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SUMMARY 

In their naked form, vitamins deal with several stability issues influencing their 

bioavailability in a negative manner. Great limitations occur on incorporating the 

vitamins in the desired product, due to reactivity with other components, organoleptic 

changes and changes in storage stability. In order to overcome these limitations, 

several delivery systems have been proposed, where liposomes arouse a high level of 

interest. Liposomes are capable of encapsulating both lipophilic and hydrophilic 

compounds. Due to their cell-mimetic behaviour, liposomes possess a high 

biocompatibility, biodegradability, and a low intrinsic toxicity and immunogenicity. In 

contrast to these advantages, liposomes have a high tendency to aggregate, leak and 

lose the encapsulated active molecules. In order to overcome these problems, new 

approaches have been developed. Covering the liposomes surface with polymers, 

such as chitosan, has shown to be a promising way to modify the surface 

characteristics and improve the stability.  

In this thesis, unloaded, vitamin D3 loaded and vitamin K2 loaded nanoliposomes 

were produced using the novel simil-microfluidic method. The nanoliposomes 

consisted out of a 2.5:1 (mol/mol) phosphatidylcholine/cholesterol ratio. The produced 

nanoliposomes were subsequently enwrapped over a varying range of chitosan 

concentrations, in order to achieve stable core-shell structures. The coating was 

performed using the same simil-microfluidic method, although under different operating 

conditions. The produced nanoliposomes were characterised for their encapsulation 

efficiency, size and PDI, zeta potential, mucoadhesive properties and stability. 

The results for characterization showed that for vitamin D3 loaded liposomes coated 

with 0.01% (w/v) chitosan gave rise to chitosan-coated liposomes, ‘chitosomes’, with 

most favourable properties, being a high encapsulation efficiency, excellent 

mucoadhesive properties, a PDI close to a monodisperse distribution. The increase in 

size and zeta potential confirmed the chitosan-liposome interaction, indicating a 

successful coverage. For vitamin K2 loaded liposomes these similar favourable 

properties were reached at a coating performed with 0.005% (w/v) chitosan.  

Chitosan-coated liposomes demonstrated to be an effective delivery system, 

with excellent properties for sublingual administration, they might open opportunities 

for future applications in nutraceutical, pharmaceutical and cosmetical field. 



 

 

SAMENVATTING 

In hun naakte vorm hebben vitamines te maken met tal van stabiliteitsproblemen 

die een negatieve invloed uitoefenen op de biologische beschikbaarheid. Ook het 

incorporeren van vitamines in het gewenste product gaat gepaard met vele 

beperkingen. In de betrachting om deze beperkingen te overkomen, werden reeds 

verschillende drug delivery systems ontwikkelt, waaronder liposomen hoge interesse 

opwekken. Omwille van hun cel-nabootsend eigenschappen, bezitten ze een hoge 

biocompatibiliteit, biodegradeerbaarheid en een lage intrinsieke toxiciteit en 

immunogeniciteit. In contrast met deze voordelen, hebben liposomen ook 

verschillende nadelen, waaronder hun sterke neiging tot aggregatie en verliezen van 

de geïncapsuleerde actieve molecules.  Bedekken van het oppervlak van de 

liposomen met een (bio)polymeer, zoals chitosan, heeft getoond een veelbelovende 

techniek te zijn om de karakteristieken te modificeren en de stabiliteit te verbeteren. 

In deze thesis werden ongeladen, vitamine D3 geladen en vitamine K2 geladen 

liposomes geproduceerd met behulp van de nieuwe simil-microfluidic methode. De 

nanoliposomes bestonden uit een 2.5:1 (mol/mol) phosphatidylcholine/cholesterol 

ratio. De geproduceerde stalen werden vervolgens gecoat over een variërende range 

van chitosan concentraties, om stabiele core-shell structuren te verkrijgen. Ook de 

coating werd uitgevoerd gebruikmakende van de simil-microfluidic methode, zij het 

onder verschillende condities. De geproduceerde nanoliposomen werden vervolgens 

gekarakteriseerd naar hun encapsulatie efficiëntie, grootte en PDI, zeta potentiaal, 

mucoadhesieve eigenschappen en stabiliteit. 

De resultaten toonden dat vitamine D3 geladen liposomen met een chitosan 

coating van 0.01% (m/v) de meest gunstige eigenschappen bezaten, zijnde een hoge 

encapsulatie efficiëntie, excellente mucoadhesieve eigenschappen en een PDI dicht 

bij een monodisperse distributie. De stijging in grootte en zeta potentiaal wijzen op 

een succesvolle coating. Voor vitamine K2 geladen liposomen werden gelijkaardige 

resultaten bekomen bij een coating uitgevoerd met 0.005% (m/v) chitosan. 

Chitosan-gecoate liposomen toonden aan een effectief drug delivery systeem te 

zijn, met excellent eigenschappen voor sublinguale administratie. Dit opent mogelijks 

nieuwe perspectieven in toekomstige applicaties in de nutraceutische, farmaceutisch 

en cosmetische industrieën.   



 

 

ACKNOWLEDGEMENTS 

 

Firstly, I would like to thank Prof. Dr. Remaut, from Ghent University, and Prof. Dr. 

Lamberti and Prof. Dr. Barba, from the University of Salerno, for giving me the 

opportunity to perform my thesis at the University of Salerno. 

 

A big thank you goes to Annalisa and Veronica, for the many coffee breaks, good 

talks and most of all, for making me feel welcome and at home in the lab.  

It has been a pleasure working with you girls!  

In particular, I want to thank Annalisa for guiding me through the experimental and 

writing process of my thesis and for her help and expertise, whenever I needed it. 

 

I would also like to thank my international friends, for their support, comfort, and 

memorable trips and evenings, all over Italy. 

 

And finally, I want to thank my parents for giving me the chance to study abroad, for 

their endless support during these four months and for letting me live this 

unforgettable and enriching experience to the fullest. 

 

  



 

 

Table of contents 

ABBREVIATIONS .....................................................................................................................  

1. INTRODUCTION .............................................................................................................. 1 

1.1 VITAMINS .................................................................................................................. 1 

1.1.1 VITAMIN D ......................................................................................................... 1 

1.1.2 VITAMIN K .......................................................................................................... 3 

1.2 MICRO- AND NANOENCAPSULATION .............................................................. 5 

1.2.1 DELIVERY SYSTEMS ...................................................................................... 5 

1.3 LIPOSOMES AS DRUG DELIVERY SYSTEM .................................................... 7 

1.3.1 COMPONENTS OF LIPOSOMES .................................................................. 8 

1.3.2 PRODUCTION OF LIPOSOMES: SIMIL-MICROFLUIDIC METHOD ...... 9 

2. OBJECTIVES ................................................................................................................. 13 

3. MATERIALS AND METHODS ..................................................................................... 14 

3.1 CHEMICALS ............................................................................................................ 14 

3.2 APPARATUS ........................................................................................................... 14 

3.3 METHODS ............................................................................................................... 15 

3.3.1 PRODUCTION OF UNLOADED NANOLIPOSOMES .............................. 15 

3.3.2 PRODUCTION OF LOADED NANOLIPOSOMES .................................... 15 

3.3.3 PRODUCTION OF COATED NANOLIPOSOMES .................................... 16 

3.3.4 CHARACTERIZATION OF UNCOATED AND COATED 

NANOLIPOSOMES ....................................................................................................... 16 

3.3.5 STABILITY TESTING ..................................................................................... 23 

3.3.6 STATISTICAL EVALUATION ........................................................................ 24 

4. RESULTS AND DISCUSSION .................................................................................... 25 

4.1 PRODUCTION OF LOADED NANOLIPOSOMES ............................................ 25 

4.2 PRODUCTION OF COATED NANOLIPOSOMES ........................................... 25 

4.3 CHARACTERIZATION .......................................................................................... 26 

4.3.1 ENCAPSULATION EFFICIENCY ................................................................. 26 

4.3.2 SIZE, Z-AVERAGE, PDI AND ZETA POTENTIAL .................................... 27 

4.3.3 MUCOADHESIVITY ........................................................................................ 31 

4.4 STABILITY ............................................................................................................... 33 

4.4.1 TURBIDIMETRY .............................................................................................. 33 

4.4.2 STORAGE ASSESSMENT ............................................................................ 35 

4.4.3 FUTURE PERSPECTIVES ............................................................................ 38 



 

 

5. CONCLUSIONS ............................................................................................................. 39 

6. REFERENCES ............................................................................................................... 40 

 

 

 

 

 
  



 

 

ABBREVIATIONS 
 

1,25(OH)2D: 1,25-dihydroxyvitamin D 

25(OH)D: 25-hydroxyvitamin D 

AI: active ingredient 

DLS: dynamic light scattering 

EE: encapsulation efficiency 

NTU: nephelometric turbidity unit 

PC: L-α-phosphatidylcholine 

PDI: polydispersity index 

RANKL: receptor activator of nuclear factor- κB ligand



 

1 
 

1. INTRODUCTION 

1.1 VITAMINS 

Vitamins are micronutrients, rudimentary for human growth and play an important 

role in maintaining the health status of the human body. They can be classified as 

either hydrophilic, or lipophilic. The major part cannot be formed in the human body or 

are formed in very little amount. Hence, the importance to provide vitamins in adequate 

quantities through a diet of (fortified) food and/or supplementation in order to prevent 

deficiencies and its associated effects on health. (1-3). In their naked form, vitamins 

are highly susceptible to degradation and possess poor bioavailability and bio 

accessibility. Vitamin K and vitamin D in particular are lipophilic vitamins with a poor 

solubility in aqueous media. In order to enhance their solubility, stability and targeting 

profile, modifications have to be made (4). Therefore, a wide variety of delivery systems 

have been developed to counterbalance these issues.  

1.1.1 VITAMIN D 

In 1919, Vitamin D was identified in cod liver oil by McCollum et al. as an antirachitic 

substance. It is classified as lipophilic and exists in two forms: 1) ergocalciferol or 

vitamin D2 and 2) cholecalciferol or vitamin D3. Vitamin D2 is present in irradiated yeast, 

formed from the yeast sterol ergosterol. Vitamin D3, possessing a molecular weight of 

384.6 g/mol, is formed in the human epidermis and dermis layers, when exposed to 

ultra-violet B. Sources of vitamin D3 from diet are very limited, only a restricted amount 

of vitamin D can be attributed to the diet. The highest concentrations of vitamin D can 

be found in fish liver oil, egg yolk and fortified food, such as milk, margarines and 

breakfast cereals (1, 5, 6). 

  

 

 

 

 

 

 

Figure 1.1: structure of cholecalciferol (7). 
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The vitamin D originating from diet is incorporated into chylomicrons, formed in the 

enterocytes of the small intestine. From there, the chylomicrons are absorbed into the 

lymphatic system and transported to the venous circulation where it is transported 

through the blood circulation bounded to alpha-globulin. The bigger source of vitamin 

D3 is obtained from exposure to natural sunlight. The epidermis and dermis layers of 

the human skin contain provitamin D3 or 7-dehydrocholesterol. When exposed to 

natural sunlight, UV-B activates a conversion of provitamin D3 into previtamin D3. 

However, this conversion requires UV-B rays with a specific wavelength range 

between 290 and 315 nm. For some countries, at a latitude higher than 40° north, 

these UV-B rays are only present from March until September, causing the population 

to be dependent on exclusively dietary and body store sources of vitamin D in autumn 

and winter months. Next, previtamin D3 is isomerized to vitamin D3 in the basal cells of 

the epidermis and transported to the blood circulation. From the venous circulation, it 

is transported to the liver where it undergoes its first hydroxylation to 25-hydroxyvitamin 

D [25(OH)D], catalysed by vitamin D-25-hydroxylase. 25-hydroxyvitamin D, with a half-

life of 2 weeks, is also the major circulating form of vitamin D. Bound to alpha-globulin, 

25(OH)D is transported into the renal tubule cells and hydroxylated into 1,25-

dihydroxyvitamin D [1,25(OH)2D], catalysed by 25-hydroxyvitamin D-1α-hydroxylase. 

This is also the biologically active form of vitamin D (1, 6, 8-11). 

1,25-dihydroxycholecalciferol plays an important role in the calcium and 

phosphorus homeostasis. It acts as a substrate for the specific vitamin D receptor, 

which is a nuclear transcription factor and functions by controlling the expression of 

genes involved in several physiological processes. Activation of the vitamin D receptor 

leads to the formation of the vitamin D receptor-retinoic acid x-receptor complex. One 

of its functions is increasing the expression of epithelial Ca2+ uptake channels and the 

calbindin 9k protein. The former generates a higher amount of calcium to enter the cell, 

the latter binds calcium to assists its translocation in the bloodstream. Another 

important function of the vitamin D receptor is inducing the expression of the receptor 

activator of nuclear factor- κB ligand (RANKL). This can bind the RANK present on the 

surface of preosteoclasts and induces the maturation into mature osteoclasts. The 

mature osteoclasts thereafter release calcium and phosphorus from bone and thus 

benefits in this way the re-absorption of calcium and phosphorus (10, 12).  
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Previous research focused on the importance of vitamin D in the prevention and 

therapy of several chronic diseases, like type-2 diabetes and cardiovascular diseases. 

An ecological study, conducted in 2002, demonstrated the association between vitamin 

D supplementation and the reduced risk of a large number of cancers (13). A meta-

analysis of 18 independent randomized controlled trials, carried out in 2007 on 

literature up to November 2006, showed that daily doses of vitamin supplements from 

300 to 2000 IU appeared to be associated with a decrease of total mortality rates (14). 

Vitamin D deficiency or hypovitaminosis D is defined as a concentration of 25(OH)D 

below 20 ng/mL (50 nmol/L).   In most cases, it is caused by a reduced exposure to 

sunlight. This lack of exposure can be the result of several underlying causes, such as 

lifestyle and environmental factors. The high occurrence of hypovitaminosis D is 

considered as an important public health issue (6). Risks of hypovitaminosis D include 

rickets in children and osteomalacia in adults. Osteomalacia is a defect of bone 

mineralization caused by a vitamin D deficiency. It is manifested by the mineralisation 

deficiency of the osteoid matrix resulting in accumulation of the osteoid tissue. In 

children, where the bone is still unmatured, a deficiency causes calcification of the 

osteoid matrix (15).  

1.1.2 VITAMIN K 

Vitamin K was first discovered by H. Dam in 1929. E. A. Doisy et al. isolated 10 

years later the two forms of vitamin K, being 1) vitamin K1 or phylloquinone and 2) 

vitamin K2 or menaquinone. Both forms are characterised by the same functional 

methylated naphthoquinone ring and an aliphatic side chain of isoprenoid residues. 

Vitamin K1, consisting of four isoprenoid residues, is widely distributed in nature. The 

highest amount can be found in green vegetables such as spinach, broccoli and 

brussels sprouts, and vegetable oils like soybean oil, olive oil and canola oil. Several 

subtypes for vitamin K2 can be distinguished, depending on the number of isoprenoid 

units. The most important and abundant form for humans is the short-chain 

menaquinone-4, abbreviated as MK-4, with a molecular weight of 444,65 g/mol. The 

main source for MK-4 is animal products and certain tissues, such as pancreas, testis 

and the vessel wall, are capable of converting phylloquinone to MK-4. The long-chain 

menaquinone, MK-7 to MK-13, are synthesised by bacteria present in the intestinal 

tract. However, the route of absorption still remains unclear and there is evidence that 

the intestinally produced menaquinones are poorly absorbed (16-18).  
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Figure 1.2: structure of menaquinone-4 (19). 

Vitamin K originating from the diet is, after absorption in the intestinal tract, 

incorporated in triacylglycerol-rich lipoproteins and transported to the liver. All forms of 

vitamin K function as a cofactor for γ-glutamate carboxylase. This enzyme converts 

protein bound glutamate residues, known as the Gla protein family, into 

γ- carboxyglutamate. The conversion requires the reduced form of vitamin K. During 

the conversion, the reduced vitamin K is converted to vitamin K epoxide, and 

subsequently reduced back to active coenzyme by epoxide reductase (VKOR), thus 

there is a continuous regeneration of the reduced vitamin K.  

Among the Gla protein family there are seven vitamin K dependent blood 

coagulation proteins (coagulation factor II, VII, IX, X and protein C,S and Z), 

osteocalcin, matrix Gla protein and kidney Gla protein. Matrix Gla protein is an inhibitor 

of vascular calcification, the carboxylation leads to a reduction of coronary calcification 

and thereby lowers the risk of cardiovascular diseases. This reasoning was confirmed 

by multiple studies showing the association between an increased vitamin K intake and 

a reduced CVD risk (17). Additionally, vitamin K has a beneficial role in promoting 

normal bone growth and development, attributed to the activation of osteocalcin and 

matrix gla protein. Currently, there are still new vitamin K dependent proteins being 

described. These findings emphasizes the growing importance of vitamin K in human 

health beyond the coagulation and skeletal pathways. 

Vitamin K deficiency is most common in new-born infants. Causes for the high 

occurrence is the low placental transfer and low concentration in breast milk. Vitamin 

K supplementation given as a prophylactic to prevent vitamin K deficiency associated 

bleedings is implemented as a standard practice at birth. In adults, vitamin K deficiency 

occurs less often and a possible cause can be the therapeutic intake of a vitamin K-

antagonist, e.g. warfarin (20). 
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1.2  MICRO- AND NANOENCAPSULATION 

As described under section 1.1, naked vitamins deal with stability issues in the 

presence of heat, extreme pH levels, oxidants, UV-light and metal ions. Especially in 

nutraceutical applications, there are great limitations on incorporating vitamins in the 

product, due to reactivity with other components, organoleptic changes and changes 

in storage stability. Encapsulation is a technique of entrapping solid, liquid or gaseous 

active ingredients within a second material. It gives rise to the opportunity to overcome 

the challenges regarding the stability and bioavailability. Currently, two types of 

encapsulation can be distinguished, being micro- and nanoencapsulation (3, 21). 

Where microencapsulation covers particles from 1 to 1000 μm, nanoencapsulation 

covers the nano-scale from 10 to 1000 nm (22). Micro and nanoencapsulation have a 

diverse range of applications, from the chemical and pharmaceutical field to cosmetics 

and food industries.  

1.2.1 DELIVERY SYSTEMS  

A broad variety of encapsulation techniques are described in literature. In this 

chapter, a brief overview of the most common and important ones will be given. The 

selection of the applied encapsulation technique is not always easy to make. In 

general, the choice is made based on the following aspects: desired size, 

physicochemical properties of the active ingredient, used solvents and the desired 

delivery system. Many nanoscale delivery systems have been developed and 

examined for their potential to encapsulate, protect and deliver bioactive molecules 

(23). Most of them require the presence of carrier materials to encapsulate the 

bioactive ingredient. Table 1.1 shows the most common delivery vehicles and delivery 

systems together with their associated features. For more detailed description of the 

different delivery systems, refer to the corresponding literature. 
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Table 1.1: overview of the most common delivery vehicles, delivers systems 

and their associated advantages and disadvantages (2, 3, 24). 

Delivery vehicle Delivery system Advantages Disadvantages 

Solid-in-liquid 
dispersion 

Micro- and 
nanoparticles: 
sphere and capsule 
 

Stabilizing; 
Controlled 
release of AI; 
High EE 

High process costs; 
Possible 
immunogenicity 

Solid lipid 
nanoparticles 

Stabilizing; 
Protection from 
degradation; 
Controlled 
release; 
High EE 

High process costs; 
Possible 
immunogenicity 
 

Liquid-in-liquid 
dispersion 

Micro- and nano 
emulsions 

Direct use; 
Polar, apolar 
and 
amphiphilic AI 

Instable to 
environmental 
exposure 

Self-assembling 
colloids dispersion 

Micelles Increased 
solubility and 
bioavailability; 
Protection  

Mainly used on 
laboratory scale 

Liposomes Flexible; 
Both 
hydrophilic as 
hydrophobic 
AI; 
Controlled 
delivery 

Mainly used on 
laboratory scale 

Encapsulation in dry 
matrices 

Spray drying Low process 
costs; 
Flexible; 
Stabilizing; 
High EE 

Difficult control of 
size; 
Not suited for heat 
sensitive AI’s 
 

Extrusion Complete 
coverage; 
Excellent 
stability 

Complex process 
 

Fluidized bed Low process 
costs; 
Control of size 
distribution 

Not suited for heat 
sensitive AI’s 

Encapsulation in 
cyclodextrin 

Inclusion complex Improved 
stability; 
Solubility-
enhancing 
effect 

Expensive; 
Undesired release; 
Particular 
dimensions of AI 
required 
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1.3  LIPOSOMES AS DRUG DELIVERY SYSTEM 

Liposomes are closed vesicular systems. They consist out of one or multiple 

phospholipid bilayers, which self-assemble when membrane lipids are dispersed in an 

excess of water, and an aqueous core. In 1965, Bangham A. and colleagues published 

the first work describing what would become the basis for model membrane systems. 

Within the next few years the concept that liposomes could act drug delivery systems 

was established (25). Currently, liposomes attract attention for their potential to acts 

as targeted release carrier systems. The properties of the liposome bilayer can be 

altered by changing the content of it, which makes them flexible to work with. Due to 

their cell-mimetic behaviour, liposomes possess a high biocompatibility, 

biodegradability, and a low intrinsic toxicity and immunogenicity. In addition, liposomes 

are capable of encapsulating both lipophilic and hydrophilic molecules. More 

specifically, a molecule can be incorporated in the aqueous core of the vesicle, inside 

the lipid bilayer or at the interface between the lipid bilayer and the aqueous exterior. 

All of this considered, it can be stated that liposomes are an innovative and promising 

drug dosage system to encapsulate active molecules. (26-28). 

Liposomes can be classified according to their size and their structure. Based on 

their size and number of bilayers, they can be categorized as multi lamellar vesicles 

(MLV) and unilamellar vesicles. The unilamellar vesicles can be further classified into 

large unilamellar vesicles (LUV) and small unilamellar vesicles (SUV). MLV consists 

out of multiple phospholipid bilayer membranes and have dimensions larger than 500 

nm. LUV’s and SUV’s consists out of one phospholipid bilayer and have dimensions 

larger than 100 nm and 20 to 100 nm, respectively. Based on their structure, 

conventional, stimuli-responsive, long-circulating liposomes can be distinguished (27).  

In their original form, liposomes are sensible to degradation, have a high tendency 

to aggregate and leak and lose the encapsulated active molecules over time. This poor 

stability has major consequences for the shelf life of the liposome suspension (29). In 

order to overcome these problems, new approaches have been developed to improve 

the characteristics. Covering the liposome’s surface with polymers has shown to be a 

promising way to modify the surface characteristics and improve the stability. Various 

polymers are suitable for covering the liposome’s surface, where chitosan has already 

been intensively studied. Besides an increased stability, chitosan coated liposomes 

possess mucoadhesive properties that extend the residence time at the site of 
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absorption. This leads to an enhanced bioavailability of the encapsulated AI (30). 

Chitosan coated liposomes are formed through ionic interactions between the 

negatively charged liposomes and the positively charged chitosan. 

1.3.1 COMPONENTS OF LIPOSOMES 

In order to achieve the desired properties, it is important to carefully select the 

components to design the phospholipid bilayer. The choice of the specific lipids that 

will be used to build up the bilayer depends on the physicochemical properties of the 

active ingredient. The different types of lipids, used in the preparation of the liposomes 

in this thesis, are here described.  

L-α-phosphatidylcholine (PC) is the most abundant phospholipid in the membrane 

of the eukaryotic cell. It consists out of a positively charged choline group and a 

negatively charged phosphate group, PC’s net charge is zero (31). In figure 1.3 L-α-

phosphatidylcholine’s structure is shown. 

 

 

Figure 1.3: Structure of L-α-phosphatidylcholine (32). 

Cholesterol, also an important component of the cell membrane, is used in the 

preparation of the liposomes for its property to change the membrane fluidity and 

contribution to the stability of the vesicles. Previous research showed that cholesterol 

tends to keep the structure of the membrane more constant over a range of 

temperatures and degrees of hydration (33, 34). Cholesterol is a neutral molecule. The 

structure of cholesterol is shown in figure 1.4. 
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Figure 1.4: structure of cholesterol (35). 

Chitosan, used for covering the prepared liposomes, is a hydrophilic, 

biocompatible, biodegradable polymer with low toxicity. It is composed out of β-(1-4)-

linked glucosamine units. It is obtained by the deacetylation of chitin, the primary 

component in the exoskeleton of Arthropoda and cell wall of fungi. Due to the presence 

of multiple amino groups, chitosan is a positively charged molecule (29). Figure 1.5 

shows the structure of chitosan. 

 

Figure 1.5: structure of chitosan (36). 

Due to its mucoadhesive properties, chitosan coated liposomes are suited for 

sublingual administration. Sublingual administration is a very convenient route of 

administration with several advantages compared to parenteral administrations. 

Besides the safety, simplicity and patient convenience, it allows a more flexible and 

controlled dosing. Diffusion from the sublingual mucosa into the venous circulation 

allows the AI to be absorbed directly into the systemic circulation, avoiding the first 

pass effect (37). Uncoated liposomes do not possess the mucoadhesive properties, 

but are still suited for different kinds of administration. The uncoated liposome 

suspension can be processed into a cream for transdermal applications, dried and 

pressed into tablets for oral administration, etc (38).  

1.3.2 PRODUCTION OF LIPOSOMES: SIMIL-MICROFLUIDIC METHOD 

There are various methods described to prepare liposomes, the conventional 

methods, which all share the same basic steps, and more novel developed techniques. 
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The conventional methods struggled with problems like high-energy request, long 

process time with a low production and the use of toxic solvents.  More recently, new 

techniques have been developed, among them the microfluidic method. It is a method 

developed for the production of liposomes on nanometric scale. The biggest advantage 

of this method is the precise control of the dimensions of the liposomes and the 

continuous way of production. The major drawbacks are the high production costs and 

low output. In order to overcome these limitations, a semi-continuous apparatus, based 

on the microfluidic principles, was developed (39). The so-called simil-microfluidic 

method preserves the advantages of the microfluidic method, like the continuous and 

size-controlled production and at the same time overcomes its typical limitations, like 

the high production costs and the low output.  

1.3.2.1 SIMIL-MICROFLUIDIC METHOD: PRINCIPLE 

Figure 1.6 shows the setup of the simil-microfluidic apparatus. In general, 5 main 

sections can be distinguished: the feeding, the pumping, the production, the 

homogenization and the recovery section. More specifically, the feeding section 

consists out of two silicon tubes, each connected to a tank. Tank 1 contains the 

lipophilic solution (lipids/ethanol), in which the lipophilic AI to be encapsulated is 

dissolved. Tank 2 contains the hydration solution, which can be pure water or an 

aqueous solution. Both tubes are led to the pumping section, consisting out of two 

single-head peristaltic pumps. After passing through the pumping section, the lipophilic 

solution tube ends, through an inserted needle, into an extension of the hydration 

solution tube, which is the production section. In this section the formation of liposomes 

directly on nanoscale takes place. The phenomenological aspects of this process are 

described in section 1.3.2.2. Finally, the produced suspension is collected and 

subjected to homogenization by magnetic stirring. Afterwards the suspension is ready 

for further actions (39).    
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Figure 1.6: Setup of the simil-microfluidic method. Five sections can be 

distinguished: the feeding section (tank 1 and 2),the pumping section (pump 1 

and 2), the production section, the homogenization section (magnetic stirrer) 

and the recovery section (39). 

1.3.2.2 SIMIL-MICROFLUIDIC METHOD: PHENOMENOLOGICAL ASPECTS  

The formation of nanoliposomes using the simil-microfluidic method is based on 

molecular diffusion processes between the two solutions. The hydration solution 

spontaneously diffuses into the lipophilic solution in order to decrease its concentration 

below the critical value required to solubilize the lipids. Since lipids are insoluble in 

water, the diffusion of water into the lipophilic solution causes a thermodynamic 

instability inducing the closure of the phospholipid bilayer fragments and the formation 

of vesicles. During this process, the formed liposomes are directly on nanometric scale. 

The size distribution of the produced liposomes can be influenced by various factors, 

for example changing the volumetric flow rate ratio or the lipid concentration (39).  

The chitosan coating performed on the produced liposomes is also performed using 

the simil-microfluidic method. The process behind the coverage is based on ionic 

interactions between the positively charged chitosan and negatively charged 

liposomes. More specifically, the negatively charged carboxylic groups of the fatty 

acids interact with the -NH3
+ groups of chitosan. Besides these electrostatic 
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interactions, hydrogen bonding between the hydroxyl groups of the lipid and chitosan 

occurs, together with hydrophobic interactions between the lipid tail and chitosan (40). 

Eventually, the biopolymer absorbs on the charged surface of the liposomes, causing 

a change in its net charge.   
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2. OBJECTIVES 

Vitamins are micronutrients with an essential role to promote growth and maintain 

the health of the human body. In particular, Vitamin D3 and vitamin K2 are two 

interesting vitamins, both poorly soluble in water and synthesized in very low amount 

in the human body. Deficiencies of these specific vitamins are not uncommon and often 

associated with serious health consequences if they remain untreated. Due to their 

poor solubility, stability and sensitivity to degradation, the biggest challenge is to 

develop a stable drug delivery system that is able to overcome these vitamin related 

problems. Various vitamin drug delivery systems have already been described, 

however often related with several limitations. 

The aim of this thesis was to produce a vitamin delivery system that is able to protect 

the vitamins from the exterior, in order to improve their stability over time. By giving the 

vitamin delivery system mucoadhesive properties, a system suitable for sublingual 

administration was created. More precisely, the intention was to produce 

nanoliposomes that are able to encapsulate a sufficient amount of the concerned 

vitamin and subsequently perform a coating with the biopolymer, chitosan, in order to 

achieve mucoadhesive properties. In literature, various information can be found on 

the chitosan coating of empty nanoliposomes. Yet, the information on the coating of 

nanoliposomes, loaded with a bioactive ingredient is limited. 

The production of the nanoliposomes is performed using the novel developed 

simil- microfluidic method. Vitamin D3 and vitamin K2 are both encapsulated in 

separate nanoliposome samples. The two kinds of liposomes are coated over a range 

of different chitosan concentrations and all samples are characterized for size, PDI, 

zeta potential, stability and mucoadhesivity. A often utilized technique in this thesis, 

which was applied to determine the encapsulation efficiency and the mucoadhesivity 

of the produced nanoliposomes, is UV-VIS spectrophotometry.  

From the data analysis of the characterization, the chitosan concentration offering 

the most stable and successful coating, associated with the highest 

mucoadhesiveness, is selected. Further tests to determine the encapsulation efficiency 

and storage stability of these selected samples are carried out.  
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3. MATERIALS AND METHODS 

3.1  CHEMICALS 

For the production of liposomes, cholesterol (CAS 57-88-5) and L-α-

Phosphatidylcholine from soy bean (CAS 8002-43-5) were purchased from Sigma-

Aldrich (Milan, Italy). Vitamin D3 (CAS 67-97-0) and vitamin K2 (CAS 863-61-6) were 

obtained from Sigma-Aldrich (Milan, Italy). The chitosan (CAS 9012-76-4) purchased 

from Sigma-Aldrich (Milan, Italy), was of medium molecular weight, a deacetylation 

degree of 75% and a viscosity of 208 cP. Glacial acetic acid (CAS 64-19-7), used to 

prepare the chitosan solution, was purchased from Sigma-Aldrich (Milan, Italy). 

Ethanol (CAS 64-17-5) of analytical grade was bought from Fluka (Bucharest, 

Romania). Triton™ X-100 of laboratory grade (CAS 9002-93-1) was purchased from 

Sigma-Aldrich (Milan, Italy). Monobasic potassium phosphate (CAS 7778-77-0), 

sodium hydroxide (CAS 1310-73-2) and mucin from porcine stomach, type III (CAS 

84082-64-4) were purchased from Sigma-Aldrich (Milan, Italy). Deionized water was 

available in the lab. All materials were used as acquired. 

3.2  APPARATUS 

During all the experiments, the crystal 100 CAL analytical balance, bought from 

Gibertini (Novate Milanese, Italy) was used. The benchtop pH-meter, model pH50 with 

ACT electrode was bought from XS instruments (Carpi, Italy). The simil-microfluidic 

system, consisting out of the Dazheng DC power supply PS-305D and two single-head 

peristaltic pump, obtained from Verderflex (Rieti, Italy). The magnetic stirrer was 

obtained from Velp Scientifica (Usmate, Italy). The Beckman Coulter’s (Milan, Italy) 

optima L-90K ultracentrifuge was utilized, using the Beckman type 55.2 Ti, 55 000 rpm 

rotor. The ultrasonicator Vibra-cell CV 18 was bought from Sonics & Materials 

(Newtown, USA). The Lambda 25 UV-VIS spectrophotometer was obtained from 

PerkinElmer (Monza, Italy). The zetasizer Nano and disposable folded capillary cells 

were purchased from Malvern (Worcestershire, UK). The turbidity meter PCE-TUM 20 

was bought from PCE instruments (Capannori, Italy). 
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3.3  METHODS 

3.3.1 PRODUCTION OF UNLOADED NANOLIPOSOMES 

Unloaded liposomes were produced in order to be able to compare the findings of 

the loaded liposomes to the unloaded ones, and possibly use the results in order to 

interpret and explain certain data. The unloaded and uncoated, anionic liposomes were 

prepared using the simil-microfluidic method. The method requires a lipophilic solution 

and a hydration solution.  

The lipophilic solution was prepared by dissolving 470 mg of phosphatidylcholine 

in 10 mL of ethanol. 94 mg of cholesterol was added as a stabiliser for the liposomes 

membrane. For the hydration solution, 100 mL of deionized water was used. The 

lipophilic solution was coupled to tank 1 and the hydration solution to tank 2. The flow 

rate ratio, defined as the volumetric flow rate of the hydration solution to the volumetric 

flow rate of the lipophilic solution, was set at 10:1, corresponding to a voltage of 11.8 

(45 mL/min) for the former and 2.1 V (4.5 mL/min) for the latter. After running the 

solutions through the peristaltic pumps, into the production section, 110 mL of a hydro-

alcoholic solution was obtained. This solution, containing the formed liposomes directly 

at nanometric scale, was then magnetically stirred for approximately 60 minutes and 

afterwards covered and stored at 4-6°C. 

These particular lipid concentration and volumetric flow rates were chosen, based 

on previous research showing the best results regarding the dimensions and PDI. 

Increasing the lipid concentration led to an increased particle size. Increasing the flow 

rate ratio resulted in a decreased particle size but also a wider liposome size 

distribution (28, 39, 41). 

3.3.2 PRODUCTION OF LOADED NANOLIPOSOMES 

The production of the loaded liposomes with vitamin D3 and vitamin K2 is executed 

similar to the unloaded liposomes. In this preparation, the same ratios of the 

components were applied as for the preparation of the unloaded liposomes. However, 

for economic and practical reasons, the amount of every component was halved. First, 

the lipophilic solution was prepared by weighing 235 mg of phosphatidylcholine and 47 

mg of cholesterol and dissolving these amounts in 5 mL of ethanol. Subsequently, 32.4 

mg of cholecalciferol was weighed and added to the lipophilic solution and magnetically 



 

16 
 

stirred until all was dissolved. Next, the loaded liposomes are produced in the same 

way as described in section 3.3.1 using 50 mL of deionised water as hydration solution 

and the 5 mL lipid-vitamin solution as lipophilic solution. 

For the production of vitamin K2 loaded liposomes, 32.5 mg of vitamin K2 was 

weighed and added to 5 mL of the previously prepared lipophilic solution. 50 mL of 

deionised water was measured and the solutions were run through the simil-

microfluidic under the same conditions and actions described in section 3.3.1. 

3.3.3 PRODUCTION OF COATED NANOLIPOSOMES 

To produce chitosan covered liposomes, the chitosan solution was first prepared. 

1 mL of acetic acid was homogenously mixed with 99 mL of deionized water in order 

to obtain a 1% (v/v) acetic acid solution. Next, 10 mg of chitosan was weighed and 

dissolved in the 1% (v/v) acetic acid solution using a magnetic stirrer at room 

temperature, to achieve a 0.01% (w/v) chitosan solution. Different concentrations of 

chitosan were applied for performing the coating, varying from 0.0025% - 0.005% - 

0.00625% - 0.0075% to 0.01%. Dilutions were made starting from the 0.01% (w/v) 

chitosan stock solution and using deionized water. 

The coating of the empty, vitamin D3 and vitamin K2 loaded liposomes was 

performed identical. 10 mL of the previously prepared liposome sample was taken, 

together with 10 mL of the aqueous chitosan solution. The liposome suspension was 

coupled to tank 1, the aqueous chitosan solution to tank 2. Both were run through the 

micro-fluidic system at equal volumetric flow rates of 26 mL/min, corresponding to 8.1 

V for the liposome solution and 7.5 V for the aqueous chitosan solution. The recovered 

suspension was then magnetically stirred for approximately 60 minutes and later 

covered and stored at 4-6°C.  

3.3.4 CHARACTERIZATION OF UNCOATED AND COATED 

NANOLIPOSOMES 

Characterization is an essential part to determine the efficiency of the applied 

method and to form an idea about the stability of the formed suspension. The 

encapsulation efficiency, size, PDI, zeta potential, mucoadhesivity and stability were 

determined. 
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3.3.4.1 ENCAPSULATION EFFICIENCY  

One of the most important characteristics is the encapsulation efficiency. This is 

the percentage bioactive ingredient which is successfully encapsulated in the formed 

liposomes. The EE is depending on the composition of the liposomes and the 

concentration and characteristics of the to-encapsulate bioactive ingredient (42). The 

encapsulation efficiency was assessed  by lysing the liposomes and quantifying the 

entrapped vitamin. Naturally, it is desired for the encapsulation efficiency to be as high 

as possible in order to preserve the vitamins properties maximally over time (2).  

Calibration curve 

In order to be able the quantify the amount of vitamin present in the supernatant 

and the lysed liposomes, a calibration curve was made up. For vitamin D3, the following 

dilutions were prepared, using ethanol and starting from a 270 µg/ml stock solution: 

1.563 µg/ml - 3.125 µg/ml - 6.25 µg/ml - 12.5 µg/ml - 25 µg/ml - 50 µg/ml. The spectra 

of every dilution was measured using a 3 mL quartz cuvette, path length of 1 cm and 

at a range of 200 nm - 600 nm. Since vitamin D3 absorbs around 270 nm, the 

absorbance maxima in the range of 250 nm – 300 nm were calculated for every 

dilution, and plotted to the corresponding concentrations, in order to obtain the 

calibration curve. By performing linear regression, the extinction coefficient of vitamin 

D3 was determined. 

For vitamin K2, the following dilutions, using ethanol as diluter, were prepared: 

4.6875 µg/ml - 9.375 µg/ml - 18.75 µg/ml - 37.5 µg/ml - 75 µg/ml. The spectra of every 

dilution was recorded using a 3 mL quartz cuvette, path length of 1 cm and at a range 

of 200 nm - 700 nm. Vitamin K2 absorbs around 329 nm, the absorbance maxima in 

the range of 300 nm - 350 nm were calculated for every dilution, and plotted to the 

corresponding concentrations, in order to obtain the calibration curve. By performing 

linear regression, the extinction coefficient of vitamin K2 was determined.  

Sample analysis 

3 mL of the sample, containing the vitamin encapsulated liposomes, were 

transferred to tubes suitable for the ultracentrifuge. Next, the tubes were centrifugated 

for 60 minutes at 35 000 rpm, vacuum. The supernatant, containing the 

unencapsulated vitamin, was thereafter removed from the pellet and collected into 
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plastic tubes. The pellet is preferably destroyed using triton X-100 1% (v/v). For vitamin 

D3 encapsulated liposomes, the pellet was treated with 2.8 mL of ethanol. The reason 

for this is that triton X-100 absorbs in the same range as vitamin D3 and disturbs in this 

way the UV-VIS quantification, thus ethanol was used to destroy the pellet.  For vitamin 

K2 encapsulated liposomes, the pellet was treated with 2.8 mL of triton X-100 1% (v/v). 

The specific volume of 2.8 mL was chosen, based on previous research that showed 

that a residue of 200 µL supernatant is present in the pellet, after separation of the two 

phases. Thus, addition of 2.8 mL is necessary in order to obtain the total, original, 

volume of 3mL. The pellet was left to incubate for approximately 30 minutes and 

afterwards sonicated for one minute at 100% amplitude.  

Both the supernatant and pellet of each sample were submitted to UV-VIS 

spectrophotometric analysis. Taken into account the calculated extinction coefficient 

and the maximal wavelength of absorbance at 270 nm for vitamin D3 and 329 nm for 

vitamin K2, the concentrations were calculated using the Lambert-Beer law, shown in 

equation (3.1). 

𝐴 =  𝜀 ∗  𝑐 ∗  𝑙          (3.1) 

Where: A: absorbance 

 ε: extinction coefficient (mL/μg.cm) 

 c: concentration (μg/mL) 

 l: path length (cm)  

 

Subsequently, the encapsulation efficiency (E.E.) was calculated as described in 

equation (3.2). 

𝐸. 𝐸. =
[𝑝𝑒𝑙𝑙𝑒𝑡]

[𝑝𝑒𝑙𝑙𝑒𝑡] + [𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡]
𝑥 100 %      (3.2) 

Where: E.E.: encapsulation efficiency (%) 

[pellet]: vitamin concentration in pellet (μg/mL) 

[supernatant]: vitamin concentration in supernatant (μg/mL) 
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Besides the encapsulation efficiency, the theoretical load and effective load were 

also calculated. The theoretical load is defined as the percentage of vitamin present in 

the sample to the total mass of the pellet. It is calculated using equation 3.3. 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑 =
𝑚𝑣

𝑇

𝑚𝑃
∗ 100%  (3.3) 

Where: 𝑚𝑣
𝑇: mass of theoretical vitamin, being the sum of masses of vitamin 

XXXXX detected in the pellet and supernatant (mg) 

 𝑚𝑃: mass of pellet, being the sum of the masses of PC, cholesterol, 

vitamin and, if coated, chitosan weighed during preparation (mg) 

The effective load is defined as the percentage of vitamin actually encapsulated in 

the liposomes, to the total mass of the pellet. If the weighed mass of the pellet is 

assumed to be the theoretical mass, so no loss on weight occurred, equation 3.4 is 

obtained. 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 =  
𝑚𝑣

𝑝

𝑚𝑝
∗ 100%        (3.4) 

Where: 𝑚𝑣
𝑝
: mass of vitamin detected in pellet (mg) 

 𝑚𝑝: mass of pellet, being the sum of the masses of PC, cholesterol, 

vitamin and, if coated, chitosan weighed during preparation (mg) 

Equation 3.4 can also be rewritten as the multiplication of the encapsulation 

efficiency with the theoretical loading. 

3.3.4.2 SIZE, Z-AVERAGE AND PDI 

For the size analysis, the dynamic light scattering (DLS) method was applied. This 

non-invasive method measures the diffusion speed of the particles, moving under 

Brownian motion. The Brownian motion is described as the at random movement 

caused by the bombardment of the molecules in the direct surroundings of the 

particles. It can be influenced by multiple parameters, where sample temperature, 

sample viscosity and particle size are the most important ones. The measurements of 

the diffusion speed are based on measuring the variations in intensity of the scattered 

laser beam. The light scattering is a result of the interaction of the incident light and 

the present particles in the sample. Since the diffusion speed is defined by the 

translation diffusion coefficient, the software is able to convert the calculated 
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translation diffusion coefficient into a particle size using the Stokes-Einstein equation, 

presented in equation 3.3 (2, 43). 

 𝐷 =
𝑘𝐵∗𝑇

6∗𝜋∗𝜂∗𝑟
          (3.5) 

 Where: D: diffusion constant (m²/s) 

kB: Boltzmann constant (J.K-1) 

T: temperature (K) 

η: viscosity of the medium (Pa.s) 

r: radius of the spherical particles (m) 

For the analysis of size, Z-average and PDI, the sample was transferred into a 

cuvette and put into the Zetasizer Nano ZS. The measurements of each sample were 

performed at least in triplicate. The numerical size distribution was made up by plotting 

the number of particles versus the particle size, the PDI and z-average values are 

calculated by the Zetasizer Nano ZS software. All results were expressed as average 

values with the corresponding standard deviations. 

3.3.4.3 ZETA POTENTIAL 

The zeta potential is a measure for the electrical charge of the surface of the 

particles. As visualized in the figure 3.1 below, a charged particle possesses an 

electrical double layer. The first layer is the stern layer, which is formed out of the 

strongly bounded ions, with a charge opposite to the particle’s charge. The second, 

outer, layer is the diffuse layer, formed out of ions that are attracted to the first layer 

and corresponding to the zeta potential. The zeta potential can be used as a measure 

for the stability of the liposome suspension. As the zeta potential increases, the 

repulsion between particles of the same charge will be greater and the suspension will 

resist flocculation and aggregation better over time (44). 
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Figure 3.1: Charged nanoparticle with corresponding electrical double layer 

(44). 

The zeta potential is calculated by measuring the velocity of the particles during 

electrophoresis. When an electrical field is applied, particles will migrate towards the 

electrode with the opposite charge. The speed of migration is proportional to the field 

strength and the zeta potential of the particle. Thus, when the applied field strength is 

known, and the speed of movement is measured, the zeta potential can be calculated. 

The measurements are performed by the Laser Doppler Electrophoresis technique in 

the zetasizer Nano ZS (44).  

The zeta potential was measured by transferring an aliquot of the sample solution 

into a capillary cell and perform the analysis by the Zetasizer Nano. An electrical field 

was applied to a pair of electrodes present on both sides of the capillary cell, containing 

the sample. The measurements of each sample were performed at least in triplicate. 

The results were expressed as average values with the corresponding standard 

deviations.  

3.3.4.4 MUCOADHESIVITY 

Mucoadhesiveness is an important feature of a drug delivery system. An enhanced 

mucoadhesivity leads to an prolonged exposure at the site of administration, a higher 

bioavailability of the bioactive and eventually to an improvement of the therapy (45). 
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The mucoadhesivity can be determined by examining the adhesiveness of the chitosan 

coated liposomes to mucin. Chitosan can be used as mucoadhesive biopolymer due 

to its mucoadhesive properties, mainly caused by the electrostatic interaction between 

the positively charged chitosan and the mucus, containing the negatively charged 

mucin (46). Mucin is a mucus glycoprotein and the main component of mammalian 

mucus, which is the protective cover for epithelial surfaces (47). The results of the 

chitosan coated liposomes were compared with the uncoated liposomes. This was 

done for the empty, vitamin D3 loaded and vitamin K2 loaded liposomes. 

For the mucoadhesivity test, a phosphate buffer (pH 7.4) was first prepared. 1.3646 

g monobasic potassium phosphate was weighed and dissolved in 50 mL of water and 

transferred to a volumetric flask. 0.400 g of sodium hydroxide was weighed and 

dissolved in 50 mL of water. 39.1 mL of this solution was transferred to the KH2PO4 

solution, and water was added up to 200 mL. The pH of the phosphate buffer was 

checked using the benchtop pH meter. To acquire 30 mL of a 400 μg/mL mucin 

solution, 12 mg mucin was weighed and dissolved in 30 mL of the phosphate buffer.  

2 mL of sample was transferred into a tube. To this, 2 mL of the prepared mucin 

solution was added. After 2 hours of incubation at room temperature, the tubes were 

ultracentrifugated for one hour at 35 000 rpm, vacuum. Afterwards, the absorbance of 

the remaining, unbounded, mucin in the supernatant was analysed with the UV/VIS 

spectrophotometer. The phosphate buffer (pH 7.4) was used as the blank solution, and 

the spectra were measured within a wavelength range from 200 nm to 600 nm. The 

analysis of every sample was performed in duplicate. The concentration of mucin in 

the supernatant was calculated according to the Lambert-Beer law, considering the 

absorption peak at 384 nm and the extinction coefficient. The extinction coefficient of 

mucin was calculated from a calibration curve, which was made up based on previously 

obtained data. 

The mucoadhesiveness, expressed as percentage, can be defined as the binding 

efficiency of the liposomes to mucin. It was calculated by the following equation: 

𝑀𝑢𝑐𝑜𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒𝑛𝑒𝑠𝑠 = (
𝐶0−𝐶𝑠

𝐶0
) ∗  100 %      (3.6) 

Where: C0: initial mucin concentration (μg/mL) 

  Cs: experimental mucin concentration in the supernatant (μg/mL)  
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3.3.5 STABILITY TESTING 

3.3.5.1 TURBIDIMETRY 

The turbidimetry assay was carried out to examine the stability of the liposomes 

upon the continuous addition of triton X-100, a non-ionic surfactant. The test was 

performed on all samples; the uncoated and chitosan-coated empty, D3 and K2 loaded 

liposomes. 

The turbidity is used to describe the cloudiness of a sample, which is caused by the 

present particles which scatter and absorb the light. At lower measuring range, from 0 

to 50 NTUs, the turbidity meter will send an incident light source, with known 

wavelength, through the sample and measure the intensity of the light reflected by the 

particles in the sample at a 90° angle. For a higher measuring range, from 50 to 1000 

NTU, the turbidity meter measures the unscattered, transmitted light. The results of 

analysis are expressed by the turbidity meter in NTUs (Nephelometric Turbidity Unit) 

(48). 

Three stages can be distinguished during the liposomal solubilization. The first 

stage is the intercalation of detergent monomers into the lipid bilayer membrane. In the 

second stage, the membrane becomes saturated and lipid-detergent micelles start to 

form, leading to complete solubilization of the membrane. In the third and final stage, 

the formed micelles become further saturated (40). 

5 mL of the sample was diluted up to 10 mL using deionized water. The sample 

solution was transferred into the glass cuvette.  The turbidity meter was first calibrated, 

using a 0 NTU and 100 NTU calibration solution. The turbidity of the sample was 

measured, each time after a certain amount of triton X-100 was added, starting from 0 

µL. The NTU was noted until the sample was fully solubilized. Between every 

measurement, the sample solution was magnetically stirred in order to obtain a 

homogeneous distribution and solubilization of triton X-100. All the measurements 

were performed in triplicate. The average NTU was calculated for each measurement, 

together with the corresponding standard deviation and plotted against the triton X-100 

concentration % (v/v), calculated according to equation 3.7 depicted below. 
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𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑟𝑖𝑡𝑜𝑛  % (𝑣/𝑣)  =  (
µ𝐿 𝑡𝑟𝑖𝑡𝑜𝑛 𝑎𝑑𝑑𝑒𝑑 ∗ 10−3

10 𝑚𝐿+µ𝐿 𝑡𝑟𝑖𝑡𝑜𝑛 𝑎𝑑𝑑𝑒𝑑∗10−3) ∗ 100 (3.7) 

3.3.5.2 STORAGE ASSESSMENT 

In order to investigate the stability of the produced liposomes in function of time, 20 

mL of the uncoated and chitosan-coated, D3 and K2 loaded liposomes were sealed and 

stored at 4 - 6° C during 1 month. Afterwards, the samples were re-analysed for size, 

PDI, zeta potential, encapsulation efficiency and mucoadhesivity. 

3.3.6 STATISTICAL EVALUATION 

The student t-test was carried out for the comparison of two mean values with their 

associated standard deviations. A level of significance of 5% was considered 

acceptable.     
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4. RESULTS AND DISCUSSION 

4.1  PRODUCTION OF LOADED NANOLIPOSOMES 

For both vitamin D3 and vitamin K2 a concentration range around 32 mg was 

chosen. Taking into account the total volume of the suspension, this gave the sample 

a vitamin concentration of 589 µg/mL for vitamin  D3 and 591 µg/mL for vitamin K2. 

This range was chosen, based on previous experiments where concentrations of 3.03 

µg/mL gave an EE of 0% and 36.4 µg/mL an EE of 55%. Increasing the vitamin 

concentration to 590 µg/mL led to much more acceptable values regarding the EE. 

However, increasing the vitamin concentrations to even higher levels was most likely 

not going to result in higher EEs. At some point, the increase in vitamin concentration 

would have led to a decrease in EE due to reaching the maximum encapsulation ability 

of the liposomes. Concentrations added beyond the encapsulation ability of the 

liposomes resulted in free, unencapsulated vitamin molecules (42).  

4.2  PRODUCTION OF COATED NANOLIPOSOMES 

As described in section 3.3.3, the empty, vitamin D3 and vitamin K2 liposomes were 

coated. The coating was performed using different concentrations of chitosan, varying 

from 0.0025% - 0.005% - 0.00625% - 0.0075% to 0.01%. For the empty and vitamin 

D3 liposomes, no problems were detected during the coating process. However, the 

coating of vitamin K2 performed with concentrations higher than 0.005% chitosan 

showed visual aggregation, and were thus not suited to work with in the future 

experiments. The fact that this aggregation did not occur with the empty and vitamin 

D3 liposomes, suggests that vitamin K2 might interact in a different way with chitosan 

on the surface of the liposome. Looking at the differences in structure of vitamin D3 

and vitamin K2, the aliphatic side chain of isoprenoid residues gives vitamin K2 a more 

stretched structure whereas vitamin D3 is more compact. This could lead to a different 

incorporation of vitamin K2 in the liposome’s lipid bilayer and induce interaction with 

chitosan causing a different coverage of the surface. 

The mechanism behind the aggregation of the particles is strongly associated with 

the concentration of chitosan added to the liposomal suspension. In literature is found 

that, in order to achieve stable and fully coated liposomes, a chitosan concentration 

within a specific range must be added to the system. This range reaches from a 

minimum concentration to the saturation concentration, required to fully cover the 
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liposome’s surface. Any excess amount of chitosan, which is not adsorbed on the 

liposome’s surface, will generate an attractive force promoting the aggregation of the 

particles (29).  

4.3  CHARACTERIZATION  

4.3.1 ENCAPSULATION EFFICIENCY 

In order to achieve the desired bioactive effect, a sufficiently high encapsulation 

efficiency is desired (42).  

Calibration curves 

 

 

 

 

 

 

Figure 4.1: Left: standard curve of vitamin D3 with y = 0.0444x and R² = 0.9979.        

Right: standard curve of vitamin K2 with y = 0.008x and R² = 0.9991. 

The extinction coefficients were derived from the calibration curves, depicted in 

figure 4.1, being 0.0444 mL/µg for vitamin D3 and 0.008 mL/µg for vitamin K2. In table 

4.1 below, the calculated EE results for vitamin D3 and vitamin K2 uncoated and 

chitosan-coated liposomes are shown. 

Table 4.1: Encapsulation efficiency for vitamin D3 and vitamin K2 uncoated and 

chitosan-coated liposomes. 

 D3 

liposomes 

D3 chitosomes K2 

liposomes 

K2 

chitosomes 

EE (%) ± SD 88.4 ± 2.5 98.3 ± 0.4 94.7 ± 0.7 98.2 ± 0.6 

Theoretical load 

(%) 

10.4 10.2 10.4 10.3 

Effective load (%) 9.17 10.0 9.85 10.1 
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For both vitamin D3 and vitamin K2, a sufficienlty high encapulation efficiency was 

observed. Interesting to note is that, on a 5 % significance level, the difference in values 

for liposomes and chitosomes are statistically significant (P < 0.05). A possible reason 

for these results was found in literature, where previous studies demonstated that after 

coverage, the liposome’s surface is saturated with chitosan, contributing to the stability 

of the liposome and reducing the leakage of the encapsulated AI. Finally, this results 

in a higher encapsulation efficiency (37). In general, the high EE indicate that the 

produced liposomes are adequate to encapsulate the lipophilic vitamins. 

  The theoretical load for both uncoated and coated liposomes was considered 

similar, the effective load however showed a slight increase after coating was 

performed. 

4.3.2 SIZE, Z-AVERAGE, PDI AND ZETA POTENTIAL 

As described before, size, z-average and polydispersity index (PDI) an essential 

feature influencing the stability, solubility, release rate and bioavailability of the 

liposomes (42). The particle size influences the stability of the liposomal suspension, 

and also the release rate. As the particle size increases, the surface-to-volume ratio 

decreases and the dissociation occurs more slowly (2). The size analysis of the 

prepared liposomes will indicate if the employed technique delivers particles in the 

desired size range. The size distribution of the particles, described by the PDI, is 

preferred to be narrow. The PDI is a dimensionless measure for the width of the size 

distribution and ranges from 0 to 1. A PDI value lower than 0.08 indicates a nearly 

monodisperse sample, a PDI higher than 0.7 points to a very wide size distribution. 

The z-average is the mean diameter obtained from the intensity weighed distribution 

after performing cumulants analysis, which is done by the Zetasizer Nano ZS. This 

value is very sensitive to the presence of aggregates in the analysed solution (43).  

Table 4.2 shows the results for the analysis of size, PDI and zeta-potential for empty 

liposomes, coated with the different chitosan concentrations. As described in section 

3.3.4.2, all the values for the size are derived from the numerical distribution. 

Comparing the sizes obtained for the different coatings of the empty liposomes shows 

that the size of 0.01% (w/v) coated liposomes was significantly (P < 0.05) higher than 

the sizes of liposomes coated with lower chitosan concentrations. The size of 
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liposomes from 0 to 0.0075% (w/v) chitosan were considered similar (P > 0.05). The 

PDI’s were considered as acceptable values, with no remarkable change between the 

samples. This indicates that the samples are close to monodisperse.  

Table 4.2: sizes, PDI’s and zeta potentials of empty liposomes, coated with 

different chitosan concentrations. 

Chitosan concentration 

(%w/v) 

Size (nm) ± 

SD 

PDI ± SD Zeta potential (mV) ± 

SD 

0 88.3 ± 19.0 0.38 ± 0.02 -35.4 ± 0.8 

0.0025 85.8 ± 39.6 0.29 ± 0.02 -22.4 ± 0.9 

0.005 114 ± 32 0.36 ± 0.05 -26.6 ± 1.4 

0.00625 94.6 ± 35.7 0.28 ± 0.07 -18.7 ± 2.0 

0.0075 100 ± 31 0.29 ± 0.02 -21.7 ± 1.0 

0.01 257 ± 38 0.34 ± 0.03 -17.6 ± 0.8 

 

Table 4.3 shows the results for size and zeta potential analysis for vitamin D3 

loaded liposomes, coated with the different chitosan concentrations. The results show 

that the size of the 0% (w/v) coated liposomes is significantly lower (P < 0.05) than the 

other sizes at higher chitosan concentration, together with a higher PDI. The sizes from 

0.0025 to 0.0075% coated liposomes are considered similar (P > 0.05), and no 

significant change in PDI was detected. The value of the PDI in this chitosan range 

indicates the sample is close to monodisperse. This data creates the thought that some 

coverage took place at a chitosan concentration starting from 0.0025%. The size of 

0.01% (w/v) coated liposomes had a significantly higher value (P < 0.05) compared to 

the liposomes coated with lower chitosan concentrations, indicating a more successful 

coating and coverage of the liposome’s surface. 
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Table 4.3: sizes, PDI’s and zeta potentials of D3 loaded liposomes, coated with 

different chitosan concentrations. 

Chitosan concentration  

(% w/v) 

Size (nm) ± 

SD 

PDI ± SD Zeta potential (mV) ± 

SD 

0 87.4 ± 17 0.40 ± 0.07 -38.5 ± 1.6 

0.0025 181 ± 15 0.23 ± 0.04 -20.9 ± 2.8 

0.005 158 ± 28 0.20 ± 0.06 -22.7 ± 1.2 

0.00625 190 ± 0 0.33 ± 0.04 -19.8 ± 2.6 

0.0075 157 ± 13 0.22 ± 0.01 -20.3 ± 0.6 

0.01 235 ± 29 0.25 ±0.05 -20.2 ± 0.5 

 

In figure 4.1 on the left side, it can be seen that the z-average of the empty 

liposomes increased as the chitosan concentration increased. In particular, empty 

0.01% chitosomes with a z-average of 504 ± 12 nm were obtained. On the right side 

of the figure, it can be seen that for vitamin D3 liposomes the z-average is more or less 

stable from 0% (w/v) to 0.005% (w/v) and increased from 0.00625 to 0.01% where 

0.01% (w/v) coated liposomes with a z-average of 434 ± 32 nm were obtained. 

 

 

Figure 4.1: influence of different chitosan concentrations on the z-average of 

empty (left) and vitamin D3 chitosan coated liposomes (right). 
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Together with the size and PDI, the zeta potential is a crucial factor to determine 

the quality and stability of the produced liposomal suspension. In order to create a 

suspension with ideal stability, a zeta potential higher than |30| mV is desired. When 

the zeta potential drops below this absolute value, the system becomes less stable 

and larger complexes tend to form (28). In figure 4.2, the influence of chitosan on the 

zeta potential is depicted. As the chitosan concentration increases, the zeta potential 

becomes less negative and eventually tends to reach a more or less constant value.  

An explanation for the striving to constant value could be that the chitosan fully covered 

the liposome’s membrane at some point, allowing no further adsorption. The 

interactions between the cationic chitosan and the negatively charged lipid bilayer have 

led to an increase in zeta potential, meaning the liposomes have become less negative. 

Considering this and the above described results involving the particle size, confirms 

the successful coverage of the liposomes’ surface at a chitosan concentration of 0.01% 

(w/v).   

 

Figure 4.2: influence of different chitosan concentrations on the zeta potential 

of empty (left) and vitamin D3 loaded liposomes (right).  

Similar to the empty and D3 loaded liposomes, K2 loaded liposomes show an 

increase in zeta potential as the chitosan concentration rises. The results of zeta 

potential analysis show that for 0% and 0.0025% (w/v) similar values were obtained, 

indicating no coverage took place. However, liposomes coated with 0.005% (w/v) 

chitosan showed a great decrease in zeta potential, confirming the successful 

coverage of the liposome’s surface. While looking more specifically at the numerical 
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size of the vitamin K2 liposomes, there was no significant difference between the values 

of the different chitosan concentrations.  A numerical size of 278 ± 105 nm, PDI of 0.71 

± 0.09 and z-average of 930 ± 60 nm was obtained for 0.005% (w/v) liposomes. These 

particular values represent the dissimilarity of the sample. As described in section 4.2, 

vitamin K2’s stretched structure might provoke a different way of incorporation in the 

liposome’s surface and a higher presence in the outer layer of the liposome’s 

membrane. This causes an uneven coverage with chitosan which could be reflected in 

the high standard deviation and PDI. 

As described in section 4.2, concentrations higher than 0.005% (w/v) led to visual 

aggregation of the K2 loaded liposomes. Therefore, further characterization on 

concentrations higher than 0.005% (w/v) was not performed. 

Table 4.4: results of size, PDI and zeta potential analysis for K2 loaded 

liposomes, coated with chitosan.  

Chitosan 

concentration 

(% w/v) 

Size (nm) ± 

SD 

PDI ± SD Z-average 

(nm) ± SD 

Zeta 

potential 

(mV) ± SD 

0 145 ± 33 0.32 ± 0.02 289 ± 6 -36.2 ± 0.3 

0.0025 117 ± 10 0.29 ± 0.03 280 ± 4 -31.9 ± 2.2 

0.005 278 ± 105 0.71 ± 0.09 930 ± 60 -23.7 ± 1.3 

 

4.3.3 MUCOADHESIVITY 

Although the results for size and zeta potential confirm the successful coverage of 

the liposome’s surface, it is still important to determine the mucoadhesivity in order to 

obtain confirmation of the bioadhesiveness of the produced vitamin delivery system. 

The extinction coefficient of mucin at 384 nm, being 0.0004 mL/µg, was calculated 

from the calibration curve depicted in figure 4.3 below, which is set up based on 

previously obtained data. 
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Figure 4.3: calibration curve of mucin with y = 0.0004x and R² = 0.9971. 

From figure 4.4 it can be seen that , as expected, the highest mucoadhesivity is 

obtained with liposomes coated with 0.01% (w/v) chitosan. For empty 0.01% (w/v) 

coated liposomes the mucoadhesivity was 84.1 ± 0.2%. The mucoadhesivity of empty 

liposomes coated with chitosan concentrations lower than 0.01% (w/v) possessed low 

mucoadhesive properties together with high standard deviations. The mucoadhesivity 

of the D3 loaded liposomes showed acceptable values for the 0.01% down to 

0.00625% chitosan. The 0.01% coated liposomes possessed the highest 

mucoadhesiveness, being 86.3 ± 1.1%. The 0%, 0.0025% and 0.005% coated 

liposomes possessed no mucoadhesiveness at all.  

 

Figure 4.4: Percentage mucoadhesiveness of empty liposomes (left) and vitamin 

D3 loaded liposomes (right), coated with different % (w/v) chitosan 

concentrations. 
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Figure 4.5 demonstrates the mucoadhesivity for the vitamin K2 loaded liposomes. 

Since 0.0025% (w/v) chitosan resulted in no coverage, only the uncoated and 0.005% 

(w/v) coated liposomes were tested for their mucoadhesivity. No mucoadhesiveness 

was observed for the uncoated liposomes. The 0.005% (w/v) coated liposomes 

possessed a fairly high mucoadhesiveness of 79.5% with a standard deviation of 1.2%. 

 

Figure 4.5: percentage mucoadhesiveness of vitamin K2 loaded liposomes, 

coated with different % (w/v) chitosan concentrations 

4.4 STABILITY  

4.4.1 TURBIDIMETRY 

The solubilization of liposomes and chitosomes by the continuous addition of the 

non-ionic detergent, triton X-100, was performed to determine the stability of the 

chitosan-lipid interaction. Besides determining the stability, the turbidimetric methods 

provides an extra  confirmation on the coverage of the liposome’s surface. 

From figure 4.6 it can be noted that increasing concentrations of triton X-100 lead 

to the solubilization of the liposomes. Comparing the uncoated liposomes to the coated 

ones, it can first be seen that at 0% (v/v) triton X-100 added, the uncoated liposomes 

show a lower turbidity than the chitosan coated liposomes. Also, the higher the 

chitosan concentration, the higher the turbidity of the sample. 

Next, it can be seen that at equal amount of triton X-100 added, the coated 

liposomes show a different solubilization profile. After the first stage of solubilization, 
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chitosan concentration show a greater peak then those with a coating of lower chitosan 

concentration. The occurrence of the peak can be explained as follows: during the 

addition of the detergent, the detergent molecules incorporate first in the chitosan 

coating, before incorporating in the lipid bilayer. This causes a growth in size which led 

to the short increase in NTU (40). After this peak, the NTU decreases again to minimum 

values that are more similar to the uncoated liposomes. The minimum values of the 

chitosan coated liposomes are reached at higher detergent concentrations than the 

uncoated liposomes. Also here the principle applies that higher chitosan 

concentrations reach the minimum values at higher triton X-100 concentrations. These 

results show that the solubilization of successfully coated liposomes occurs more 

slowly than the uncoated ones, indicating a higher resistance and stability against the 

detergent. The chitosan-lipid interaction makes the vesicles more stable, giving them 

a higher resistance against the detergent than the liposomes coated with lower 

concentrations of chitosan, or no coating at all. 

 

 

Figure 4.6: Turbidimetric results of empty liposomes (left) and vitamin D3 

liposomes (right) upon the addition of triton X-100 (% v/v). 

From figure 4.7, it can be seen that the 0.0025% (w/v) coated liposomes show a 

similar profile to the 0% (w/v) coated liposomes. This behaviour gives an additional 

confirmation that 0.0025% (w/v) chitosan did not result in coverage of the liposome’s 

surface. However the 0.005% (w/v) profile showed a fairly different behaviour from 

the uncoated liposomes, indicating that the coverage actually took place. 
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Figure 4.7: turbidimetric results of vitamin  K2 liposomes upon the addition of 

triton X-100 (% v/v). 

Comparing the turbidimetric profile of empty liposomes with the vitamin loaded 

liposomes, shows that the empty liposomes seemed to be more stable than the vitamin 

loaded liposomes. This creates the thought that the encapsulation of the vitamins 

makes the liposomes less stable. This is even more expressed for vitamin K2 loaded 

liposomes, which strengthens the assumption that the way of vitamin incorporation into 

the liposomes is possibly responsible for this behaviour. 

4.4.2 STORAGE ASSESSMENT 

One of the major limitations of a liposomal drug delivery system is its tendency to 

aggregate, leak and lose the encapsulated AI over time. This behaviour has major 

consequences for the shelf life of the delivery system. In order to investigate the 

stability of the produced vitamin delivery system, the uncoated and coated liposomes 

were stored during one month and afterwards examined for their size, zeta potential, 

encapsulation efficiency and mucoadhesivity. 

Table 4.5 shows the results for the characterization of uncoated and coated vitamin 

D3 loaded liposomes right after preparation and after 1 month of storage.  For the 

uncoated D3 liposomes after 1 month of storage, the size remained unchanged (P > 

0.05) and z-average has increased (P < 0.05). The value of PDI was considered the 

same (P > 0.05). The value for zeta potential has remained unchanged, together with 

the encapsulation efficiency and mucoadhesivity, which were not affected over time (P 
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> 0.05). Looking at the 0.01% (w/v) coated D3 liposomes, shows that the size and z-

average of the liposomes has remained unchanged (P > 0.05). The PDI of the 

suspension was not affected over time. The zeta potential of the coated D3 liposomes 

has increased over time, meaning the value has become less negative. A possible 

explanation for the decrease of zeta potential can be that a rearrangement of chitosan 

took place over time, leading to a better coverage of the liposome’s surface. However, 

further research on this is necessary in order to better understand these results. Both 

the encapsulation efficiency was not affected over time, meaning no significant amount 

of vitamins was leaked from the liposomes. Also the mucoadhesivity remained 

unchanged, indicating the liposomes preserved their mucoadhesive properties. 

Table 4.5: Characterization of D3 liposomes and D3 chitosomes after preparation 

( t = 0) and after 1 month (t = 1).   

 
D3 liposomes D3-0.01% chitosomes 

 
t = 0 t = 1 t = 0 t = 1 

Size (nm) ± SD 87 ± 17 117 ± 43 235 ± 29 211 ± 77 

Z-average (nm) ±SD 344 ± 62 503 ± 11 434 ± 32 394 ± 12 

PDI ± SD 0.40 ± 0.07 0.50 ± 0.03 0.25 ± 0.05 0.29 ± 0.04 

Zeta potential (mV)  ± 

SD 

-38.5 ± 1.6 -37.2 ± 2.1 -20.2 ± 0.5 -14.9 ± 0.4 

Encapsulation 

efficiency (%) ± SD 

88.4 ± 2.5 87.3 ± 0.7 98.3 ± 0.5 98.4 ± 0.1 

Mucoadhesivity (%) ± 

SD 

0 ± 0 3.2 ± 7.7 86.3 ± 1.1 88.5 ± 3.5 

 

Looking at table 4.6 for the results of the characterization of uncoated and 0.005% 

(w/v) coated vitamin K2 liposomes right after preparation and after 1 month of storage. 

The uncoated liposomes showed no significant change in size and PDI, but an increase 

in z-average after 1 month of storage (P < 0.05). The zeta potential was not affected, 

together with the encapsulation efficiency and the mucoadhesivity, which both 

remained unchanged (P > 0.05). The 0.005% (w/v) coated K2 liposomes showed no 

change in size over time (P > 0.05). The z-average and PDI decreased, as well as the 

zeta potential (P < 0.05). This may indicate that the suspension stabilized over time, 
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becoming more monodisperse. The encapsulation efficiency showed a slight 

decrease, meaning some vitamin was lost from the liposomes. However, an 

encapsulation efficiency of 95.2% is still considered very high. The coated liposomes 

showed no change in mucoadhesiveness (P > 0.05). 

Table 4.6: characterization results of K2 liposomes and K2 chitosomes after 

preparation (t = 0) and after 1 month (t = 1). 

 
K2 liposomes K2-0.005% chitosomes 

 
t = 0 t = 1 t = 0 t = 1 

Size (nm) ± SD 145 ±33 96 ± 33 279 ± 105 325 ± 122 

Z-average (nm) ± SD 289 ± 6 323 ± 7 930 ± 60 726 ± 35 

PDI ± SD 0.31 ± 0.02 0.37 ± 0.03 0.71 ± 0.09 0.50 ± 0.10 

Zeta potential (mV) ± SD -36.2 ± 0.3 -36.6 ± 3.0 -23.7 ± 1.3 -21.1 ± 0.7 

Encapsulation 

effeciency (%) ± SD 

94.7 ± 0.8 93.8 ± 0.4 98.2 ± 0.6 95.2 ± 0.2 

Mucoadhesivity ± SD 0 ± 0 4 ± 5 79.5 ± 1.2 77.8 ± 0.4 

 

The results for the storage assessment of vitamin D3 loaded liposomes indicate that 

chitosan coated liposomes were significantly more stable than the uncoated 

liposomes. They had a lower tendency to merge and form aggregates, which was seen 

in the data for size. The data for zeta potential showed that, after one month, a 

stabilization could have taken place, leading to a more even and better coverage of 

the liposome’s surface.  

The results for the storage assessment of vitamin K2 loaded liposomes indicate an 

improved stability after chitosan coating. The reduction in value of z-average, PDI and 

zeta potential could also be a sign of improved stabilization over time a  This 

emphasizes the importance of further experiments to elucidate the mechanism behind 

incorporation that might affect the coverage and stability of the liposome. 

In general, the observed increase in stability of the chitosan coated liposomes could 

be attributed to adsorption of chitosan on the liposome’s surface, inducing stronger 

repulsive forces which reduce the tendency to form aggregates. These additional 

forces can be of electrostatic and steric nature (29). The increased stability of chitosan 

coated liposomes is beneficial for the long-term storage of the drug delivery system. 
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4.4.3 FUTURE PERSPECTIVES 

Regarding future research, some proposals can be made. First off, more thorough 

investigation on the specific incorporation of the vitamins is required. Especially the 

way of incorporation of vitamin K2 arouse interest, since the data possibly indicate a 

different manner compared to vitamin D3. Extended knowledge on this matter will allow 

to make more certain statements on the obtained results. 

Additional experiments have to be performed in order to elucidate the mechanism 

behind the improved stability of chitosan-coated liposomes after long-term storage. 

Due to time limitations, the storage assessment in this thesis was carried out over 1 

month. Future wise, storage assessments over a period of multiple months might be 

interesting to investigate the stability of the liposomes. To obtain more information 

about storage stability, it would also be useful to perform physicochemical stability 

studies on the produced liposomes. 

As described above, uncoated liposomes can be processed into all different kinds 

of dosage forms. The coated liposomes possess high mucoadhesive properties, which 

are also suited for other applications besides sublingual administration. This opens 

future possibilities for expanded research in the liposomal drug delivery field. 

The increasing interest to vegetarian alternatives in the nutraceutical industry 

stimulates the research for phytosomes. These are vegetarian alternatives for 

liposomes, consisting out of PC but lacking the cholesterol. In order to obtain similar 

mucoadhesive properties, the coating can be performed with a herbal substitute for 

chitosan, like guar gum. Looking at the current literature, this area is still new and 

nearly undescribed in the vitamin encapsulation research field. 
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5. CONCLUSIONS 

Vitamin D3 loaded nanoliposomes, consisting out of phosphatidylcholine and 

cholesterol at a 2.5:1 (mol/mol) PC/CHOL ratio, were successfully prepared using the 

simil-microfluidic method. By adapting the parameters of the simil-microfluidic method, 

the coating of the liposome’s surface was performed over a chitosan range varying 

from 0% to 0.01% (w/v). Extended investigation of the characteristics showed that  

0.01% (w/v) chitosan coating gave rise to chitosomes with a high encapsulation 

efficiency, excellent mucoadhesive properties, a PDI close to a monodisperse 

distribution. The increase in size and zeta potential confirmed the chitosan-liposome 

interaction, indicating a successful coverage. The turbidimetric stability test confirmed 

that higher chitosan concentrations possessed a higher stability, with 0.01% (w/v) 

chitosomes possessing the most favourable one. Finally, the long-term storage 

assessment demonstrated the increased stability over time of chitosan-coated 

liposomes, versus uncoated liposomes. 

Vitamin K2 loaded liposomes, consisting out of a 2.5:1 (mol/mol) PC/CHOL ratio, 

were successfully prepared using the simil-microfluidic method. Similar to the vitamin 

D3 loaded liposomes, the coating was performed over a range varying from 0% to 

0.01% (w/v) chitosan. Aggregation was observed for the samples coated with chitosan 

concentrations higher than 0.005% (w/v). Analysis of the characteristics of the 

chitosan-coated liposomes showed that the 0.005% (w/v) coated liposomes possessed 

the highest encapsulation efficiency. The analysis of size, PDI and zeta potential 

demonstrated the actual coverage of the liposome’s surface at 0.005% (w/v). 0.005% 

(w/v) chitosomes possessed also an excellent mucoadhesiveness, whereas the lower 

chitosan concentration possessed poor or no mucoadhesive properties at all. The 

storage assessment showed that over time, an improvement of the stability occurred.  

Chitosan-coated liposomes demonstrated to be an effective delivery system, with 

excellent properties for sublingual administration, they might open opportunities for 

future applications in nutraceutical, pharmaceutical and cosmetical field. 

However, further research is required in order to explain the mechanism behind 

possible improved stability over time and to explain the difference in encapsulation and 

chitosan coating between the two kinds of vitamins.   
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