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CHAPTER 1 
 
 

Introduction to phase separation in lipid-based 
nanoparticles: exploring the nano-bio interface 
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“There is plenty of room at the bottom” - Richard Feynman, 1959 

 
1.1 Nanotechnology in life sciences  

Nanotechnology (from the Greek νανοτεχνολογία: νάνο, lit. ‘dwarf’, -τέχνη, 
lit. 'craft, art' and -λογία, lit. 'study, knowledge') is a multidisciplinary field that 
involves the engineering of materials at the nanoscale level, typically ranging from 
1 to 100 nanometers (nm). At this scale, materials exhibit unique properties 
attributed to surface and quantum effects, that differ from those from the bulk 
scales allowing for the development of novel materials, devices, and systems. 
Richard Feynman is considered the father of Nanotechnology, as he was the first to 
introduce the concept of manipulating matter even at an atomic level. In an iconic 
presentation with the title “There is plenty room at the bottom” Richard Feynman 
suggested the concept of scaling down bulk materials, such as copying the whole 
encyclopedia in the size of a headpin.1 Ever since, several pioneers established the 
term and field of Nanotechnology. Importantly, nanotechnology is an emerging 
field for several biomedical applications in life sciences, including therapeutics, 
diagnostics, theranostics, imaging, regenerative medicine, and tissue engineering. 

 

1.2 Nanotechnology in medicine 

Nanoparticles as Drug Delivery systems  
Nanomedicine is the field of medicine which employs nanotechnology, mainly as a 
drug delivery system or as a tool in photothermal therapy. Nanomedicines have 
been proposed to be beneficial as drug delivery systems for several reasons. Firstly, 
nanoparticles offer the advantage of increasing the solubility of poorly soluble 
drugs and protecting sensitive cargo from degradation. Additionally, nanoparticles 
allow for the slow controlled release of drugs, enabling sustained drug delivery and 
lowering the required drug dose and frequency. Therapeutics delivered using 
nanoparticles typically have different biodistribution, pharmacodynamics and 
pharmacokinetics compared to the free drug. Nanoparticle-based therapeutics also 
have reduced toxicity, improved bioavailability and drug half-life, and sometimes 
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the ability to cross biological and cellular barriers enabling drugs to reach difficult, 
inaccessible targets. Additionally, a desired concept around nanomedicines is 
targeted drug delivery, which proposes nanoparticles to act as “magic bullets”, 
targeting predominantly specific (diseased) tissues or cells, while leaving other 
(healthy) tissues unaffected.2 By delivering medicines directly to the desired site, 
the therapeutic window is increased and off-target effects are minimized, leading 
to better outcomes, a reduced required dose, and fewer adverse side effects. 
Targeted nanomedicine will be extensively discussed in a separate section. 

1.3 Nanoparticle design 
Nanoparticles used in life sciences consist of inorganic, organic or hybrid 
materials. Inorganic nanoparticles based on gold, silver, iron oxide or others – 
such as quantum dots – have unique plasmonic, magnetic and electronic 
properties influenced by their shape and size.3–5 Inorganic nanoparticles are 
employed in drug delivery, however their properties mostly render them attractive 
for imaging, diagnosis and photothermal therapies, i.e., photodynamic therapy and 
hyperthermia. In contrast, organic nanoparticles show the biggest potential in 
drug delivery, due to their high drug encapsulation capacity and biocompatibility. 
Organic nanoparticles can be divided in lipid-based, polymer-based, carbon and 
hybrid (i.e., lipid-polymer, lipopeptide-based)6 (Figure 1a). Additionally, bio-
mimetic or bio-derived materials such as virus-like particles (VLPs),7 extracellular 
vesicles (EVs),8 or apolipoprotein-based nanomaterials,9 are studied as drug 
delivery systems. Different nanocarrier designs – i.e., micellar, disc, sphere, fiber – 
are suitable for specific therapeutic cargo encapsulation depending on cargo 
properties – i.e., size, hydrophobicity, charge –. Therapeutic cargos can be small 
molecule drugs, nucleic acid-based therapeutics, or protein/peptide based (Figure 
1b).10 Additionally, surface coating on nanocarriers with a small amount of the 
polymer polyethylene glycol (PEG) is a common strategy for stabilization and 
prevention of opsonization and rapid nanoparticle clearance.11,12  Other surface 
functionalities – i.e., antibodies, cell-penetrating peptides, sugar moieties – are 
utilized to enhance the therapeutic potential by mainly recognizing cell receptors 
and promoting active cell targeting (Figure 1c). 
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Figure 1. A selection of organic-based nanoparticle designs. a) Depending on the 
component they mainly consist of, organic-based nanoparticles can be lipid-based (e.g., 
micelles, liposomes, lipid nanoparticles), polymer-based (e.g., polymeric micelles, 
polymersomes, polymeric nanoparticles) or lipid-polymer hybrids, biomimetic 
nanoparticles (e.g., apolipoprotein-based nanodiscs or virus-like particles) and carbon-
based (e.g., carbon nanotubes). b) Therapeutic cargos usually incorporated in drug 
nanocarriers are small molecule drugs, nucleic-acid therapeutics and protein/peptide-
based therapeutics. c) Surface modification of nanoparticle designs are mainly employed 
for stability (e.g., PEGylation) or targeted performance (e.g., antibodies, sugar moieties and 
peptides). Polymer based and biomimetic nanoparticle cartoons, therapeutic cargo and 
surface functionalities cartoons were adapted from Biorender.    
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1.4 Lipid-based nanoparticles 

General description and properties 
Lipids are naturally derived molecules which constitute cell membranes and 
organelles, but are also utilized in energy storage and signaling.13 Being 
amphiphilic, lipids self-assemble in physiological environments to create nano- or 
microstructures. Controlling the natural self-assembly of lipids with various 
nanofabrication methods (e.g., extrusion, nanoprecipitation, microfluidic mixing) 
leads to nanomaterials with tunable size and morphology. Due to their 
biocompatibility, lipid-based nanoparticles typically exhibit low toxicity rendering 
them suitable as drug carriers. Main lipid classes which can be used for the 
assembly of lipid-based nanoparticles are phospholipids, sterol lipids, 
sphingolipids – or other non-phosphate containing lipids i.e., natural 
diacylglycerols (DAGs) – and synthetic lipids, such as ionizable (amino)lipids 
(Figure 2). Lipid-based nanoparticles are typically in the range of ~20-500 nm in 
size and can be characterized by i) microscopy techniques – mainly cryo-
transmission electron microscopy (cryo-TEM) – for size distribution and 
morphology, ii) dynamic light scattering (DLS) for size and colloidal stability, and 
iii) zeta potential measurements for surface charge.14–18 These physicochemical 
properties should be the minimum reported on nanoparticle characterization.19,20 

Nanoparticle complexity in assembly and lipid arrangement is dependent on the 
number of individual lipid components. One or two-component lipid-based 
systems usually result in simple liposomal or micellar assemblies. Multicomponent 
systems exert more intricate morphologies and properties. In general, due to the 
large variety of all individual lipid components and their combinations, lipid-based 
nanoparticles are endlessly tunable. A plethora of nanoparticle formulations with 
different physicochemical properties can be generated, designed to exert specific 
properties.21 For example, saturated lipids usually have a high transition 
temperature (typically ~30-80 oC), therefore these lipids exist in a liquid ordered 
(gel) phase (Lo) at room or body temperature. This physicochemical property 
induces tight packing and stiffness in lipid membranes.  
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Figure 2. Main lipid classes used in lipid-based nanoparticles. Phospholipids are one of 
the main lipid components in cell membranes, as they naturally self-assemble into a lipid 
bilayer. The phospholipid’s acyl chains can be i) short, medium or long depending on the 
number of carbons, and ii) saturated or mono, di- and polyunsaturated depending on 
double bonds. Their hydrophilic domain consists of a phosphate group along with a polar 
headgroup – usually a choline, ethanolamine, glycerol and others –. Additional lipids that 
can be used for lipid-based nanoparticle designs are sterols (i.e., cholesterol), signaling 
lipids (i.e., diacylglycerols and sphingolipids) or synthetic non-natural lipids (i.e., ionizable 
lipids). Abbreviations: PC = phosphatidylcholine, PE = phosphatidylethanolamine, PG = 
phosphatidylglycerol, PS = phosphatidylserine, PI = phosphatidylinositol, DAG = 
diacylglycerol. 
 

In contrast, unsaturated lipids form more fluid assemblies existing in liquid 
disordered phase (Ld), giving fluidity on the lipid membrane (Figure 3a). 
Additionally, for all lipids, polar head groups can be zwitterionic, anionic, or 
cationic therefore different net surface charge can be presented on the nanoparticle 
(Figure 3b). Lipids also display polymorphism, a biophysical property which gives 
the ability of lipid systems to exist in various phases depending on lipid geometry 
(Figure 3c).22 Lipids with a cylindrical geometry, such as phosphatidylcholines 
(i.e., both hydrophobic and hydrophilic domains are of similar size) prefer a planar 
bilayer assembly. In contrast, conical lipids, such as phosphatidylethanolamines 
(i.e., their polar head group is smaller than the acyl chains) create non-bilayer 
inverted phases some of which are crystalline i.e., inverse hexagonal (HII) or cubic. 
Finally, inverse conical lipids, such as lysophosphatidylcholines (i.e., their polar 
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head group is larger than the acyl chains) induce micellar phases. Conical and 
inverted conical lipids, when mixed with phospholipids, can respectively decrease, 
or increase the spontaneous membrane curvature of bilayers (Figure 3d).  

 

 
Figure 3. Lipid and membrane properties influencing nanoparticle properties. a) Liquid 
phases in lipid membranes depend on the degree of (un)saturation and length of individual 
lipids. Saturated lipids result in tightly packed lipid membranes existing in the liquid 
ordered phase (Lo). Unsaturated lipids result in a liquid disordered (Ld) phase, making the 
lipid membranes more fluid. b) Net surface charge of nanoparticles (cationic, neutral, 
anionic) depends on individual lipid charge (cationic, zwitterionic, anionic). c) Lipid 
polymorphism leads to lipid assemblies with various phases and morphologies. Cylindrical 
lipids tend to assemble in planar bilayers, while conical or inverted conical lipids tend to 
assemble in inverted or micellar phases, respectively. d) Membrane curvature as influenced 
by lipid polymorphism. e) Lipid phase-separation as described when DAGs exceed the 
miscibility threshold within lipid bilayers. Tight packing of phospholipids – especially of 
those existing in Lo phase – is impaired and lipid packing defects emerge. Abbreviations: ζ 
= membrane curvature, PC = phosphatidylcholine, Lo = liquid ordered phase, DAG = 
diacylglycerol.  
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DAGs as potential lipid components in lipid based nanoparticles 
DAGs are endogenous conical lipids mostly found in cell membranes and 
lipoproteins, and due to their small polar headgroup and hydrophobicity they 
embed in lipid bilayers, avoiding exposure to the surrounding environment. 23,24 
Upon the miscibility threshold within the lamellar bilayer, DAGs tend to induce 
distinct, non-bilayer phases within the phospholipid leaflet, resulting in lipid phase 
separation (Figure 3e).25–28 This phenomenon increases the spacing between 
adjacent phospholipid headgroups in a lipid membrane, an effect that is amplified 
by membrane curvature – especially for membranes in Lo phase where high 
curvature is unfavorable.29–31 The transient areas resulting from such packing 
frustrations exposing the apolar domain of the lipid membrane, are known as lipid 
packing defects.32 Therefore, the distance between adjacent phospholipids is 
increased and tight packing is impaired, leaving DAGs exposed to the surrounding 
environment (Figure 3e). Some membrane peripheral proteins have been 
proposed to rely on these hydrophobic lipid packing defects, – generally caused by 
factors such as phase separation, lateral tension, or membrane curvature – for 
membrane binding and activation.31,33–36  

In cell membranes, DAGs are metabolite products from the hydrolysis of the 
phospholipid phosphatidylinositol (PI). Their local accumulation in the 
membrane induces non-bilayer phases potentiating the recruitment and enzymatic 
activation of Protein Kinase C, which further controls functions of other 
proteins.24,37–39 The toxin Equinatoxin-II28 and several lipases also sense DAG-
induced phase separation and packing defects, which facilitate membrane binding 
and subsequent endogenous activity.40–42 Additionally to their signaling and 
protein recruitment properties, DAGs act as fusogens due to their ability to 
increase the negative curvature of lipid membranes. As conical lipids, DAGs have 
the propensity and ability to induce inverted liquid crystalline phases, especially 
hexagonal and cubic phases, which contribute to membrane fusion.43–46 

Finally, DAGs have been found to be main lipoprotein components, especially of 
high-density lipoproteins (HDLs).23,47 DAGs, but also triglycerides (TGs) and 
cholesteryl esters (CEs), are transported in the form of solid lipoprotein particles 
via endogenous pathways responsible for lipid transport and metabolism. 
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In summary, DAGs are involved in several biological phenomena, including 
membrane phase separation, fusion, protein recruitment and communication, 
signaling, and lipid metabolism. Therefore, DAGs are potentially interesting lipid 
components for lipid-based nanomedicines, but surprisingly have hardly been 
studied in depth.48,49 Fusogenic lipid-based nanoparticles have been proposed to 
enhance the efficient delivery of therapeutics into cells.50–52  The same has been 
proposed for phase-separation.52–54 Specific nanoparticle-protein communications 
could be exploited for targeting nanoparticle delivery and signaling could be used 
for therapeutic purposes.  

Evolution of lipid-based nanoparticles 
Liposomes are considered the earliest form of lipid-based nanoparticles (Figure 
4a). They were discovered in the early 1960s, when lipid membrane vesicular 
assemblies were found to spontaneously form in water.55,56 Initially, liposomes 
were used as model membranes to study biological mechanisms including ion 
transport, fusion and drug-membrane interactions.57,58 However it became 
apparent that liposomes could be used to entrap drugs and their potential as drug 
delivery platforms was established.59,60 Already by the early 1970s, liposomes were 
being tested as drug delivery carriers, showing their potential in enzyme 
entrapment and prevention of immunological reactions.59,61–63 Later, in vivo 
biodistribution studies revealed their rapid clearance from blood circulation, 
however further studies showed that their size and unilamellarity, as well as 
composition and charge, can be tuned to generate liposomes with longer 
circulation lifetimes.64–66  Moreover, the addition of cholesterol, as well as 
PEGylation, increased liposome circulation.67,68 Almost three decades after their 
discovery, the first liposomal drug formulations were approved for clinical use 
(Table 1). Examples include the liposomal form of amphotericin B – with the trade 
name Ambisome® – used  to treat severe fungal infections, and the liposomal form 
of doxorubicin – with the trade name Doxil®/Caelyx® – used for the treatment of 
several cancer types. 
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Table 1. A selection of lipid-based nanoparticle therapeutics approved by FDA 
and/or EMA.69,70 

Year Brand name Formulation 
Lipid 

Composition 
Active 

ingredient 
Indication for 

use 

1997 AmBisome®  Liposome 
HSPC, DSPG, 
CHO (2:0.8:1) 

amphotericin 
B 

fungal infections 

 
1995 

 
Abelcet®  

 
Liposome 

DMPC, DMPG 
(7:3) 

amphotericin 
B 

fungal infections 

2021 Comirnaty® mRNA-LNP 
DSPC, CHO, 
ALC-0315, 
ALC-0159 

tozinameran 
vaccine against 
SARS-CoV-2 

1995 
 

Doxil®/Caelyx® 
 

Liposome 
HSPC, CHO, 
DSPE-PEG 
(5.6:3.9:0.5) 

doxorubicin 
Kaposi’s 
sarcoma, 

breast cancer  

1996 DaunoXome® Liposome 
DSPC, CHO 

(2:1) 
doxorubicin Kaposi’s sarcoma 

2012 Marquibo® Liposome 
Sphyngomyelin, 

CHO (6:4) 
vincristine 

acute 
lymphoblastic 

leukemia 

2009 Mepact® Liposome 
DOPC, DOPS 

(3:7) 
mifamurtide Osteosarcoma 

2000 Myocet® Liposome 
EPC: CHO 

(5.5:4.5) 
doxorubicin breast cancer 

2018 Onpattro® RNAi-LNP 

 
DSPC, CHO, 
DLin-MC3-

DMA, DMG-
PEG2k 

patisiran 
hATTR 

amyloidosis 

2021 Spikevax® mRNA-LNP 

 
DSPC, CHO, 

SM-102, DMG-
PEG2k 

elasomeran 
vaccine against 
SARS-CoV-2 

2000 Visudyne® Liposome 
EPG, DMPC 

(3:5) 
verteporphin 

macular 
degeneration 
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Abbreviations in Table 1: FDA = Food and Drug Administration, EMA = European 
Medicines Agency, CHO = cholesterol, HSPC = hydrogenated phosphatidylcholine (soy), 
DSPG = distearoyl-phospatidylglycerol, DMPC = dimyristoyl-phosphatidylcholine, DMPG 
= dimyristoyl-phosphatidylglycerol, DSPE-PEG = distearoyl-phosphoethanolamine-
polyethylene glycol, DSPC = distearoyl-phospatidylcholine, DOPC = dioleoyl-
phospatidylcholine, DOPS = dioleoyl-phospatidylserine, EPC = phospatidylcholine (egg), 
EPG = phospatidylglycerol (egg),  DMG-PEG2k = dimyristoyl-glycerol-polyethylene 
glycol-2000.  

 

 
Figure 4. Evolution of lipid-based nanoparticles. a) Liposomes are the first lipid-based 
nanoparticles developed to mainly entrap small molecule drugs. They are usually spherical, 
consisting of a phospholipid bilayer and their properties can be tuned by lipid composition 
and addition of cholesterol or PEGylation. b) Cationic liposomes were extensively studied 
in the 1980s as suitable liposomal carriers for the entrapment of polyanionic nucleotides, 
mainly DNA. Their intrinsic cytotoxicity due to their charge however, led to the 
development of ionizable aminolipids with low pKa, which can complex with nucleic acids 
in acidic pH and become neutral at physiological conditions. The development of c) RNA-
based ionizable LNPs led to stable, robust entrapment of nucleic acids, lower toxicity, and 
higher transfection efficiency. 

 

In the field of gene therapy, DNA encapsulation and cell transfection using 
liposomes proved to be a major challenge in the 1980s. Eventually, the 
development of the synthetic cationic lipid DOTMA (1,2-di-O-octadecenyl-3-
trimethylammonium propane) led to lipofection, where resulting cationic 
liposomes complex with DNA and transfect cells with high efficiency (Figure 
4b).71 Cationic liposomes however, were found to be toxic and rapidly cleared 
from circulation due to their high surface charge and large size, hindering in vivo 
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systemic use.72,73 This led to the development of ionizable aminolipids such as 
DODAP (1,2-dioleoyl-3-dimethylammonium propane), DLin-MC3-DMA, SM-
102 and ALC-0315 (Table 2). The ionizable lipids allowed for the development of 
more sophisticated lipid nanoparticle assemblies, known as lipid nanoparticles 
(LNPs), enabling encapsulation of RNA-based therapeutics, lower toxicity and 
higher transfection efficiency (Figure 4c).69,74–76 Ionizable amino lipids have an 
optimal pKa between 6-7 which allows for complexation with RNA in acidic pH, 
followed by LNP assembly.77,78 Subsequently, pH can be adjusted to physiological 
values enabling the deprotonation of ionizable lipids, giving LNPs a relatively 
neutral surface and avoiding therefore rapid opsonization or toxicity. LNPs have 
recently shown tremendous potential in gene therapies, especially after the first 
clinically approved siRNA-based LNP formulation Onpattro® – which is used to 
treat polyneuropathies resulting from the hereditary transthyretin (hATTR) 
amyloidosis – and the mRNA-LNP vaccines against SARS-CoV-2, Spikevax® and 
Comirnaty® (Table 1). 79–82 

 

1.5 Targeted drug delivery  

The concept of targeted drug delivery  
The concept of using lipid-based nanoparticles in targeted delivery has been 
proposed since the 1970s.60,83,84 Nanoparticles can be engineered to exert tailored 
properties that enable the targeting of specific cells or tissues, hence enhancing 
their therapeutic efficacy, lowering the dose, and reducing off-target adverse 
effects. As mentioned previously, nanoparticle modification with targeting ligands 
– such as antibodies, peptides and sugar moieties – can facilitate nanoparticle 
recognition by receptors expressed on the surface of specific cell types, to promote 
active targeting and transport (i.e., receptor-mediated endocytosis). Furthermore, 
nanoparticles can be designed to respond to specific stimuli such as pH, 
temperature or light, which allow for spatiotemporal control of drug release and 
enhanced therapeutic efficacy. Also, a top-down approach is commonly used for 
targeted lipid nanoparticle discovery, where empirical screenings by altering 
nanoparticle size and composition, or design of experiment (DOE) methods,85 
narrow down formulations with optimal in vivo behavior. 
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Table 2. Molecular structures of a selection of ionizable lipids. 

Ionizable lipid Molecular structure and name 

DODAP 
First developed 

 

N
HO

O

O

O

 
1,2-dioleoyl-3-dimethylammonium propane 

DLin-MC3-
DMA 
Clinically 
approved 
(Onpattro®) 

 

N
O

O

 
 
heptatriaconta-6,9,28,31-tetraen-19-yl-4-(dimethylamino) butanoate 

SM-102 
Clinically 
approved 
(Spikevax®) 

 
O

O
N

O

O OH

 
 
Heptadecan-9-yl 8-((2-hydroxyethyl) (6-oxo-6-(undecyloxy) hexyl) 
amino)octanoate 

ALC-0315 
Clinically 
approved 
(Comirnaty®) 

 

OH

O

O

O

O

N

 
(4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) 
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Challenges in targeted drug delivery  
Liposomes and LNPs have so far been the most clinically advanced drug delivery 
platforms. Several liposome drug formulations have been approved for use in 
patients, mostly because they exhibit lower adverse effects than the free drug. For 
example, it was found that Doxil® reduces the cardiotoxicity otherwise observed 
during treatment with doxorubicin.86,87 Liposomal drug formulations exhibit lower 
toxicity or slower drug release, however they do not particularly show higher 
therapeutic potential.88 Despite the exciting advancements made in the field of 
lipid-based nanomedicines, several challenges remain. The biggest challenge 
continues to be the active targeting of (diseased) tissues and cell types. All clinically 
approved lipid-based nanomedicines are non-targeted delivery systems; Doxil® is a 
long circulating liposome, PEGylated to prevent rapid clearance, and mainly relies 
on the enhanced permeation and retention (EPR) effect to accumulate in solid 
tumors. Other liposomal drug formulations require similar biological mechanisms 
for accumulation, or they rely on passive uptake due to their size. For example, 
Mepact® (1-5 μm) has been used to activate the complement system and 
accumulate in macrophages, similarly to other nanoparticles that are cleared from 
circulation due to size.89 Also, the two mRNA-LNP COVID-19 vaccines are 
administered intramuscularly and therefore immune responses are induced 
locally.   

Consequently, no significant developments leading to selective nanoparticle 
targeting have yet resulted in a clinical product. Despite five decades of liposome 
research, discussions reflecting the reasons of the systematic failure to achieve 
selective therapies is only recently addressed.88,90–92 Firstly, rapid clearance of 
systemically administered nanoparticles from circulation, attributed to their 
opsonization and uptake by cells of the mononuclear phagocyte (MPS) and 
reticuloendothelial system (RES), lowers their therapeutic efficiency in tissues and 
organs other than the liver and kidneys. On the other hand, local nanoparticle 
administration has been shown to enhance drug delivery in tissues and reduce off-
targets.93,94 Often however, areas of pathology are not accessible for local 
administration and when they are, procedures may be invasive, lowering the 
patient’s quality of life. Secondly, targeting ligands are often erroneously assumed 
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they act as “magic bullets”. They can indeed increase cell specificity within a tissue 
and actively target cell types, but the poor penetrability of nanoparticles in the 
tissue – even by local administration – bypassing several cell and tissue barriers, is 
often ignored. Moreover, the EPR effect, mostly used to target tumors, is often 
overrated as it shows great potential on animal models due to their faster-growing 
tumors (especially on xenograft models), but fails to successfully and accurately 
predict translation in humans.95 Taken together with the lack of knowledge on the 
tumor pathophysiology and diversity, which are not carefully considered during 
nanoparticle design, studies show that only 0.7% of intravenously (i.v.) 
administered nanoparticles reach solid tumors.91 Finally, nanoparticle designs 
utilizing targeting ligands such as antibodies, often exhibit relatively similar 
therapeutic outcomes to non-targeting formulations, but not higher enough to 
offset bottlenecks such as developmental costs (manufacturing, quality control 
etc.). The high complexity of such nanoparticle designs, containing multiple 
biologically active compounds, also requires extensive regulation for authorization 
and makes them unappealing to regulatory offices.88,90 Similarly, uncharted 
territories in nanomedicine, especially for the more recent LNP-based 
therapeutics, could lead to several implications in drug development. For example, 
it is not yet clear whether LNP components should be considered as active 
ingredients or drug excipients, and as a result regulation can be complex.96   

 

1.6 Overcoming challenges in nanomedicine  

Bridging the translational gap  
The preclinical development pipeline of nanomedicines usually follows that of 
traditional drug discovery, i.e., physicochemical characterization, in vitro 
evaluation, and finally in vivo validation in relevant animal models. However, 
given the high complexity of nanomaterials – properties are different from a drug 
molecule – size, morphology, surface charge and surface modifications will 
profoundly determine the fate of nanomedicines in vivo.97,98 Taken together that in 
vitro testing fails to reflect a realistic environment, wherein serum proteins, 
immune cells, clearance mechanisms and dynamic blood flow are present, myriad 
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preclinical nanoparticle studies achieve very poor translational prediction.99 Also, 
exhaustive large-scale experiments, high costs and ethical considerations involved 
in animal testing, force to narrow down nanoparticle candidates for evaluation in 
rodents. Consequently many “poor in vitro performers” are disregarded and the 
potential of a plethora of lipid nanoparticle formulations is not assessed further.  

Zebrafish are a robust in vivo model that can bridge the existing gap and improve 
the translational prediction.100 As an animal model to screen and assess 
nanoparticle behavior in vivo, zebrafish offer several advantages over in vitro 
testing, or organs-on-chips, and can be used prior to (but not replacing) testing in 
higher animal models. Firstly, zebrafish have 76% homology to human genes, 
compared to a similar percentage for mice (84%) and many organs and functional 
systems such as the liver, blood-brain-barrier, vascular and immune system share 
physiological similarities with mammalian counterparts.101–104 Also, plasma 
proteomes including main apolipoprotein families, as well as lipid transport and 
metabolism pathways (i.e., several lipases, scavenging and lipoprotein receptors) 
are conserved.105,106 Secondly, zebrafish offer the advantage of optical transparency 
in early embryonic stages, enabling real-time visualization of nanoparticle 
behavior in vivo, across the whole living embryo and at cellular resolution.107 
Additionally, fast generation of large embryo numbers allows for high-throughput 
in vivo screenings. Another important advantage is the external fertilization, which 
eases genetic manipulation and generation of numerous transgenic lines (i.e., 
fluorescent transporter lines, mutants, transparent lines).108,109 All these biological 
features allow for total nanoparticle assessment including toxicity studies, 
inflammatory responses and biodistribution. More specifically for the latter, 
embryonic zebrafish lines and biological manipulation (i.e., inhibition of biological 
pathways) lead to observation of circulation lifetimes and clearance, extravasation, 
specific cell association, mechanisms of uptake, and transport across biological 
barriers. They also allow for evaluation of therapeutic outcomes such as gene 
delivery and cell transfection, gene silencing, drug release or others.  
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Zebrafish embryos, however, have an immature adaptive immune system which 
does not entirely reflect the nanoparticle clearance in higher animal models. They 
also have a slower blood flow and lower body temperature than rodents and 
humans, which can affect nanomedicine pharmacokinetics. Also, of particular note 
is that several biological pathways observed in zebrafish embryos are associated 
with developmental stages and are not conserved in adult stages. Therefore, a 
proper evaluation of the desired study and the correct selection of line and 
experimental setup is needed to effectively exploit these animal models. Since 
substantial differences in nanoparticle biodistribution has been observed across 
species,110 a combination of models is desired/should be considered, to evaluate 
and validate research outcomes.   

Overall, zebrafish embryos can bridge the gap between in vitro and in vivo testing 
in higher animal models. They present more complex biological conditions and 
have bigger informative value than in vitro testing; at the same time, they are easier 
to manipulate, and are more applicable to high-throughput screenings, more 
cost/time effective, and require less regulation than higher in vivo organisms.  

Understanding nanoparticle behavior  
Besides the aforementioned translational gap, the stymied progression on 
nanoparticle targeting also lies on the lack of fundamental knowledge at the nano-
bio interface.95,98 A better translation of nanomedicines can be achieved by 
understanding key molecular interactions – i.e., specific nanoparticle-protein 
interactions – that drive biological mechanisms underpinning nanoparticle fate, 
biodistribution and clearance. For example, it was recently shown that surface 
charge can remarkably affect clearance and uptake of nanoparticles by different 
cell types.111–113 Particularly anionic lipid-based nanoparticles have been found to 
preferentially accumulate in liver-sinusoidal endothelial cells (LSECs) through an 
interaction with two transmembrane receptors, Stablin-1 and Stabilin-2.111,112 
Instead of endless nanoparticle screenings, by simply understanding the effect of 
nanoparticle charge in cell selectivity, and by generating LNPs with anionic surface 
charge, it was possible to redirect nanoparticle accumulation towards LSECs over 
hepatocytes.114 This event was found to be conserved across different animal 
models. Additionally, the formation of a protein corona on lipid-based 
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nanoparticles profoundly affects nanoparticle fate.115,116 Interestingly, the protein 
corona of several lipid-based nanoparticles has been recently found to be rich in 
apolipoproteins – the main structural and functional components of lipoproteins 
which regulate lipid transport and metabolism – as opposed to previous 
assumptions that larger, more abundant proteins (i.e., albumin) are the main 
corona components.117 Importantly, many lipid-based nanoparticles have been 
found to have diverse apolipoprotein classes adsorbed onto their surface, or have 
no corona at all – depending on lipid composition – diverging therefore 
nanoparticle biodistribution. Interestingly, personalized nanoparticle protein 
coronas (i.e., every individual may exhibit different plasma proteomes and 
therefore coronas) could be exploited in favor of the nanoparticle design and 
development.118,119  

By acquiring a more comprehensive picture on the biological identity of lipid-
based nanoparticles influenced by their physicochemical properties, nanoparticle 
in vivo behavior can be more accurately predicted.98 In summary, lipid 
composition, morphology, size, colloidal stability and charge, will all affect in vivo 
performance, corona formation, selective nanoparticle-protein communications, 
and promote different interactions with endogenous mechanisms. Having 
therefore a biocentric approach on lipid-based nanoparticle development, 
considering how physicochemical properties affect the nano-bio interface, could 
help overcome current challenges on nanoparticle targeting and lead to more 
precise technologies. 

Hijacking endogenous mechanisms of lipid transport and metabolism for 
targeted drug delivery 
In contrast to conventional empirical screenings, exploiting endogenous lipid 
transport mechanisms to guide lipid-based nanoparticles to specific tissues or cells, 
is an enticing strategy but largely unexplored. A highlight of this approach is the 
clinically relevant formulation Onpattro®.79 Here, selective recognition and uptake 
within target hepatocytes rely on the adsorption of soluble apolipoprotein E 
(apoE) to the surface of circulating siRNA-LNPs. This, in turn, guides LNPs to 
low-density lipoprotein receptors (LDLr) that are heavily expressed on the 
sinusoidal surface of hepatocytes.120 Similar strategies can employ other 



                                                                                                           Chapter 1 
 

25 
 

apolipoproteins for enhanced cellular uptake i.e., by scavenger or other 
apolipoprotein receptors.9,121,122 An even more unexplored strategy is employing 
triglyceride lipase-mediated pathways for nanoparticle cell specific targeting and 
transport. Triglyceride lipases (TGLs) are extracellular, endothelial lumen-bound 
hydrolytic enzymes which regulate lipid metabolism throughout the body.123–126 
TGLs metabolize lipoproteins by hydrolyzing the ester bonds of TGs, DAGs and 
CEs to release free fatty acids, which in turn are taken up locally by cells; or 
facilitate lipoprotein margination and holoparticle uptake by the cell (Figure 5).127–

129 The three main members of the TGLs, sharing significant structural homology, 
are lipoprotein lipase (LPL), endothelial lipase (EL) and hepatic lipase (HL).130–135 
Once expressed, TGLs are localized on endothelial cells and are mainly connected 
to cell membranes onto heparan sulfate proteoglycans (HSPG) or the 
glycosylphosphatidylinositol anchored high density lipoprotein binding protein 1 
(GPIHBP1) via electrostatic interactions.136–138 Spatiotemporal regulation of TGLs 
makes them interesting targets for nanoparticle cell specificity. TGLs are present in 
organs such as liver, heart, reproductive organs, but also highly present in several 
cancer types, promoting tumor growth and proliferation through lipid 
transport.139–143  

 

Figure 5. TGL-mediated lipoprotein transport/metabolism. TGLs are electrostatically 
bound to HSPG or GPIHBP1 and are exposed to the luminal side of endothelial cells. TGLs 
recognize lipoproteins in blood circulation and facilitate their endocytosis or hydrolyze 
them to release free fatty acids (FFA) that will be subsequently endocytosed. 
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1.7 Scope and motivation of this thesis  

This doctoral thesis is an effort to understand how lipid phase-separation induced 
by DAG analogues in lipid-based nanoparticles affects their in vivo behavior, 
leading to specific nanoparticle-protein communications and selective cell 
targeting. By studying how lipid composition affects morphology and this in turn 
affects the nano-bio interface, a comprehensive picture and prediction of 
nanoparticle behavior and cell selectivity is provided.  

Chapter 2 of this thesis describes the discovery of a novel liposome formulation 
consisting of just two lipids, a phospholipid and a synthetic DAG analogue 
(termed DOaG). This liposome formulation is capable of accumulating within 
brain endothelial cells of zebrafish embryos, by hijacking a pathway of lipid 
transport and metabolism mediated by TGL. Cryo-TEM imaging reveals a novel 
morphology in liposomes, characterized by lipid phase-separation, which is found 
to be responsible for the selective targeting. Zebrafish embryos are used as the 
primary in vivo model to unravel the biological mechanism underpinning the 
specific nanoparticle cell uptake, which is also found to be partially conserved in 
higher animal models (mice).  

Chapter 3 describes an in-depth mechanistic understanding of the compositional 
and morphological changes that the phase-separated liposomes undergo in the 
presence of TGLs. A combination of cryo-TEM, molecular dynamic simulations 
and in vitro experiments, reveal that liposomes undergo remodeling after 
liposome-lipase interaction. Additionally, membrane packing defects – which are a 
result of phase-separation – facilitate the recognition and binding of the lipase 
onto the liposome surface. 

Chapter 4 describes the detailed investigation of the underlying molecular 
principles underpinning the phase-separation and selective in vivo targeting, as 
induced by DOaG in liposomal membranes. Here, a library of DOaG analogues 
varying molecular properties is synthesized to investigate the structure- function 
relationship of DOaG in liposomal formulations. Cryo-TEM and biodistribution 
studies in zebrafish embryos reveal that only certain analogues can create phase-
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separation leading to selective in vivo behavior, and that some contribute to the 
improvement of the formulation in terms of colloidal stability.  

Chapter 5 describes the development of a novel mRNA-LNP formulation capable 
of delivering mRNA preferentially to the brain endothelial cells of zebrafish 
embryos, with subsequent transfection and protein expression. Guided by the 
knowledge acquired from the previous chapters, DOaG is used in this study to 
generate a novel phase-separated LNP formulation, as characterized by cryo-TEM. 
Zebrafish embryos are used for a biodistribution screening study to determine the 
exact lipid composition of DOaG-based LNP formulation that leads to specific cell 
targeting and gene delivery. 

Chapter 6 summarizes all main findings generated over the course of this research 
and reflects on their importance for future studies and applications.  

Appendix I describes a developed modified protocol for the in-situ formation and 
encapsulation of gold nanoparticles in phase separated, DOaG-containing 
liposomes. 
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