.23 nm at q = 1 nm-1) and a hydrophobic lamellar 

structure (with a lamellar distance of 4.96 nm at q = 1.27 nm-1) in SAXS region. The 

water-sensitive lamellar structure distance increases when the hydration rate 

increases, while the lamellar distance of the hydrophobic structure stays constant. The 

water-sensitive lamellar structure may come from amphiphilic molecules, i.e., sorbitan 

monostearate or monopalmitate, while the hydrophobic one may come from lipophilic 

molecules, such as triesters or tetraesters of sorbitan. The lamellar distance of the 
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water-sensitive structure can be up to 42.5 nm at 90% hydration rate. Besides the 2 

main lamellar structures mentioned above, another lamellar structure (with a distance 

of 5.94 nm at q = 1.06 nm-1) was also detected from a series of low-intensity peaks. 

However, this minor structure cannot be found anymore when the hydration rate is 

higher than 60%, showing that this structure has a low concentration and/or low degree 

of crystallinity in the hydrated sample. After 2 months of aging in the ambient condition, 

there are no changes in the structure of anhydrous and all hydrated Montane 60 

samples. 

 

 

Figure 5.6. SAXS spectrum of 20% hydrated Montane 60 as an example of peak identification 

SAXS 

Lamellar hydrophilic structure 

0.79 : 1.59 : 2.37 = 1 : 2 : 3 

Lamellar hydrophobic structure 

1.27 : 2.54 = 1 : 2 
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Figure 5.7. (a) S- and WAXS spectra at room temperature of anhydrous and Montane 60 

hydrated by hot hydration method in DI water, (b) the evolution of the lamellar distance of 

Montane 60 with the hydration rate in DI water and in buffer pH5, (c) 80% hydrated M60 

sample after ultra-centrifugation. 

The effect of continuous swelling of M60 up to 90% hydration rate was also observed 

and reported in the α-gel phase of other materials such as monoglycerides or fatty 

alcohols [21]. This swelling effect is so important that it was reported to be infinite by 

some authors [21,22]. Interestingly, the cause of this effect is charged groups on the 

surface of the lipid bilayer [21–23]. For example, the continuous swelling observed in 

an industrial monostearin was caused by residual fatty acid [23]. In M60, as shown in 

Figure 5.7b, in pH 5 (the point that most -COOH groups are not ionized), the lamellar 
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distance of 90% hydrated M60 is only 6.38 nm, indicating that the continuous swelling 

behavior of M60 also comes from the effect of ionized residual fatty acid. From the acid 

value provided by the supplier, the quantity of fatty acid (hypothesized to be 50 wt% 

stearic acid and 50 wt% palmitic acid) was calculated to be around 2.4 wt%.  

Results from the hot hydration method are comparable to the spontaneous hydration 

method. The process of mixing melted M60 with water at 85oC, then cooling to room 

temperature did not separate the hydrophilic monoester and the hydrophobic triester 

part. By ultra-centrifuging 80% hydrated M60 sample, we confirm that there was not 

any lipid phase separation after the hot hydration method (Figure 5.7c). Since the 

density of sorbitan monostearate is larger than 1 g/mL and the density of sorbitan 

tristearate is smaller than 1 g/mL [24], if there had been a lipid phases separation after 

the hot hydration method, it would have been 3 layers (sorbitan tristearate on top, 

water in the middle and sorbitan monoester on the bottom of the centrifugation tube, 

as we observed with cocoa butter in the previous chapter). The supernatant is unbound 

water, indicating that not all water stays inside M60. Bound water stabilized inside the 

lipid matrix still stayed in the lamellar structure, even after being centrifuged, 

suggesting a strong interaction between bound water and the hydrophilic structure of 

M60. 

3.3.2. The evolution of the structure of hydrated M60 during the hot hydration 

process 

We investigated the structure of hydrated M60 at different temperatures to observe 

the evolution of the lipid structure during the hot hydration process. Figure 5.8 shows 

the evolution of S-WAXS spectra of anhydrous and hydrated Montane 60 in a heating-

cooling cycle. An example of SAXS spectra of 20% hydrated Montane 60 at different 

temperatures is shown in Figure 5.8a. The x-axis is the wavevector value and the 

colored z-axis is the scattering X-ray intensity. The y-axis indicates the temperature, so 

one horizontal line is one SAXS spectrum at a given temperature. Going up the y-axis 

from the origin of the graph, the temperature increases from room temperature, 

reaches a plateau at 72oC and then decreases to room temperature. We can identify 

peaks by following the dark-light-dark pattern horizontally. To facilitate the peaks 

recognition, which is quite difficult in this type of graph, especially for low-intensity or 

shoulder peaks, each peak is marked with one red dot.  
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Figure 5.8. (a) SAXS spectra at different temperature of 20% hydrated Montane 60 as an 

example of the visualization, and S-WAXS spectra at different temperature of anhydrous and 

hydrated Montane 60 (b) H = 0%, (c) H = 20%, (d) H = 40%, (e) H = 60%, (f) H = 80% 

In all samples, when being heated, the hydrophobic lamellar structure of Montane 60 

melted first at 47.8oC, while the water-sensitive structure melted later. In hydrated 

samples, regardless of the hydration rate, when the temperature was higher than 49oC, 

the lamellar distance of the water-sensitive structure increased until it was fully melted. 

Interestingly, in 40% hydrated Montane 60, besides the water-sensitive and 

hydrophobic lamellar structures, another structure, which may be cubic at room 

temperature and then change to lamellar structure from 53.8oC, has been detected. 

Upon heating, this potentially cubic structure changed to a lamellar structure at 53.8oC, 

then melted at 56.8oC, right before the melt of the water-sensitive structure at 60.8oC. 

This structure was not found in other hydration rate samples. 

The extension of lamellar distance upon hydration and heating of Montane 60 is 

interesting and we would like to discuss and hypothesize the cause of this phenomenon 

by analyzing the literature. The change of lamellar distance with temperature was not 

observed in the anhydrous Montane 60 sample. To confirm if the effect comes from 

the melt of the hydrophobic structure or only from the temperature, Montane 60 

hydrated at 60% was kept at 49oC (the point that the hydrophobic structure is melted) 

and its structure was monitored for 20 minutes. There were no changes in the lamellar 

distance, indicating that the increase in the lamellar distance when heating depended 

only on the temperature. However, the fact that the lamellar layers only expand after 

the melting of the hydrophobic structure suggests an increase in the mobility and 

flexibility of lipid chains. The rise in the temperature causes the increase in the distance 

between lipid chains (as observed in WAXS) due to their higher flexibility, hence leading 

to the increase in the surface area of the lipid bilayer membrane. The high surface area 

allows the adhesion of more water molecules, holding more water inside the structure. 

In addition, the separation of lipid chains reduces the interaction between the -COOH 

head of fatty acids with other -COOH or hydrophilic groups in the vicinity. It has been 

f 
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demonstrated that the packing state and the interaction between -COOH groups highly 

influence the pKa of fatty acids [25]. So, when the lipid chains are less packed at high 

temperatures, the pKa of the fatty acids on the lamellar surface would decrease, leading 

to the rise in their hydrophilicity due to the increase in the ionization of -COOH groups, 

helping to stabilize more water in the lamellar structure.  

In monoglycerides containing fatty acids as impurities, the surface area and the 

hydrophilicity of the lipid bilayer membrane also increase when heated [23]. The 

transition from the α-gel phase (lipid chains in solid state) to lamellar phase (lipid chains 

in molten state) of 70% hydrated monostearin (by increasing the temperature from 

25oC to 60oC) decreases the lamellar distance from 19.12 nm to 12.81 nm [23]. It seems 

contrary to our observation with Montane 60. However, the difference lies in the 

hydration behavior and the nature of the two materials. In the α-gel phase of 

monoglycerides, it was considered that most of the water is in the lamellar structure. 

Hence, when the phase changes from α-gel to lamellar phase, while the volume of water 

inside the lamellar structure does not change, the increase in the surface area leads to 

the decrease in the water layer thickness. In Montane 60, as we observed, water can be 

found outside of the M60 lipid matrix, probably because besides the main component 

sorbitan monostearate, there is a significant amount of triester and tetraester of 

sorbitan. When the temperature increases, free water outside can come inside the 

lamellar structure and increase the lamellar distance. After being cooled down, while 

the lamellar distance of the hydrophobic structure stays the same as before heating, 

that of the water-sensitive structure decreases, indicating the phase separation, i.e., the 

escape of water from hydrated M60 to outside. 

The lamellar distance of hydrated Montane 60 at different hydration rates as a function 

of temperature is summarized in Figure 5.9a. From the hydration rate and lamellar 

distance, we tried to find the percentage of hydrophilic and hydrophobic fractions in 

M60. Figure 5.9b shows the measured lamellar distance in comparison to the 

theoretical lamellar distance. The theoretical lamellar distance (also called ideal 

swelling distance) is calculated from the assumption that M60 contains only a 

hydrophilic structure and all water is bound in the lamellar structure. Our hypothesis is 

that the increase in lamellar distance of hydrated M60 when heated is because water 

enters lamellar layers. The highest lamellar distance of heated hydrated M60 is 

hypothesized to be the point that all water has entered the lamellar structure. Using 

the highest lamellar distance at high temperatures, we calculate the corrected 

hydration rate (Hcorr), which is the hydration rate of hydrophilic structure in M60 

(because the hydrophobic structure cannot be hydrated). From Hcorr and experimental 

hydration rate H calculated from the mass of water and M60, we can find the mass 

percentage of hydrophilic structure in M60. 
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Figure 5.9. (a) Lamellar distance of hydrated Montane 60 as the function of temperature and 

(b) the lamellar distance of hydrated Montane 60 at room temperature, before melted in 

comparison with the theoretical case, in which Montane 60 contains only hydrophilic 

structure. The lamellar distance of the theoretical case is the maximum lamellar distance 

that Montane 60 may have due to the hydration effect (i.e. the expansion due to water getting 

into the lamellar structure). Note: In figure b, the fit relation between the lamellar distance 

at room temperature (orange point) and the curve in theory (blue) is purely coincidental. 

Firstly we plot the blue curve of theoretical lamellar distance in Figure 5.9b. This 

theoretical lamellar distance is the maximum lamellar distance that we can have at a 

certain hydration rate, because the assumptions are that M60 contains only the 

hydrophilic structure and all water is bound inside the M60 lamellar structure.  

𝑑𝑡ℎ𝑒𝑜𝑟𝑦 =
2∗𝑙ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑐ℎ𝑎𝑖𝑛

1−𝐻
   (Equation 5.3) 

with lhydrophobic chain is the length of the hydrophobic chain of sorbitan monostearate, 

which we estimate to be the length of sorbitan monostearate molecule. So 2*lhydrophobic 

chain ~ 6.23 nm, which is the hydrophilic structure lamellar distance in the anhydrous 

state. H in the equation is the water fraction, or the experimental hydration rate. This 

curve seems to fit the d-spacing values at room temperature which is purely 

coincidental. Indeed, this would mean that M60 contains 100% of hydrophilic structures 

which is not the case. 

From Equation 5.3, the corrected hydration rate is : 

Hcorr = 1 - 
2∗lhydrophobic chain

dmax
    (Equation 5.4)  

with dmax being the maximum lamellar distance at high temperatures.  
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For example, at the experimental hydration rate of 20%, the maximum lamellar 

distance at high temperature is 13.6 nm, then Hcorr = 54%. It means that because only 

the hydrophilic structure can be hydrated, when taking into account only the 

hydrophilic structure fraction, the corrected hydration rate is higher than the 

experimental hydration rate. 

The corrected hydration rate can also be present as: 

Hcorr = 
mwater

mwater+k∗mM60
     (Equation 5.5)  

with mwater being the mass of water in the sample, mM60 being the mass of M60 in the 

sample, and k being the mass percentage of hydrophilic structure in M60 (condition k 

< 1). The ratio mwater/mM60 can be calculated from the experimental hydration rate:  

H = 
mwater

mwater+mM60
     (Equation 5.6). 

From Equation 5.4, Equation 5.5, and Equation 5.6, we can obtain the value k (mass 

percentage of hydrophilic structure in M60). For example, at the experimental 

hydration rate of 20%, k = 0.21. This value increases with hydration rate and reaches 

0.38, 0.47 and 0.81 at 40%, 60% and 80% respectively. These results call for several 

comments. First, the k value changes with conditions, which sounds wrong as the 

hydrophilic structure fraction is constant. This means probably that during the heating 

of the mixtures in capillaries, water diffusion is more difficult at small hydration rates 

and increases with this rate. From our calculation, for the fully hydrated sample, at 80%, 

the fraction of hydrophilic structures is around 0.81 which is similar to the contents of 

sorbitan monoester and diester estimated with the LC-MS results. At a low hydration 

rate (for example, H = 20%), the mass percentage of the hydrophilic fraction k of M60, 

which contains both sorbitan monoester and diester, should be much higher than 0.21, 

as discussed in the LC-MS experiments. When k is higher than 0.21 (more hydrophilic 

structure), water will have to expand more lamellar layers, decreasing the thickness of 

the water layer and then decreasing the theoretical lamellar distance. In this case, the 

highest measured lamellar distance at high temperatures will be higher than the 

theoretical lamellar distance. However, it is not possible for the lamellar structure to 

expand larger than the theoretical lamellar distance only by swelling with water. It 

means there is another factor that contributes to the increase in the lamellar distance 

upon heating the sample.  

We proposed that Helfrich’s undulation of lipid bilayers contributes to the swelling 

effect. The Helfrich’s undulation comes from the thermal fluctuation of lipid bilayers. In 

multilamellar systems, the difference between the entropy between free membranes 

and bound membranes generates a repulsion [26,27]. This undulation force is 

dependent on the temperature and the rigidity of the lipid membrane. The more rigid 

the membrane, the smaller the undulation force. It may be that after the melting of the 
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hydrophobic structure, the hydrophilic lamellar layers are softened and mobile, 

increasing the undulation repulsion. As discussed in a report, the “indefinitely far” 

lamellar distance cannot be explained solely based on Van der Waals attraction and 

electrostatic repulsion [28]. Peliti introduced the term effective steric interaction 

resulting from thermally excited undulations [28]. This repulsion interaction is 

dominant at long distances, where direct forces (Van de Waals, hydration, and 

electrostatic forces) are negligible. Abillon and Perez stated that the stability of swollen 

lamellar phases, which have lamellar distances up to several hundred of nm, results 

from the undulation force [29]. Moreover, similar to our results, deviation from the 

ideal swelling of the slightly charged lamellar system was also observed and explained 

by undulation repulsion [30]. 

From the obtained results, the structure of M60 can be demonstrated in Figure 5.10. 

The hydrophilic structure is made of sorbitan monoester and sorbitan diester 

molecules. In pure sorbitan monostearate, the lamellar configuration is 1L, however in 

Montane 60, due to the presence of diester molecules, the lamellar structure is 2L [7]. 

Residual fatty acids are found in the hydrophilic lamellar layer. They help to stabilize 

water and contribute to the high water holding capacity of M60. The hydrophobic 

structure is made of sorbitan triester and sorbitan tetraester molecules. It also has a 2L 

configuration; however, due to the chain arrangement, its lamellar distance is smaller 

than that of the hydrophilic structure. M60 has a stable lamellar structure in H-α 

configuration, regardless of the hydration state. Due to this monomorphic property, 

the hydrated state of M60 can be stable for a long time [15]. Indeed, the structure of 

hydrated M60 samples did not change after 2 months at room condition. M60 can hold 

a lot of water, which stays between the hydrophilic lamellar layers and expands them. 

A lamellar distance as large as 42.5 nm can be achieved when Montane 60 is hydrated 

at 90%, while it is only 6.23 nm in the anhydrous state. The hydrophilic lamellar 

structure of Montane 60 also expands upon heating. The cause may be the increase in 

the hydrophilicity of fatty acids, penetration of water into the structure or the 

undulation effect, or the combination of them. However, these explanations stay as 

hypothesis without experimental data. Further investigation is required to understand 

this interesting behavior of Montane 60.  
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Figure 5.10. Illustration of Montane 60 structure 

3.4. Formation of Montane 60 α-gel suspension 

M60 solid lipid suspension is fabricated by top-down method and using SDS as the 

hydrophilic surfactant. The energy of the fabrication instrument decides the size of the 

lipid particles. When the suspension is agitated by the ultra-turrax, the obtained lipid 

particles are in micro-scale (around 200-700 nm, Figure 5.11), with a very high 

Polydispersity Index – PDI value (from 0.6-1, Figure 5.11). We called them Montane 60 

microparticles (M60 MPs). When the M60 MPs were broken further down by using a 

high-pressure homogenizer, whose energy is much higher than the energy of the ultra-

turrax, we obtained quite homogenous lipid particles in the nanoscale (around 150 nm, 

with PDI = 0.2). We called these nanoscale lipid particles M60 nanoparticles (NPs). Due 

to the negative charge of SDS, in NaCl 3mM, both M60 MPs and NPs are charged 

negatively, with a zeta potential of around -60 mV. Interestingly, both M60 MPs and NPs 

can be stabilized even with only 0.1 wt% of SDS in the formulation (while the percentage 

of M60 is 20 wt% of the formulation). 
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Figure 5.11. Size distribution and zeta potential of M60 microparticles (MPs) and 

nanoparticles (NPs), the sample dilution for DLS and zeta potential measurement reduces 

the SDS concentration to below its critical micelle concentration (CMC) point. 

The structure of M60 MPs and M60 NPs was investigated using S-WAXS. Since we want 

to investigate to influence of SDS on the structure of lipid particles, particles stabilized 

by different SDS concentration was studied. At first glance, both M60 MPs and M60 NPs 

have a similar structure to M60 in the bulk state (Figure 5.12a and Figure 5.12b). A wide-

distance lamellar structure was detected for all samples. The lipid chains are in the H-α 

arrangement, meaning that SDS had been integrated into the lipid layer of M60. While 

the hydrophobic structure is found in M60 MPs, it cannot be detected in M60 NPs. The 

explanation may be the low periodicity of lipid structure at the nanoscale, which leads 

to the low-intensity signal in SAXS. For instance, with a lamellar distance of about 24 nm 

for M60 NPs stabilized by 1% SDS, there are only about 6 lamellar layers in 150 nm 

nanoparticles.  
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Figure 5.12. The S-WAXS spectra of (a) M60 MPs and (b) M60 NPs 

Figure 5.13a shows the effect of SDS on the lamellar distance of M60. As shown above, 

in pH5 buffer, the swelling capacity of M60 is limited due to the deionization of fatty 
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acids. The addition of SDS introduces hydrophilic ionic heads on the lipid bilayer 

surface, hence restores the swelling capacity of M60 in pH5 buffer. This effect of ionic 

surfactant has also been reported in monoglycerides [7,22]. Interestingly, in water, the 

addition of SDS to M60 does not increase further the lamellar distance. Instead, when 

the concentration of SDS increases, the lamellar distance decreases, due to the rise in 

the concentration of Na+ ions. Na+ is reported to reduce the lamellar distance of α-gel 

structure, because it can bind to anionic groups on the surface of the lipid bilayer 

[21,23]. On the other hand, von Berlepsch and de Vries suggested that the reduction in 

the lamellar distance when SDS concentration increases is because of the decrease of 

the undulation repulsion when the electrostatic repulsion increases [30]. However, it is 

hard to conclude which effect, undulation or electrostatic repulsion, is dominant in our 

system. M60 composition is complex, with hydrophilic lamellar structure in a mixture 

with hydrophobic structure. Both the rigidity of the lipid bilayers and the charge 

distribution are hard to calculate.  

In the case of M60 hydrated in NaCl solution, the higher the concentration of Na+, the 

more ionic groups are neutralized, hence reducing the lamellar distance (Figure 5.13b). 

In contrast, in the system slightly charged C10E3 of von Berlepsch and de Vries [30], when 

the NaCl concentration increased, the lamellar distance increased because the charges 

were neutralized. This difference may be due to the main repulsion effect of each 

material. C10E3 has shorter hydrophobic chains, leading to soft lipid bilayers and the 

domination of undulation force. Meanwhile, in our M60 system, the lipid chain is C18 

and solid, reducing the undulation effect and making the electrostatic repulsion 

dominant. Figure 5.13b presents the effect of NaCl and offers another view of the effect 

of SDS on M60. When the SDS is added to the formulation, besides the introduction of 

anionic charges on the lipid bilayer surface, there are also Na+ ions in the aqueous 

phase. While the anionic charges from dodecyl sulfate anion (DS-) and fatty acids 

maintain the lamellar layers and expand the lamellar distance, Na+ ion neutralizes 

anionic charges and shrinks the hydrated α-gel structure. Moreover, not all SDS 

molecules locate in the lipid phase. SDS is soluble in water and known to form micelles 

in water when the concentration reaches about 0.2 wt% [31] (the CMC of SDS in our 

project is 0.13 wt% - chapter 4). Only a fraction of SDS is incorporated inside the lipid 

bilayer; the rest solubilizes in the solution to form micelles in equilibrium with free SDS 

molecules. The peak at 1% SDS of M60 MPs fabricated in buffer pH5 in Figure 5.13a 

may indicate the fact that above CMC, the addition of SDS will stay mainly in water and 

not enter the lipid matrix anymore. Therefore, when the quantity of SDS increases, the 

concentration of Na+ increases, while there is an equilibrium of the amount of SDS in 

the lipid phase and in the aqueous phase.  
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Figure 5.13. (a) The change in the lamellar distances with different concentrations of SDS in 

M60 MPs and M60 NPs in different media; (b) the lamellar distance of 80% hydrated M60 in 

NaCl solution in comparison with the lamellar distance of M60 MPs in water. Note: the 

percentage of M60 is 20 wt% of the formulation. 

The combination of the shrinking effect from pH or Na+, the swelling effect of anionic 

charges from DS-, the distribution of DS- in the lipid and aqueous phase determine the 

lamellar distance of M60 MPs and NPs. This hypothesis can explain that at the same 

percentage of SDS, the lamellar distance of M60 NPs is higher than that of M60 MPs 

(Figure 5.13a). M60 NPs have a higher specific surface area than M60 MPs due to their 

smaller size. While the lamellar surface area would stay similar, the surface area of the 

hydrophobic structure of M60 particles increases as the particle size decreases. So, in 

the case of M60 NPs, there is more DS- on the surface of particles than in the case of 

MPs. Na+ ions will be attracted by negative charges both on the surface of particles and 

on the surface of lamellar layers. When more Na+ ions locate on the surface of particles, 
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there are fewer Na+ ions on the surface of lamellar layers, hence reducing the 

neutralization of the charge's effect on lipid bilayers, leading to higher lamellar distance. 

To understand the structure of M60 particles and the formation mechanism, the 

structure of M60 MPs stabilized by 0.1wt%, 0.5wt%, and 2wt% of SDS was investigated 

at different temperatures (Figure 5.14). Similar to the case of M60, when the 

temperature increased, the hydrophobic structure melted first. However, for MPs 

stabilized by 0.5wt% (Figure 5.14b) and 2%wt (Figure 5.14c) of SDS, above the melting 

temperature of M60, although the lipid chains have melted (no peaks in WAXS regions), 

the water-sensitive structure was still detected in lamellar structure, indicating a liquid 

crystal state. The lamellar liquid crystal structure was stable during the isothermal 

process at 72oC, then returned to a solid lamellar structure (α-gel) when the 

temperature decreased below the melting temperature. Since the lamellar structure 

stayed unbroken during the heating and after the cooling process, water was kept 

inside all the time, unlike the case of hydrated M60 samples mentioned above, where 

we observed a phase separation after the cooling process. Therefore, we postulate that 

SDS can integrate into the lamellar structure and stabilize water on the lipid bilayer 

surface, even at high temperatures, when lipid chains have been melted. SDS may have 

stabilized and rigidified the M60 lamellar structure. It is very interesting that although 

having a packing parameter of around 0.3, SDS still can integrate well inside lamellar 

layers of M60, whose packing parameter is 0.5 – 1 [32–34].  
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Figure 5.14. Structure of M60 MPs stabilized by (a) 0.1% SDS, (b) 0.5% SDS, (c) 2% SDS at 

different temperatures 

The swelling of the lamellar structure at high temperatures of M60 particles is limited 

due to the competition between electrostatic and undulation repulsion. As shown in 

Figure 5.15, when the SDS content in M60 MPs increases, the maximum lamellar 
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distance at high temperatures decreases. We mentioned above that when the 

hydrophobic structure melted, the undulation effect started taking place due to the 

increase in the temperature and in the softness of the lipid bilayers. However, as the 

SDS concentration increased, the undulation effect decreased due to the rise of 

electrostatic repulsion [26,30]. Therefore, the undulation effect observed in the 2% SDS 

sample is small, while it is significant in the 0.1% SDS sample. 

 
Figure 5.15.  The increase in the lamellar distance versus temperature of M60 MPs stabilized 

by different SDS concentration 

To see if another hydrophilic surfactant can reproduce the M60 lamellar layer 

stabilization effect, we fabricated M60 α-gel particles using lecithin P90G, whose 

packing parameter ranges from 0.7 – 1 [35]. It favors the formation of lamellar structure 

and may blend well in the lamellar layer of M60. The results show that P90G does not 

change the lipid structure of M60 (Figure 5.16). From 2%-5% of P90G, we observed 

another lamellar structure in SAXS, possibly from P90G at 1 nm-1. When M60-2% P90G 

MPs were heated, both water-sensitive and hydrophobic structures behaved similarly 

to those of M60. After M60 had been melted, the lamellar structure of P90G appeared 

more clearly. Its peaks in SAXS stay stable during the isothermal and cooling process. 

This observation is logical, since the melting temperature of P90G (about 200oC [36]) is 

much higher than that of M60 (about 58oC). So, it is reasonable to hypothesize that 

P90G did not blend inside the M60 lamellar structure. A portion of P90G covers the 

surface of the lipid particles, while the rest is separated from the M60 lipid matrix and 

may stay in the suspension in the form of multilamellar vesicles. So, we can conclude 

that not all hydrophilic surfactants can integrate inside the lipid matrix of M60, even 

having a packing parameter that favors lamellar structure. 
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Figure 5.16. S-WAXS spectra of (a) M60 α-gel MPs stabilized by P90G at different 

concentrations, and (b) the structure of M60–2% P90G α-gel MPs at different temperatures. 

4. Conclusion 

Taking advantage of the α-gel phase of Montane 60, we have fabricated α-gel particles 

with tunable sizes from microscale to nanoscale. The suspension can have a very high 

lipid content (20 wt% in our case). The fabrication process is simple and scalable. Due 

to the monomorphism of M60, the α-gel structure is stable for a long time. In addition, 

having both lipophilic and hydrophilic parts in one particle, substances having opposite 

solubilities can be loaded inside α-gel particles at the same time. The swelling effect of 

M60 is very important, leading to a potential for a high drug loading rate. The swollen 
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lamellar structure is stabilized by the combination of electrostatic and undulation force. 

So, the hydration behavior of M60 particles can be controlled by changing pH, ion 

concentration and adding suitable surfactants. This sensibility to environmental 

conditions of α-gel structure can be used to control the release rate of substances from 

the formulation in different biological media, opening many potential applications in 

the pharmaceutical field. 

From chapter 4, we have identified the input materials and their interactions. We also 

fixed process fabrication parameters. In this chapter, we understand the structure and 

hydration behavior of the main materials. We conclude that the proposal of making a 

w/o/w emulsion cannot be done, due to the crystallization behavior of lipids and the 

nanoscale size of lipid particles. Because Montane 60 can be hydrated under heating 

and shearing, the hot high-pressure homogenization method is robust, scalable and 

suitable for our lipid particles. The lipid mixture can be hydrated, loaded with drugs and 

cut down to nanosize at the same time in 1 process without losing its properties. After 

fabrication, the structure of the particles stays stable for a long period of time. In the 

last chapter of the thesis, we report the fabrication of the final product, including the 

polymer coating step and its antimicrobial activity in vitro. 
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Abstract 

Helicobacter pylori (H. pylori) is a bacterium that lives inside the human stomach. It 

infects more than 50% of the world’s population. The infection of H. pylori may lead to 

gastric cancer. While living in the stomach, H. pylori cannot live in acids. It runs away 

from acid and follows the urea gradient to find gastric epithelium. It then makes niches 

in the gastric glands, below the mucus layer, where the pH is neutral. The treatment of 

H. pylori is difficult due to the low activity of antibiotics in gastric acid. In this report, we 

fabricated a lipid nanoparticle–chitosan (LNP-C) nanocomposite, which co-loads 

erythromycin, a hydrophobic antibiotic, and urea, a hydrophilic compound. The lipid 

nanoparticles have α-gel structure, which has both hydrophilic and lipophilic domains 

to load compounds having opposite solubilities. The LNP-C nanocomposite shows high 

urea and erythromycin loading capacity, with a sustainable in vitro release rate for 4 

hours. The nanocomposite shows antimicrobial activity in vitro against H. pylori, thanks 

to the encapsulated erythromycin. Taking advantage of the chemotactic movement 

toward the urea of H. pylori, the urea released from the nanocomposite may attract the 

bacteria. Upon contact, the chitosan may stick to the bacteria due to the interaction 

with bacterial adhesins, while erythromycin will be released to eliminate the bacteria in 

its neutral environment. The chitosan also has the mucoadhesive property, increasing 

the retention time of the nanocomposite in the stomach. However, experiments on the 

chemoattraction property of the nanocomposite are still ongoing. 

1. Introduction 

Helicobacter pylori (H. pylori) is a spiral-shaped, gram-negative bacterium colonizing the 

human stomach. More than 50% of the human population is infected with H. pylori [1]. 

The high prevalence is generally related to the low hygienic living condition, explaining 

the high prevalence in developing regions [2]. H. pylori stay in the human stomach by 

lying around a few hundred microns away from the low-pH lumen and making niches 

in the stomach mucosa [3].  H. pylori is responsible for about 89% of gastric cancer cases 

worldwide and since 1994, International Agency for Research on Cancer (IARC) has 
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categorized H. pylori as carcinogen class 1 [2,4]. The World Health Organization (WHO) 

has classified H. pylori as high priority for the research and development of antibiotics 

in 2017 [5]. Besides, it is also a casual cause of peptic, gastritis, duodenal ulcers, and 

mucosal-associated lymphoid tissue lymphoma [6,7]. H. pylori adapts to the high-acid 

environment in the stomach by regulating the activity of urease, an enzyme that 

catalyzes the degradation of urea into NH3 and CO2 [6]. Because of the activity of 

urease, a buffer environment having lower acidity than the stomach lumen is created 

in the cytoplasm and periplasm of the bacterium. Since urea is very important for them 

to survive in the acid environment, they have the ability to sense urea and then swim 

to the high urea concentration region, thanks to the presence of the TlpB receptor [8]. 

H. pylori simultaneously senses and destroys urea, helping it to neutralize acid while 

finding the way to the urea source, which is the gastric epithelial layer [8]. Due to the 

high acidity of the stomach, the treatment of H. pylori includes the using a combination 

of antibiotics with a proton-pump inhibitor (PPI) and/or with bismuth salt [9]. The 

eradication rate of H. pylori is decreasing every year, with an average value of only 

around 75% [10]. The persistence of H. pylori may associate with its deep location in the 

gastric gland [11]. Therefore, new treatments for H. pylori eradication are necessary. 

We propose a new strategy to treat H. pylori using solid lipid particles administrated 

orally. The solid lipid particles contain an antibiotic in the lipid matrix to eliminate the 

bacteria. In our work, we use erythromycin as a model antibiotic to investigate the 

interaction between the lipid particles and the acid environment, as erythromycin 

degrades in acid. Inside the lipid particles, we use a lipophilic surfactant to stabilize the 

urea solution inside the lipid matrix. Upon administration, urea will be released and 

create an urea gradient, attracting H. pylori toward the particles via chemotactic 

attraction, and facilitating the meeting between the bacteria and the lipid particles. The 

use of natural taxes to design drug delivery systems has been analyzed and may 

improve the targeting property of the system [12]. Chitosan will encapsulate the lipid 

particles via electrostatic interaction to form a nanocomposite of lipid particles – 

chitosan. Thanks to the positive charge in the acid environment, chitosan will stick to 

the stomach lining, where the H. pylori hide. In addition, chitosan also adheres to the H. 

pylori membrane, anchors the lipid particles to the bacteria once they have made the 

contact [13]. Therefore, unlike the traditional drug administration, where antibiotics go 

into the blood circulation and diffuse to the bacteria, our site of action of antibiotics is 

in the stomach, where H. pylori live. This strategy targets the bacteria directly and 

reduces the quantity of antibiotics needed. 

2. Materials and methods 

2.1. Materials 

Cocoa butter is provided by Edna Group. Sorbitan monostearate was provided by 

Seppic under the trade name of Montane 60 (M60). Sodium dodecyl sulfate (SDS, GPR 

Retapur®) was purchased from VWR chemical. Na2HPO4,NaH2PO4, K2HPO4, KH2PO4, 

NaCl were purchased from Carlo Erba. Glacial acetic acid (CH3COOH) was purchased 
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from Sigma-Aldrich. Urea (Molecular Biology grade, Ultrapure, Batch 200927) was 

purchased from Thermo Scientific. Erythromycin was purchased from Cooper. Chitosan 

(30 – 100 cps, degree of deacetylation of 92.11%) was purchased from Glentham Life 

Sciences. Defibrinated horse blood was purchased from Thermo Scientific. 

2.2. Fabrication of lipid nanoparticles suspension 

The lipid nanoparticle suspension was fabricated using the high-pressure homogenizer 

method. The lipid particles had a solid lipid core of cocoa butter and Montane 60, which 

was stabilized by SDS on the particle’s surface. Generally, 2.8g of cocoa butter, 11.2g of 

Montane 60, 0.7g of SDS, and 0.7g of erythromycin were heated together in a beaker at 

85oC. The melted lipid mixture was agitated until erythromycin was totally dissolved. 

85oC preheated 54.6g of buffered urea solution 32.85 wt% (eutectic point with water 

[14]) was added to the lipid mixture. The use of urea solution at the eutectic point 

maximizes the urea loading capacity. The urea solution was buffered by Na2HPO4 (83.5 

mM) and NaH2PO4 (27.8 mM). The pH was adjusted to 7.4. The neutral pH buffer is to 

neutralize the acid acetic (in chitosan solution) added in the next step (below), 

protecting erythromycin and urea from degradation during the fabrication process. We 

avoided using potassium salts to prevent the precipitation of potassium dodecyl sulfate 

[15,16]. The lipid–buffered urea solution mixture was then mixed by the ultra-turrax® 

mixer (IKA T18 basic) at speed level 5 (no-load speed of 20000 rpm) for 5 minutes to 

obtain the coarse suspension. The coarse suspension was rapidly poured into the 

preheated high-pressure homogenizer (HPH, APV-2000 SPXFlOW) and homogenized for 

5 minutes at 600 bars, 85oC. The obtained suspension was cooled down in an ice bath 

until the temperature reached room temperature. The product was then called lipid 

nanoparticles (LNP) suspension. 

2.3. Physico-chemical characterization of LNP suspension 

2.3.1. Lipid structure characterization 

The lipid structure was determined by the small- and wide-angle X-ray scattering 

technique (S-WAXS) using the Bruker MicroCalix machine. The S-WAXS patterns were 

acquired at the laboratory using a microfocus X-ray tube (IµS, Incoatec), selecting the 

Cu Kα radiation. It was used with an intensity of 1000 µA and a voltage of 50 kV. The 

incident beam was focused at the detector with multilayer Montel optics and 2D Kratky 

block collimator. Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering analyses 

were performed simultaneously using two position-sensitive linear detectors (Vantec-

1, Bruker) set perpendicular to the incident beam direction, up to 7° (2θ) and at 19° to 

28° (2θ) from it, respectively. The direct beam was stopped with a W-filter. The 

temperature of the samples was controlled by a Microcalix calorimeter cell (Bruker). 

Silver behenate and tristearin (β form) were used as standards to calibrate SAXS and 

WAXS detectors, respectively.  

The scattered intensity was reported as a function of the scattering vector: 

q=4π sin θ/λ   (Equation 6.1) 
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where θ is half the scattering angle and λ is the wavelength of the radiation. The d-

spacing can be calculated from the scattering vectors:  

d = 2π/q   (Equation 6.2) 

where q is the scattering vector.  

Samples for X-ray experiments were contained inside quartz glass capillary tubes (1.5 

mm inner diameter) purchased from Glas Müller, Germany. All samples were measured 

3 times to ensure repeatability. 

2.3.2. Particle size and zeta potential characterization 

The particle size and zeta potential at room temperature were determined using 

Zetasizer Nano ZS90 (Malvern Panalytical Ltd.). LNP suspension was diluted 30 times in 

NaCl 3 mM solution for measurement. The diluted particle concentration was 

calculated to be 7 mg/mL. All measurements were repeated 3 times. 

2.3.3. Erythromycin and urea dosage by HPLC, encapsulation efficiency and drug 

loading calculation 

To find erythromycin crystals in the LNP suspension, Nikon Eclipse E600 dark-field light 

microscope was used. A Mightex USB camera attached to the microscope was used to 

take photos.  

The loading and encapsulation efficiency of erythromycin and urea were found using 

high-performance liquid chromatography (HPLC, Thermo UltiMate 3000 UHPLC system, 

Thermo ScientificTM). The liquid chromatographic conditions for the dosage of 

erythromycin and urea are described in the paragraph below. The LNP suspension is 

centrifuged at 40000 rpm, 4oC for 16 hours using an ultracentrifuge (Optima L-90K, 

Beckman Coulter), with the rotor 70.1 Ti to separate the liquid part (supernatant) and 

the solid part (precipitate). The quantity of erythromycin and urea in the supernatant is 

considered non-encapsulated, while the quantity of erythromycin and urea in the 

precipitate is considered encapsulated. To prepare the sample for HPLC, the 

supernatant was diluted by 2 in acetonitrile (ACN) and filtered through a 200 nm syringe 

filter. The precipitate was mixed with the solution ACN : H2O (1:1), heated at 60oC to 

melt the lipid, agitated for 5 minutes and then cooled down at room temperature. The 

cooled solution was then filtered through the 200 nm syringe filter. The percentage of 

erythromycin inside lipid particles, drug loading, encapsulation efficiency were 

calculated as below: 

Percentage of drug inside particles = 
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐴𝑃𝐼𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐴𝑃𝐼𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒 + 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐴𝑃𝐼𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑒𝑛𝑡
  (Equation 

6.3) 

Encapsulation efficiency (EE) = 
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐴𝑃𝐼𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐴𝑃𝐼𝐼𝑛𝑝𝑢𝑡
      (Equation 6.4) 

Drug loading (mg API per gram of lipid) = 
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝐴𝑃𝐼𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑
    (Equation 6.5) 
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The dosage of erythromycin was adapted from the literature with some modifications 

[17]. We used a 150 x 4.6 mm I.D YMC-Triart C18 column (particle size of 3 µm and pore 

size of 12 nm). The mobile phase was acetonitrile (ACN) : 8 mM K2HPO4 solution in 

water at pH 9 (1:1) and flowed at 1 mL/min in the isocratic condition. The temperature 

of the column was kept at 50oC. The detection wavelength was 210 nm. The injection 

volume of samples was 20 µL. In running conditions, the stable pressure was 147 bar. 

Erythromycin retention time was 14 minutes. The running time was 30 minutes to be 

able to detect degraded products of erythromycin. The limit of detection (LOD) and limit 

of quantification (LOQ) of erythromycin were 4.1 µg/mL and 12.3 µg/mL, respectively. 

After each analytical sequence, the column was rinsed with ACN : H2O (1:1) for 30 

minutes, followed by ACN 100% for 30 minutes and stored in ACN. 

The dosage of urea was adapted from the technical note of the column supplier. We 

used a 250 x 4.6 mm I.D SynergiTM Polar-RP column (particle size of 4 µm and pore size 

of 8 nm). The mobile phase was 2% ethanol (EtOH) in H2O and flowed at 0.8 mL/min in 

the isocratic condition. The temperature of the column was kept at 22oC. The detection 

wavelength was 202 nm. The injection volume of samples was 20 µL. In running 

conditions, the stable pressure was 124 bar. The urea retention time was 3.86 minutes. 

The running time was 10 minutes, to get rid of any contamination that may have in the 

sample. The LOD and LOQ were 3.4 µg/mL and 10.4 µg/mL, respectively. The column 

was rinsed for 30 minutes and stored in ACN : H2O (65:35). In the case of samples having 

both erythromycin and urea, to avoid the possible accumulation of erythromycin in the 

column after each injection, we used a gradient flow condition to flush erythromycin 

out after each injection. The condition was 0-10 minute: 2% EtOH in H2O, 0.8 mL/min; 

10-24 minutes: 100% ACN, 1 mL/min; 24-30 minutes: 2% EtOH in H2O, 0.8 mL/min. The 

first step is to dose urea. The second step is to flush out erythromycin, which is highly 

soluble in ACN. The last step is to recondition the column for the next injection. 

2.3.4. Cryogenic transmission electron microscopy (Cryo-TEM) imaging  

The dispersions were diluted in water in order to reach a lipid concentration of around 

5 mg/mL. 4 μL were deposited on a 200-mesh holey carbon-coated grid. After blotting 

with filter paper, the grid was frozen by fast plunging in liquid ethane and was inserted 

in the microscope using a nitrogen-cooled side entry Gatan 626 cryo-holder at a 

temperature of −178 °C. Observations were carried out in a Thermo Fisher Titan Themis 

300 transmission electron microscope using an accelerating voltage of 300 kV. 

2.4. Fabrication process of lipid nanoparticles – chitosan (LNP-C) nanocomposite  

The obtained LNP after the HPH process was centrifuged at 40000 rpm, 4oC for 16 hours 

using an ultracentrifuge (Optima L-100K, Beckman Coulter), with the rotor 70.1 Ti to 

collect the lipid particles in the precipitate and eliminate non-encapsulated drugs in the 

aqueous phase (supernatant). The collected precipitate pellet of lipid particles was then 

redispersed in chitosan solution (0.05 wt% in acid acetic 0.1% v/v). The pH after the 

addition of chitosan solution was 7, thanks to the presence of buffer solution added 

during the LNP fabrication described above. The neutral pH prevented the degradation 
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of erythromycin during the redispersion step. The interaction between chitosan and 

negative charges of particles jellified the suspension, creating a composite between 

lipid particles and chitosan. The mixture was frozen and lyophilized at 94 mTorr, the 

condenser temperature was -90.6oC (freeze drier Cryotec Cosmos-80) to obtain the lipid 

particles – chitosan nanocomposite. 

2.5. Physico-chemical characterization of LNP-C nanocomposite 

2.5.1. Lipid structure characterization 

The crystal structure of the LNP-C nanocomposite was determined by the small- and 

wide-angle X-ray scattering technique (S-WAXS) using the Bruker MicroCalix machine. 

To study the hydration behavior of the nanocomposite, it was mixed with water at 

different hydration rate. The structure of the hydrated nanocomposite sample was 

measured by S-WAXS using the Bruker MicroCalix machine. The details about the 

machine have been explained above. 

2.5.2. Urea and erythromycin loading determination 

The urea and erythromycin loading of the LNP-C nanocomposite was determined by 

HPLC. The liquid chromatography condition was described above. To prepare the 

sample for HPLC, in general, 60 mg of the LNP-C nanocomposite powder was dispersed 

in 5 mL of ACN : H2O (1:1). The suspension was heated at 60oC for 5 minutes to ensure 

the melting of the lipid powder. The suspension was then filtered through a 200 nm 

syringe filter. The drug loading is calculated as Equation 6.4. 

2.5.3 Acquisition of the synchrotron radiation computed microtomography 

(SRμCT) dataset  

SRμCT measurements were conducted at the SYRMEP beamline of Elettra using a multi-

scale approach [18]. At SYRMEP the X-ray beam is delivered by a bending magnet 

source and experiments were performed in a filtered white-beam configuration (filters: 

1.5 mm Si + 0.025 mm Mo) with a mean energy of ∼27 keV (estimated entrance dose of 

the order of kiloGray).  Projections were recorded with a macroscope camera based on 

a 16-bit, water-cooled sCMOS detector (2048 × 2048 pixels) coupled to a 15 μm-thick 

LSO:Tb scintillator screen. Using the optical zoom of the detecting system, the effective 

pixel size of 0.9 μm was set corresponding to a field of view of about 1.8 × 1.8 mm. 

For each scan, we acquired 1800 projections over a 180° rotation with an exposure 

time/projection of 500 ms. The experiment was conducted in propagation-based 

phase-contrast mode with the sample-to-detector distance set to 150 mm for all 

measurements. The slice reconstruction was carried out using the custom-developed 

SYRMEP Tomo Project (STP) software. Before reconstruction, a ring-removal algorithm 

was applied. Then, projections were processed by a single-distance phase-retrieval 

algorithm with a δ/β parameter (ratio between the real and imaginary parts of the 

refraction index of the material n = 1 − δ − iβ) chosen on an ad hoc basis for a good 
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visualization of fine details in the tooth enamel balancing between contrast and spatial 

resolution. In our case, the δ/β ratio was set to 100. 

2.6. In vitro release studies of LNP-C nanocomposite 

The release of erythromycin and urea from the LNP-C nanocomposite in simulated 

gastric fluid (SGF) pH5 was determined. The recipe of the medium was adapted with 

some modifications from the literature [19]. The SGF pH5 medium simulates the state 

of the stomach in the middle-fed state [19]. We however removed milk from the SGF 

pH5 recipe, since we wanted to investigate the effect of pH on the release properties of 

LNP-C nanocomposite. The SGF pH5 medium contained CH3COOH (17.12 mM), 

CH3COONa (29.75 mM) and NaCl (237.02 mM). The pH was adjusted to be 5.  

To study the release of urea and erythromycin from the nanocomposite, in general, 

about 200 mg of LNP-C composite powder was redispersed in 10 mL SGF pH5. The 

quantity of composite powder was calculated to make sure the maximum 

concentration of erythromycin released to the medium was 0.4 mg/mL (much lower 

than the saturation concentration of erythromycin in water of 2 mg/mL). The flask was 

agitated at 75 rpm, 37oC. At each time point, 100 µL of the solution was taken, rapidly 

neutralized by 100 µL of phosphate buffer pH 7.2 (containing 50 mM K2HPO4 and 50 

mM KH2PO4). The use of potassium salt was to precipitate SDS [16], hence promoting 

the aggregation of lipid nanoparticles and free SDS. Without the step of precipitation of 

nanoparticles, the amount of erythromycin and urea may be overestimated due to the 

presence of nanoparticles in the solution. The neutralized solution was then filtered 

through a syringe 200 nm filter to eliminate all precipitated particles. We mixed 100 µl 

of filtered neutralized solution with 100 µl of ACN, and filtered the mixture through a 

200 nm syringe filter to get rid of any precipitation that may occur. This dilution in ACN 

step was to ensure that there would not be any precipitation in the column after the 

injection of samples. 

To study the release of particles from the LNP-C nanocomposite to the medium, in 

general, about 300 mg of LNP-C composite powder was redispersed in 15 mL SGF pH5. 

The flask was agitated at 75 rpm, 37oC. At each time point, 1 mL of sample was taken 

and filtered through a 5 µm syringe filter to get rid of big pieces of powder that may 

have in the solution. The filtered suspension was inserted in the Zetasizer Nano ZS90 

(Malvern Panalytical Ltd.) to measure the derived count rate, which was the scattered 

light intensity and proportional to the number of particles and the hydrodynamic size 

of particles.  

To see the morphology of nanoparticles released from the nanocomposite in SGF pH5, 

we dispersed the nanocomposite without chitosan (named PEU-C0) in SGF pH5 at 37oC, 

75 rpm. After 30 minutes, 2 mL of the solution was taken and filtered through a 5 µm 

syringe filter. The filtered sample was then deposited on a 200-mesh holey carbon-

coated grid for Cryo-TEM. The grid was frozen by fast plunging in liquid ethane and was 

inserted in the microscope using a nitrogen-cooled side entry Gatan 626 cryo-holder at 
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a temperature of −178 °C. Observations were carried out in a Thermo Fisher Titan 

Themis 300 transmission electron microscope using an accelerating voltage of 300 kV. 

2.7. Antimicrobial and chemoattraction property studies of LNP-C nanocomposite 

The minimum inhibitory concentration required to inhibit the growth of H. pylori (MIC) 

of LNP-C nanocomposite was determined by the agar dilution method, which is 

recommended for the MIC test of Helicobacter species [20]. In general, 80 mg of LNP-C 

nanocomposite powder was resuspended in 3 mL of DI water and used as the mother 

solution for the dilution. A desired volume of the suspension was then mixed with 

Mueller Hinton agar and defibrinated horse blood at 40oC. The mixture was then 

poured and let solidify in a Petri dish. The final agar concentration and defibrinated 

horse blood were 8 wt% and 10 % v/v respectively. The range of erythromycin 

concentration in agar gel used for the MIC test was from 8 µg/mL to 0.06 µg/mL. 5 µl of 

microbial suspension (3-4 McFarland, measured by a nephelometer ATP 1550 API, 

BioMerieux) was inoculated on the surface of the prepared agar plates. The plates were 

then incubated in an airtight container containing gas packs (BD GasPakTM EZ Campy 

Container System) at 35oC. The results were read after 5 days to ensure the growth of 

bacteria. 9 H. pylori strains were used for the MIC test. We used 8 strains obtained from 

patients in Poitiers University Hospital and the wild-type J99 strain as the reference. 

Among 8 strains from patients, we had 4 strains resistant to erythromycin and 4 strains 

sensible to erythromycin.  

3. Results and discussion 

3.1. Physico-chemical properties and structure of lipid nanoparticles suspension 

(LNP) and lipid nanoparticles – chitosan nanocomposite (LNP-C) 

3.1.1. Structure of LNP 

The structure of LNP after each step of fabrication is shown in Figure 6.1. The LNP 

suspension has a hydrated lamellar structure, whose distance is 12.5 nm. The 

percentage of cocoa butter was optimized to be fully integrated inside the Montane 60 

matrix, so we could not detect any structure of cocoa butter [chapter 4]. Because of the 

hydrated lamellar distance, urea solution can be loaded inside lipid particles. The 

lamellar distance of the hydrated lamellar structure of LNP is higher than that of the 

coarse suspension obtained after ultra-turrax (d = 11 nm, Figure 6.1). The difference in 

the lamellar distance of hydrated structure before and after HPH is due to the size of 

the lipid particles. The nanoscale size of LNP allows more positive ions to be adsorbed 

on the particles’ surface, reducing the neutralization effect of positive ions. This effect 

has been found and discussed in detail in our previous work [Chapter 5]. In both cases, 

the hydrophobic lamellar structure of Montane 60 at around 1.2 nm-1 was still found 

[Chapter 5]. The WAXS region shows that LNP suspension has hexagonal alpha (H-α) 

arrangement of lipid chains, similar to Montane 60 (single peak at 15.1 nm-1) [Chapter 

5], indicating that the lipid particles are indeed solid. The solid, hydrated lamellar 

structure of LNP is called the α-gel structure [21]. After the ultra-centrifugation to 
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eliminate non-encapsulated drugs, the obtained LNP pellet still had a hydrated lamellar 

structure, with a distance of 10.8 nm. Although the reduction of the lamellar distance 

of LNP after centrifugation signifies the loss of water, the dehydration effect is small. 

There is still a significant amount of bound urea solution inside lipid particles. 

 
Figure 6.1. The change in the structure of LNP during the fabrication process examined by S-

WAXS 

Table 6.1 clearly shows the effect of HPH on the size of lipid particles. While the coarse 

suspension has a size in microscale, the LNP suspension has a size of around 485 nm. 

We observed that the encapsulation of erythromycin made the zeta potential less 

negative. In pH7, erythromycin is charged positively due to its pKa value from 8.6 – 8.9 

[22]. The protonated erythromycin interacts with the negative charges of LNP, making 

the particles less negative. The small negative charges of LNP-E1% cannot stabilize well 

the suspension like in the case of blank LNP-E0%, probably leading to the aggregation 

of 485 nm. The electrostatic interaction between erythromycin and negatively charged 

lipid may indicate that erythromycin molecules are located on the lamellar surface of 

LNP. 

Formulation Zeta potential (mV) Size (nm) PDI 

LNP-E1% before HPH -21 2300 1 

LNP-E1%  -22 485 0.28 

LNP-E0%  -70 125 0.26 

Table 6.1. Size and zeta potential of LNP in suspension (having 1 wt% erythromycin, in 

comparison to blank particles having 0 wt% erythromycin) 

Hydrated structure 

(1 : 2 : 3) 

Hydrophobic 

structure 
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We used cryo-TEM to observe the nanoparticles in the dilution condition, which is close 

to the state of particles after administration in the stomach. Cryo-TEM image has low 

contrast, thin, disk-like particles, with a size smaller than 100 nm. We can see different 

orientations of nanodisks in Figure 6.2, from the round faces to thin edges. These disks 

may be one lamellar layer from the lamellar structure particles. With the high lamellar 

distance of particles shown in Figure 6.1, the attraction force between 2 lamellar layers 

(mainly hydrophilic interaction) is reduced significantly. Under dilution and agitation 

effects, these layers can easily fall out of the lamellar structure and become single-layer 

disks. In dilution with water for cryo-TEM, the effect of salts and pH in the stomach is 

however not the same. The presence of salt and acidic pH in the stomach may limit the 

expansion of the lamellar structure. 

 

Figure 6.2. Cryo-TEM image of LNP-E1% in dilution condition. The nanoparticles do not 

contain chitosan. 

3.1.2. Erythromycin loading optimization in LNP 

While urea is soluble in the water phase between lamellar layers of LNP, the loading of 

erythromycin is more complicated. We may check the solubility of erythromycin in the 

melted lipid phase; however, it would change when the lipid particles solidify at room 

temperature. Erythromycin was loaded inside the particles by simply solubilizing it in 

the melted lipid phase during the suspension fabrication process. Even if erythromycin 

was totally soluble in the melted lipid phase (determined by optical microscopy, 

described in chapter 4), the recrystallization of erythromycin might occur when the lipid 

particles crystallize. To find the drug loading and encapsulation efficiency value, we 

used ultra-centrifugation methods to separate the solid particles and the aqueous 

phase. We had to make sure that there was no drug crystal in the suspension, since it 
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may be in the pellet part after centrifugation, along with lipid particles. So, we tried to 

find erythromycin crystals by observing LNP loaded with erythromycin under a dark 

field microscope. The samples were not diluted, because the dilution might solubilize 

erythromycin crystals, or create more crystals due to the decrease in the concentration 

of SDS in the solution. Because of the nano-size, the nanoparticles cannot be observed 

by a normal light microscope. In the dark field, we can observe scattered light from 

nanoparticles, which appear as blinking light dots. Without cocoa butter, the 

erythromycin-loaded suspension was jellified, which appeared to be solid pieces of 

amorphous materials under polarized light microscopy and S-WAXS. We believe there 

is an electrostatic interaction between positively charged erythromycin and negatively 

charged fatty acid or SDS. This interaction connects particles, SDS in the solution, and 

free erythromycin together, forming a gel network. The addition of cocoa butter helps 

to prevent the gelation of the suspension, by increasing the hydrophobicity of the 

lamellar structure and reducing the charged area of particles. Figure 6.3 shows the 

saturation point of erythromycin in lipid particles. From 2 wt% of erythromycin in the 

formulation, erythromycin crystals in platelet shape started to form. Therefore, we 

chose the percentage of erythromycin in the formulation to be 1 wt%. 

  

  

Figure 6.3. LNP loaded with erythromycin under a dark field optical microscope, the 

percentage of erythromycin in the formulation is (a) 0.5 wt%, (b) 1 wt%, (c) 2 wt% and (d) 4 

wt%. The percentage of lipid in the formulation is 20%, the samples were not diluted. The 

large particles in figures a and b are dust. 

a b 

c d 
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Because there are not any chemical bonds between erythromycin and lipid particles, 

erythromycin can diffuse to the aqueous phase due to its slight solubility in water 

(approximately 2 mg/mL, determined by HPLC, agreed with the literature [23]). Under 

the presence of surfactant, the solubility of erythromycin in water increases 

significantly [24]. In the fabrication process, SDS was used as the surfactant to stabilize 

lipid particles. SDS is an amphiphilic molecule and can solubilize in both lipid and 

aqueous phases. Since there is an amount of SDS in water, it may facilitate the 

solubilization of erythromycin in the water phase, reducing the amount of drug loaded 

in lipid particles. Therefore, it is important to separate the aqueous phase and lipid 

particles by ultra-centrifugation to dose separately the amount of erythromycin in each 

phase. From the dosage, drug loading and encapsulation efficiency can be obtained. 

We have found that after mixing the lipid phase with the water phase by ultra-turrax to 

obtain the coarse suspension, the concentration of erythromycin in the aqueous phase 

was very high (around 7.6 mg/mL, Table 6.2). It may be due to the formation of SDS 

micelle in the aqueous phase [24]. The use of HPH reduced the size of lipid particles to 

the nanoscale, leading to an increase in the specific surface area. The high surface area 

made more room for the adsorption of SDS onto the surface of lipid particles, reducing 

the amount of SDS in the aqueous phase. The lower concentration of SDS in the 

aqueous phase reduced the solubility of erythromycin in the aqueous phase to around 

2.4 mg/mL (Table 6.2). From the amount of erythromycin in the aqueous phase and in 

the lipid phase, we can calculate the percentage of erythromycin inside lipid particles, 

which is 24.2% for lipid particles before HPH and 73.4% for LNP. So, HPH plays an 

important role in the incorporation of erythromycin inside lipid particles. After HPH, the 

drug loading capacity increased from 10.5 to 28.2 mg erythromycin/g lipid (Table 6.2). 

The drug encapsulation efficiency is calculated from the amount of erythromycin inside 

lipid particles in comparison with the amount of erythromycin input. The encapsulation 

efficiency of lipid particles before HPH and LNP are 21.2% and 56.4%, respectively. The 

encapsulation efficiencies are smaller than the values of the percentage of 

erythromycin inside particles, indicating a quantity of erythromycin has been lost 

during the fabrication process. While erythromycin was not degraded due to heat, an 

amount of erythromycin (around 10% – 20%, determined from different batches of LNP) 

may be retained on the shaft of the ultra-turrax and inside the HPH machine. 
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Formulation ERY concentration 

in aqueous phase 

(mg/mL) 

% ERY 

inside 

particles 

(%) 

Drug 

loading 

(mg/g lipid) 

Encapsulation 

efficiency (%) 

LNP – E1% 

before HPH 

7.6 ± 0.05 24.2 ± 3.3 10.5 ± 0.8 21.2 ± 2.8 

LNP – E1%  2.4 ± 0.02 73.4 ± 2.1 28.2 ± 0.3 56.4 ± 1.4 

Table 6.2. Dosage of erythromycin inside and outside lipid particles, drug loading and 

encapsulation efficiency of LNP-E1% (LNP suspension having 1 wt% of erythromycin) before 

and after HPH, the errors are the standard deviation of measurements from 3 samples. 

To summarize the loading behavior of erythromycin in the lipid particle suspension 

during the fabrication, we propose that there is an equilibrium of SDS and erythromycin 

in the lipid suspension (Figure 6.4). While SDS can integrate inside and on the surface 

of the lipid particles, SDS also forms micelles in the solution when the SDS 

concentration reaches the CMC. For erythromycin, while the amount of free 

erythromycin in solution is small (saturated at around 2 mg/mL), the amount of 

erythromycin in SDS micelles can be very high, depending on the SDS concentration 

[24]. When the SDS concentration in solution increases above the CMC, micelles are 

created, facilitating the solubility of erythromycin in solution and reducing the amount 

of erythromycin in lipid particles. By using HPH, the size of lipid particles decreases, and 

the specific surface area of the lipid particles increase, providing more area for the 

adsorption of SDS molecules. The increase in the adsorption of SDS on lipid particles 

reduces the concentration of SDS in the solution, hence reducing the amount of 

erythromycin in the solution. Therefore, by reducing the size of the particles, we 

reduced the concentration of SDS and erythromycin in the solution and increased the 

amount of erythromycin loaded inside lipid particles. 

  

Figure 6.4. Equilibrium of (a) SDS and (b) erythromycin in lipid particle suspension during the 

fabrication, when lipid mixture is in liquid form. 

Free  

SDS  

in solution 

SDS  

micelles 

SDS 

 in lipid 

particles 

Free 

erythromycin 

in solution 

Erythromycin 

in SDS 

micelles 

Erythromycin 

in lipid 

particles 

a b 
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3.1.3. Structure and properties of LNP-C 

The structure of the lipid nanoparticles – chitosan (LNP-C) nanocomposite powder 

containing both erythromycin and urea (PEU-C5 in short) can be analyzed in Figure 6.5. 

In the SAXS region, PEU-C5 has a lamellar structure. Interestingly, the lamellar distance 

of PEU-C5 (5.7 nm) is slightly smaller than that of Montane 60 (6.3 nm). This effect was 

also observed in the mixture of Montane 60 and SDS without water. The introduction 

of SDS induces stress on the lamellar structure of Montane 60 due to the difference in 

the packing parameter between SDS and sorbitan monostearate molecules. The stress 

in the structure may cause the tilt of lipid chains, leading to a tilt angle of about 25o 

(calculated from the lamellar distance in Figure 6.5) and decreasing the lamellar 

distance. The spectra in the WAXS region show that PEU-C5 has hexagonal alpha (H-α) 

arrangement of lipid chain, similar to Montane 60. We also detected two peaks of urea, 

indicating that we have urea crystal outside of the lipid powder. After 1 month, the 

structure of PEU-C5 was still unchanged, indicating the high stability of the structure. In 

addition, it shows that cocoa butter was well integrated inside the Montane 60 lipid 

matrix; otherwise, we should have a beta peak of cocoa butter stable form in WAXS 

[25]. 

 

Figure 6.5. S-WAXS spectra of lyophilized powder of solid lipid particles - chitosan 

nanocomposite containing both erythromycin and urea (PEU-C5) 

The morphology of LNP-C was examined using SRμCT. The technique gave us images 

of the internal structure of the lyophilized powder. By examining several slices of the 

sample, we discovered that the LNP-C lyophilized powder is highly porous, with 

different pore sizes in the micrometers range (Figure 6.6). The formation of the porous 
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structure may be similar to the mechanism of fabrication of cryogel by lyophilization 

described in the literature [26]. The sublimation of water crystals has left pores with 

irregular size. The high porosity of the powder may increase the rehydration of the 

powder and facilitate the drug release 

   

Figure 6.6. The SRμCT images of LNP-C powder show the high porosity with different pore 

sizes. 

3.2. Drugs and particles release profile of LNP-C nanocomposite in vitro 

To test the release behavior of the LNP-C nanocomposite PEU-C5 in vitro, we used SGF 

pH5 as a simulation of the middle-fed state of the stomach [19]. The release of small 

particles was followed by the derived count rate from the DLS experiment (Figure 6.7). 

The particle size in the graphs is only the average value calculated from the raw 

correlation function. From the increase in derived count rate over time, we can see that 

the particles were released over time from the powder. In addition, the overall size of 

particles found in the solution increased over time. In fact, the phenomenon is 

complicated and may include the release of particles of different sizes and the 

aggregation of particles. Moreover, the powder may release large aggregation particles 

(> 5 microns in diameter), which are eliminated by the filter when the samples are taken 

for measurement. After 4 hours, we still had the release of particles, indicating that the 

release was sustainable for a very long time. The slow release of particles and 

aggregation of particles is favorable for our application. In the stomach, the powder will 

be attached to the mucus layer thanks to chitosan. Then, lipid particles will be released 

slowly to the mucus layer, stick there and continue to release drugs to attract and 

eliminate the bacteria.  
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Figure 6.7. The release of particles from lipid nanoparticles - chitosan nanocomposite PEU-

C5 in SGF pH5 

Lipid nanoparticles are released slowly over time because the PEU-C5 powder is in the 

form of dry particle aggregation. The particles’ size released from the powder was still 

in the range of the particles’ size before lyophilization. In addition, the lipid crystalline 

structure was still preserved after lyophilization (Figure 6.5). It may be due to the cryo-

protectant effect of urea loaded inside lipid particles and chitosan [27–29]. As discussed 

by Pham et al. [27], urea may have an interaction with the hydrophilic head groups and 

replaces water under dehydration conditions. The strategy of using urea as a 

cryoprotectant is in fact applied in nature by some animals, helping them to hibernate 

through freezing winter [30]. Chitosan can also be used as a cryo-protectant for protein 

during frozen storage [29]. 

To see the morphology of nanoparticles released from the lyophilized formulation in 

SGF pH5, we dispersed the nanocomposite without chitosan (PEU-C0) in the same 

condition. The cryo-TEM image of the released nanoparticles is in Figure 6.8. Since this 

formulation does not contain chitosan, all the observed particles are from the lipid 

formulation. In Figure 6.8a, we can see that the nanoparticles have a size of around 50 

– 100 nm and they indeed tend to aggregate as proposed above. Figure 6.8b shows that 

the particles have porous matrices, with water inside the lipid structure, however, 

without any clear orders. The porous structure of lipid nanoparticles may contain urea 

solution and regulate the release of urea solution. The shape of the particles is similar 

to the shape of the reported emulsified microemulsion in the literature [31,32]. 

However, in the literature, emulsified microemulsion has a disordered structure and is 

made from lipids in the liquid state, such as monoolein.  
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Figure 6.8. (a) Cryo-TEM image of nanoparticles released from nanocomposite without 

chitosan (PEU-C0) after 30 minutes in SGF pH5 and (b) the internal structure of an 

aggregation of nanoparticles 

In Figure 6.9, we hydrated the nanocomposite PEU-C0 in SGF pH5 to investigate its 

hydrated structure in SGF pH5. In the SAXS region, the hydrophilic structure peak of 

PEU-C0 shifted to the left when the nanocomposite was hydrated, indicating that water 

entered the lamellar structure. Interestingly, this behavior is similar to the swelling 

properties we observed at the macroscale with the Montane 60 grains (chapter 5). The 

lamellar distance at 30%, 60% and 80% hydration rates were however similar, indicating 

that above a threshold, the dilution does not have any effects on the water 

incorporation into the lamellar structure. This strongly suggests that the structure 

observed with cryo-TEM is not altered by the high dilution we made. Unfortunately, we 

could not confirm that with our lab SAXS-WAXS apparatus as the signal is too low. In 

the WAXS region, all samples, regardless of the hydration rate, has the H-α structure. In 

the anhydrous sample, there are 2 peaks of urea crystals in WAXS, which were dissolved 

in water in hydrated samples. Therefore, we may conclude that the nanoparticles 

released to the SGF pH5 medium were α-gel nanoparticles, which had water inside the 

structure. 

While we obtained nanoparticles from LNP-C formulation (PEU-C5) in a similar 

experiment, the concentration of nanoparticles after 30 minutes was not enough for 

cryo-TEM. We did not observe anything in cryo-TEM. 

a b 
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Figure 6.9. The hydration behavior of PEU-C0 in SGF pH5 

After dosing the concentration of urea and erythromycin in the SGF pH5 solution over 

time, we obtained the drug release curve (Figure 6.10). For the release of erythromycin, 

an erythromycin solution was used as a control. We can see that in SGF pH5 at 37oC, 

erythromycin was degraded slowly over time because of its instability in acid (blue 

curve) [31–33]. About the release of erythromycin from PEU-C5 (black curve), initially, 

there was a burst release of 20% erythromycin after 5 minutes. The release of 

erythromycin peaked after 15 – 30 minutes, then decreased slowly over time. This 

behavior is from the combination of the release rate and the degradation rate of 

erythromycin. At the time point 4h, we dosed the total amount of erythromycin 

released into the solution and left inside PEU-C5. We detected the same amount of 

erythromycin as in the case of control (erythromycin from erythromycin solution) after 

4h. It means that the powder formulation could not protect the erythromycin from acid. 

It is reasonable since the LNP-C nanocomposite has a lamellar structure and can swell 

into the α-gel structure, which allows water and H+ to penetrate rapidly. In addition, 

erythromycin may locate on the surface of each lamellar layer, facilitating its interaction 

with acid. However, after 4h, there was 12% of erythromycin left inside PEU-C5, 

indicating the role of an erythromycin reservoir of PEU-C5. PEU-C5 may stay locally in 

the stomach due to the mucoadhesive property of chitosan and continue to release 

erythromycin for more than 4h. 
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For the release of urea, using urea solutions as the control for the release of urea (green 

curve), 100% of the urea solution was in the solution after 5 minutes. We did not detect 

the degradation of urea in SGF pH5. From the powder PEU-C5, 60% of urea was 

released immediately after 5 minutes (red curve). This amount of urea may come from 

unbound urea crystals detected in Figure 6.5. Urea was then released sustainably over 

time for up to 3-4 hours.  

 

Figure 6.10. The release of erythromycin and urea from lipid particles - chitosan 

nanocomposite PEU-C5 in SGF pH5 

It is very interesting that while water could access rapidly into the lamellar structure to 

degrade erythromycin, the urea release rate was not very rapid, despite urea’s high 

solubility in water. This fact suggests an interaction between urea and the hydrophilic 

head of lipids, which hinders the release of urea into the solution. The replacement of 

water by urea on the hydrophilic head of lipid during dehydration as discussed by Pham 

et al. [27] may contribute to the formation of interaction between urea and lipid after 

the lyophilization step. The reduction in lipid swelling capacity due to the effect of salt 

concentration and pH may also contribute to the sustainable release rate of 

erythromycin and urea. As discussed in our previous work [Chapter 5], the presence of 

salts and acid may neutralize electrostatic charges in Montane 60, leading to a low 

hydration rate. In SGF pH5, the lipid particles may become more compact, reducing the 

diffusion rate of erythromycin and urea from the particles to the solution. Lastly, we 

also examined the release rate in the absence of chitosan coating, which did not affect 

the release rate of erythromycin and urea. Probably because the content of chitosan in 

the formulation is too small. 

3.3. Antimicrobial and chemoattraction properties of LNP-C 

We examined the antimicrobial properties of 6 LNP-C nanocomposite formulations to 

control the effect of chitosan, urea, and erythromycin. The loading value of 

erythromycin and urea was found using HPLC. The loading value of chitosan was 

calculated from the volume of chitosan added to the lipid particle pellet before 
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lyophilization. We used 9 H. pylori strains, which were the wild-type strain J99 and 8 

others obtained from patients in Poitiers University Hospital (Table 6.3). Among 8 

strains obtained from patients, we picked 4 strains resistant to clarithromycin, meaning 

that they are also resistant to erythromycin. From Table 6.4, we can see that the 

chitosan coating did not influence the antimicrobial effect. Samples having chitosan 

have the same MIC value as the samples without chitosan. Blank LNP-C nanocomposite 

(PB-C0, PB-C5) and LNP-C nanocomposite containing only urea (PU-C0, PU-C5) did not 

show any antimicrobial activity. In addition, all formulations, even those containing 

erythromycin, were not effective against the erythromycin-resistant strains. So, the 

antimicrobial effect of the LNP-C nanocomposite came only from erythromycin. We can 

conclude that our LNP-C nanocomposite formulation PEU-C5 does have an 

antimicrobial effect against H. pylori, thanks to the encapsulated erythromycin. 

From the MIC value of erythromycin in LNP-C, the volume of the stomach, the release 

rate of LNP-C powder and the hypothesis that all LNP-C powder stays in the stomach 

during 4h, we can estimate the amount of LNP-C powder needed to maintain the MIC 

of erythromycin in the stomach for 4h. We use the MIC of erythromycin as 0.06 µg/mL, 

with the percentage of erythromycin in LNP-C nanocomposite is 1.2 wt%, so the MIC of 

the LNP-C powder is 0.005 mg/mL. In the release study in SGF pH5, the concentration 

of erythromycin in the solution was kept at around 20-30% for 4h, so the amount of 

LNP-C powder needed to maintain the erythromycin concentration in the stomach 

higher than MIC is 0.005/0.2 = 0.025 mg/mL. The average volume of the stomach is 25 

– 50 mL when empty and 1 – 1.5 L after a meal [34]. Taking the value 1L for the stomach 

volume, the weight of the LNP-C nanocomposite is 0.025*1000 = 25 mg. Therefore, with 

only 25 mg of LNP-C powder, the concentration of erythromycin in the stomach (in fed 

state pH 5) can be kept above the MIC for 4h, indicating the potential treatment 

efficiency of the formulation.   
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Strain MIC of clarithromycin (µg/mL) Clarithromycin resistance mutation Note 

2206-131806 <0.016  Sensible to clarithromycin 

2206-081192 0.016  Sensible to clarithromycin 

2206-220738 <0.016  Sensible to clarithromycin 

2206-271989 0.016  Sensible to clarithromycin 

J99 <0.016  Wild type, sensible to clarithromycin 

2204-130972 >256 A2143G Resistant to clarithromycin 

2203-281091 12 A2143G Resistant to clarithromycin 

2204-130766 16 A2143G Resistant to clarithromycin 

2206-030753 >256 A2142G Resistant to clarithromycin 

Table 6.3. H. pylori strains description with data from Poitiers University Hospital 

Sample 
%Chitosan 

(wt%) 

%Urea 

(wt%) 

%ERY 

(wt%) 

MIC of Erythromycin (µg/mL) 

2206-

131806 

2206-

081192 

2206-

220738 

2206-

271989 

J99 2204-

130972 

2203-

281091 

2204-

130766 

2206-

030753 

PB-C0 0 0 0 

Did not show antimicrobial activity 
PB-C5 0.12 0 0 

PU-C0 0 24 0 

PU-C5 0.12 24.7 0 

PEU-C0 0 27.9 1.2 <0.06 <0.06 <0.06 <0.06 <0.06 >8 >8 >8 >8 

PEU-C5 0.12 27.4 1.2 <0.06 <0.06 <0.06 <0.06 <0.06 >8 >8 >8 >8 

Table 6.4. MIC value of erythromycin in different nanocomposite formulations tested on 9 H. pylori strains
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4. Conclusion 

We have successfully fabricated an LNP-C nanocomposite having an antimicrobial 

property against H. pylori in vitro thanks to the encapsulated erythromycin. The 

fabrication process is robust with the use of industrial excipients, showing the potential 

for large-scale production. The LNP-C nanocomposite is lipid nanoparticles 

incorporated inside a chitosan matrix, giving the formulation the mucoadhesive 

property. Upon administration, the in vitro release study showed the release of lipid 

nanoparticles, erythromycin, and urea at the same time. The lipid nanoparticles can 

penetrate the gastric mucus layer, where H. pylori hides, and release erythromycin to 

eliminate them. From our theoretical calculation, the concentration of erythromycin in 

the stomach can be kept above the MIC for 4 hours by using only 25 mg of LNP-C 

nanocomposite. Urea loaded inside the LNP-C nanocomposite can be released slowly 

for 3-4 hours, enabling the ability to chemotactically attract H. pylori toward the 

formulation. However, the experiments on the chemoattraction activity of the 

formulation are still ongoing.  
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IV. GENERAL DISCUSSION AND CONCLUSION 

In this section, we will discuss the main points of the project, the milestones that we 

have finished, and the work that may be interesting to do in the future. 

1. About the formulation 

Our initial idea of using 2-step emulsification to create w/o/w solid lipid nanoemulsion 

has been rejected. The important criterion of the method is making a w/o emulsion, in 

which the water droplet is in nano-size. When using Montane 60 as the lipophilic 

surfactant, instead of being in nano-size droplets form, water is stabilized in the 

lamellar structure of Montane 60. In other words, in hydrated Montane 60, water exists 

in the form of nano-sheets rather than nano-droplets. Taking advantage of the 

hydration behavior of Montane 60, we change the formulation strategy from w/o/w 

solid lipid nanoemulsion to α-gel nanoparticles. The fabrication procedure can be 

simplified to one step of hot HPH, while the formulation still can co-load both 

hydrophilic and lipophilic drugs. 

The chitosan coating step in our project is simple and is not fully developed. We can 

ensure the interaction between chitosan and lipid particles due to the electrostatic 

interaction between positively charged chitosan and negatively charged SDS. This 

interaction acts as a cross-linking method, which may strengthen the stability of 

chitosan gel in gastric acid. However, the optimization of the amount of chitosan, 

stability of the chitosan coating in acid, and the mucoadhesive effect of chitosan have 

not been investigated. Since chitosan hydrogel is commonly used to control the release 

of urea in agricultural applications [2], we may optimize the percentage of chitosan in 

the formulation, the molecular weight and the cross-linking method for our application. 

On the other hand, controlling the jellification behavior of chitosan is difficult in our 

formulation. Chitosan is only soluble in an acidic solution, in which erythromycin is 

degraded. So, the pH during the fabrication process must be neutral. Upon the addition 

of chitosan to the lipid nanoparticles suspension, chitosan is precipitated immediately 

due to the neutral pH and the electrostatic interaction with SDS. 

Montane 60 (M60, sorbitan monostearate) is a very interesting lipid mixture. Firstly, 

sorbitan monostearate has been widely used in several industries, has high availability 

and is safe for human health. The monomorphism of components of Montane 60 

makes its hydrated structure stable over time, which ensures the stability of 

encapsulated compounds in the Montane 60. The hydrated α-gel structure can expand 

very large, increasing the hydrophilic molecules loading capacity. While we can detect 

the large lamellar distance by SAXS, we lack a visualization characterization result. 

Freeze-fracture electron microscopy can visualize the extended α-gel lamellar structure 

(Figure IV.1) [3].  However, the lamellar distance of α-gel structure is sensitive to the 
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environment, such as ionic strength and pH. So, the fabrication process and the 

application environments need to be well-defined and studied.  

 

Figure IV.1. Freeze-fracture transmission electron microscopy image of the α-gel structure of 

distilled saturated monoglycerides in water (25 : 75); figure adapted from ref. [3] 

While hydrated Montane 60 lamellar distance is sensitive to ionic strength and pH as 

shown in chapter 5, urea did not affect the lamellar structure of hydrated Montane 60. 

We hydrated Montane 60 with eutectic urea solution and compared the lamellar 

distance with the lamellar distance of Montane 60 hydrated with distilled water. The S-

WAXS of Montane 60 hydrated with eutectic urea solution shows the lamellar structure 

in SAXS, with a hydrophilic lamellar structure and a hydrophobic lamellar structure 

(Figure IV.2a). The lipid chains arrangement is H-α, as shown in WAXS (Figure IV.2a). The 

lamellar distance of Montane 60 hydrated with eutectic urea solution is similar to the 

lamellar distance of Montane 60 hydrated with water when the hydration rate is the 

same (Figure IV.2b). Therefore, urea does not affect the lamellar structure of Montane 

60. 
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Figure IV.2. (a)  S-WAXS spectra of M60 hydrated with eutectic urea solution and (b) the 

lamellar distance in comparison with M60 hydrated with water 

The fine entanglement between water and lipid layers allows us to incorporate a large 

amount of urea in the formulation. However, it facilitates the exposure of erythromycin 

to low pH when the environment is acidic. As explained in this manuscript, w/o/w solid 

lipid dispersions having the nano-size are difficult to produce. For that reason, we are 

developing solid lipid microspheres using the prilling technique, which can co-

encapsulate urea and erythromycin. A microsphere is a w/o solid lipid emulsion, which 

has water droplets stabilized inside a solid lipid matrix. The microsphere can be 
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fabricated from long-chain triglycerides as the lipid matrix, and Montane 60 as the 

lipophilic surfactant. Figure IV.3 demonstrates a SRμCT photo of solid lipid 

microspheres fabricated from Precirol (glyceryl distearate, provided by Gattefosse) and 

Montane 60. We can see in the photo solid lipid microspheres, in which we have 2 

domains, gray domain and black domain. The gray domain may be the hydrated 

Montane 60, while the black domain may be water droplets. The co-encapsulation of 

urea and erythromycin has been done successfully, showing potential for this doctoral 

project. Details about materials, fabrication methods and characterization of the solid 

lipid microspheres are out of the scope of this thesis, but they will be reported in 

another project by our colleague (Claire DELMAS) in the near future. 

 
Figure IV.3. SRμCT photo of solid lipid microsphere fabricated from Precirol and Montane 60 

by the prilling method. The width of the view is 1843 µm. 

2. About the in vitro drug delivery and anti-microbial activity tests 

Because our formulation could not protect erythromycin from gastric acid, pH 1.2 of 

the fasted state simulated gastric fluid (SGF) degraded the antibiotic rapidly. So, the in 

vitro release study test was done in SGF pH5, which mimics the gastric environment in 

the fed state [4]. In the fed state, there should be food in the stomach. Food can be 

solid or liquid. They may be carbohydrates, fibers, protein, lipids etc.., which will interact 

with the formulation, depending on which type of foods. Our formulation may adhere 

to food particles instead of the gastric mucus layer. The stability of the lipid structure 

may be changed due to lipids from food, leading to a change in the drug release rate. 

In a simple case, homogenized long-life milk (3.5% fat) or liquid meals were used to 

Black domain 

 

Gray domain 
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mimic the food content in the stomach in several reports [4]. In our case, to simplify the 

experiment, we did not use any food and considered only the effect of pH and NaCl in 

SGF on the formulation. The pH value around 5 could be also obtained by using proton 

pump inhibitors which are used during H. pylori treatment; this would reduce the food 

effect. We used erythromycin as a model molecule to investigate the protective 

property of the lipid matrix. An alternate strategy could be to incorporate 

clarithromycin as this antimicrobial agent has similar activity to erythromycin but is 

more stable in acidic conditions. 

The in vitro antimicrobial activity of the formulation has been confirmed. Our urea and 

erythromycin co-encapsulated sample show the antimicrobial activity against clinical H. 

pylori strains isolated from patients, indicating the potential in clinical treatment. The 

activity of the formulation has been confirmed to be from encapsulated erythromycin, 

while the formulation did not show any effects. 

3. About in vitro chemotactic experiments 

3.1. Video-microscope experiment 

While the antimicrobial activity has been confirmed, the chemotactic activity 

experiment is still in progress. We planned to use the video-microscopy technique to 

visualize the chemotactic movement of H. pylori. The technique was used to observe 

the chemotactic movement of H. pylori towards urea and away from acid [5]. In general, 

an Eppendorf Femtotip II was used to inject a solution into the bacterial culture 

medium. Using the camera, we can observe and record the movement of bacteria 

toward or away from the injected substances. The configuration of the experiment is in 

Figure IV.4. After recording the video, certain frames (15 in the cited article) were taken 

to determine the mobility trace of bacteria. The number of black pixels from the trace 

of bacteria was used as the indication for the number of bacteria. By comparing the 

number of bacteria before and after the injection of urea, we can confirm the 

chemotactic behavior of bacteria.  
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Figure IV.4. (a) Configuration of the video-microscopy experiment, (b) the view of the 

microscope, the yellow arrow indicates the pipette tip, black spots are H. pylori, and (c) the 

image treatment method for quantification, figure adapted from ref. [5]. 

In the first attempt to set up the experiment, we tested the mobility of H. pylori toward 

the formulation loaded with urea only (without erythromycin, without chitosan) named 

PU-C0 in Table IV.1. Since the formulation is in powder form, which would not be 

suitable to put in the pipette micro-size tip. We melted briefly the powder on the glass 

substrate to stick the powder to the substrate and injected H. pylori (strain PMSS1), 

grown in Brucella Broth, 10% Fetal Bovine Serum (FBS) to the chamber. The bacteria 

were filmed using a phase-contrast microscope. To determine the chemoattraction 

effect of the formulation, we compared the number of bacteria near the particles after 

injection of bacteria and after 10s by tracing swimming bacteria for 2 seconds. Figure 

IV.5a shows the view of the microscope. In the view, the formulation powder particles 

are white, marked by orange stars. To determine the number of bacteria in the view 

around these particles initially, we traced the bacteria in the view from t=0s to t=2s. The 

trace of bacteria from t=0 to t=2s is shown in Figure IV.5b in the form of black lines. The 

area of the black pixels (px) in Figure IV.5b is 218217 px. Similarly, after 10s, we 

determined the number of bacteria in the view around the particles to see if the 

number of bacteria increased. Figure IV.5c shows the trace of bacteria in the view from 

t=8s to t=10s, with the area of black pixels being 255251 px (increased by 1.17 times). 

So, from 0s to 10s, we have seen a very slight increase in the number of bacteria in the 

view. In addition, we seem to have more bacteria swimming around the particles after 

10s. 

a b 

c 
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(a)  

 

(b) 0-2s, Areatrace = 218217 px 

 

(c) 8-10s, Areatrace = 255251 px 

 

Figure IV.5. Photo from video-microscopy of H. pylori in interaction with the formulation 

containing only urea (PU-C0), (a) phase-contrast image at t=0, (b) the trace of bacteria in the 

view from 0 to 2s, (c) trace of bacteria in the view from 8 to 10s. The orange stars indicate 

the position of lipid particles. 

The setup of the experiment is not ideal, since we have several sources of urea from 

different particles. It is then difficult to optimize the view of the microscope. In addition, 

the mass of the particles on the substrate is hard to measure, leading to a possibly too 

large dilution factor. The dilution may decrease the urea concentration and reduce the 

chemotactic activity of bacteria. We did a similar experiment with urea and 

erythromycin-containing formulation (PEU-C0 in Table IV.1). The bacteria were not 

inactivated around the erythromycin-containing particles, even after 83 minutes, 

indicating the possibility that the concentration of erythromycin was too low. Another 

factor is the homogeneity of the lyophilized powder. We have checked and confirmed 

the homogeneity in the urea and erythromycin loading in the powder at the scale of 20 

mg. However, the mass of particles on the substrate in the video-microscopy 

experiment may be too small to ensure the homogeneity of drug loading. There may 

not be enough urea or erythromycin in the particles in the experiments. 

3.2. Gradient soft agar swim plate assay 

On the other hand, we tried to investigate the chemotactic activity via the swarming 

behavior of bacteria on the agar gel surface. While the swarming movement is not the 

same as the swimming movement of bacteria, we may see the attraction effect of the 

formulation. There are several types of chemotactic movement tests, which have been 

reviewed in detail in ref. [6]. Based on the availability of equipment, we choose gel-

based tests. Since the chemical-in-plug test for H. pylori may have false-positive results 

[7], we choose to use the gradient soft agar swim plate assay (Figure IV.6). In this assay, 

a chemoattractant containing plug is put in the middle of the petri dish. The bacteria 

are inoculated on the surface of the gel, at a distance of around 2 cm, as suggested in 

ref. [6]. If the chemoattractant plug induces a bacterial chemotactic movement, the 

shape of the bacteria after incubation will be oval, indicating the growing direction 

toward the chemoattractant source; otherwise, the shape of the bacteria colony is 

round. 
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Figure IV.6. Gradient soft agar swim plate assay configuration, oval shape colony indicates 

the response of bacteria to the plug, while round shape indicates that the bacteria are not 

sensitive to the chemoattractant. 

In our project, the gradient soft agar swim plate assay has been done using 4 wt% 

Mueller Hilton agar gel containing 10% v/v defibrinated horse blood. We tested 7 gel 

plug buttons, described in Table IV.1. The blank gel button composition is the same as 

the cultural environment and is used as the control for the effect of lipids. PB-C0 and 

PB-C5 are blank formulations without urea nor erythromycin, used as the control for 

the effect of urea, and there is chitosan in PB-C5. PU-C0 and PU-C5 are formulations 

that have only urea (without erythromycin), and there is chitosan in PU-C5. PEU-C0 and 

PEU-C5 are formulations that have both urea and erythromycin, and there is chitosan 

in PEU-C5. To prepare the button plug, an amount of formulation is added to a volume 

of 8% agar gel to have the desired concentration of urea and/or erythromycin in the 

plug button. The concentration of urea and erythromycin in the buttons is in Table IV.1. 

The concentration of urea if 100% of urea is released to the gel Petri disk is still much 

higher than the minimum urea detection concentration of H. pylori (50 nM [5]). The 

concentration of erythromycin if 100% erythromycin is released to the gel Petri disk is 

larger than the MIC of erythromycin (<0.06 µg/mL). After the preparation of the plug 

button, it was plugged into the middle of the petri dish. 10µL of bacterial suspension 

(3-4 McFarland) was inoculated on the surface of the petri dish. The H. pylori strains 

used for the experiment are listed in Table IV.2. The plates were then incubated in an 

airtight container containing gas packs (BD GasPakTM EZ Campy Container System) at 

35oC. The results were read after 5 days to ensure the growth of bacteria. 
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Sample 
%Chitosan 

(wt%) 

%Urea 

(wt%) 

%ERY 

(wt%) 

Conc. 

Urea in 

the 

button 

(mM) 

Conc. 

Urea 

after 

100% 

release 

(mM) 

Conc. ERY 

in the 

button 

(µg/mL) 

Conc. ERY 

after 100% 

release 

(µg/mL) 

Blank gel 

button 
0 0 0 0 0 0 0 

PB-C0 0 0 0 0 0 0 0 

PB-C5 0.12 0 0 0 0 0 0 

PU-C0 0 24 0 2.67 0.029 0 0 

PU-C5 0.12 24.7 0 2.74 0.03 0 0 

PEU-C0 0 27.9 1.2 3.1 0.034 8 0.09 

PEU-C5 0.12 27.4 1.2 3.05 0.034 8 0.09 

Table IV.1. Sample description of formulations used in chemotactic swarming experiments 

No. Strain MIC of clarithromycin (µg/mL) Note 

1 2206_220738 <0.016 Sensible to clarithromycin 

2 2206_271989 0.016 Sensible to clarithromycin 

3 J99 <0.016 Sensible to clarithromycin 

4 2203_281091 12 Resistant to clarithromycin 

5 2204_130766 16 Resistant to clarithromycin 

Table IV.2. H. pylori strains used for chemotactic swarming experiments with data from 

Poitiers University Hospital 

The chemotactic swarming behavior of H. pylori is shown in Figure IV.7. Most of the 

bacterial colony spots are round, indicating that they did not respond to the 

formulation. The swarming behavior is agar gel concentration-dependent [8]. While the 

agar concentration recommended for the swarming experiment is 1.5 wt% [8], we could 

not have a solid gel agar below 4 wt%. Maybe that is one reason why the bacteria did 

not respond in the experiment. The video-microscopy technique may be more suitable 

to observe the chemotactic response of bacteria. 
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Figure IV.7. Chemotactic swarming experiments of H. pylori on agar gel, induced by (a) a 

blank gel plug button acting as a reference, (b) PB-C0 button, (c) PB-C5 button, (d) PU-C0 

button, (e) PU-C5 button, (f) PEU-C0 button and (g) PEU-C5 button. 

The use of natural taxis to attract the target toward the drug carrier is an interesting 

approach, which has been reviewed in chapter 2. It would increase the targeting 

efficiency, facilitating the meeting between the target and the drug carrier. Not only on 

a – Gel-only button b – PB-C0 button c – PB-C5 button 

d – PU-C0 button e – PU-C5 button 

f – PEU-C0 button g – PEU-C5 button 
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bacteria, but this strategy may also apply to any other moving targets, for example, 

metastasis cancer cells or immune cells. Our project aims to be a proof-of-concept 

work, which may demonstrate the use of chemotaxis to attract a moving target toward 

the drug carrier. However, we still need more experimental data to definitely support 

our proposal.  

4. Perspective 

Because the project focuses on the pre-formulation and formulation aspect, it lacks the 

data of the biological test aspect. To complete the in vitro dataset, the project will be 

complete with the chemotactic behavior of H. pylori. The mucoadhesive property of the 

formulation needs to be investigated via the interaction with mucin. The adhesion of 

the formulation to H. pylori can also be done by fluorescence labeling. After that, the in 

vivo experiments are also interesting to find the treatment efficiency of the formulation, 

in comparison to treatment in the clinic. The process of the formulation in the stomach 

and going through the gastrointestinal tract in vivo would also be interesting to study. 
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Working experience 

• 10/2019 – 12/2022 – PhD Candidate  

Institute Galien Paris-Saclay, CNRS, Châtenay-Malabry 

- Developed lipid formulation for oral delivery of poorly soluble drugs 

- Handled formulation development from pre-formulation to drug release testing 

- Characterized physical-chemical properties of industrial lipid excipients 

• 03/2019 – 09/2019 – Master 2 Research Intern 

Institute Néel, CNRS, Grenoble 

- Synthesized degradable silica nanoparticles acting as nanocarrier targeting tumors 

- Gained knowledge about sol-gel chemistry and organosilica particles. 

• 01/2018 – 03/2018 & 06/2018 – 08/2018 – Master 1 Research Intern 

INSA Lyon and Université de Lyon 1, Villeurbanne  

- Characterized carbon nanotube yarns and silica gels for energy application 

• 07/2016 – 07/2017 – Bachelor Research Intern 
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Institute of Materials Science, Vietnam 

- Fabricated nanocarbon aerogel for environmental and energy application 

Technical skills 

- Materials and nanomaterials characterization methods (SAXS, EM, AFM, FTIR, DSC, 

TGA v.v..) 

- Analytical chemistry techniques (HPLC, LC-MS) 

- Colloidal stability characterization (DLS, Zeta potential)  

- Formulation manufacturing and quality control (design of experiments, 

homogenization, lyophilization, drug loading test) 

- Dissolution and drug release tests in biological media 

- Data analysis and presentation (OriginLab, Matlab, ImageJ, Excel) 
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- Mustapha El Hadri et al., Structural and Vibrational Investigations of Mixtures of Cocoa 

Butter (CB), Cocoa Butter Equivalent (CBE) and Anhydrous Milk Fat (AMF) to Understand 

Fat Bloom Process, Applied Science (2022), 12(13), 6594; DOI: 10.3390/app12136594 

- Hung V. Nguyen et al., Synthesis and properties of porous ester-silica nanoparticles, 

Microporous and Mesoporous Materials, 317 (2021), 110991; DOI: 

10.1016/j.micromeso.2021.110991 

- Hung V. Nguyen, Vincent Faivre, Targeted drug delivery therapies inspired by natural 

taxes, Journal of Controlled Release. 322 (2020) 439–456. DOI: 

10.1016/j.jconrel.2020.04.005 


