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Abstract

Atherosclerosis, the chronic inflammation of the arterial wall, is one of the leading causes of death
in the western societies. Which is characterized by the accumulation of inflammatory macrophages
and necrotic regions in the intima. Rupture of the plaque can lead to thrombosis, a blood clot in
the blood vessel, blocking the natural flow of the blood. If left untreated the entire lumen can be
blocked and the results can be fatal. Progression in atherosclerosis is mainly driven by the build
up of macrophages. An important phenotype on these cells are cannabinoid receptors, important in
the control of inflammatory pathways. By presenting inflammatory relieving cannabinoids to these
receptors, the macrophages could become less inflammatory. A localized delivery would give the
additional benefit of reducing systematic side effects. High density lipoprotein based nanoparticles
have shown to be great carriers for drug molecules. Additionally, high density lipoproteins are able to
relieve AS up to a certain extend. In this research we analyzed physical and physio-chemical properties
of different nanoparticle formulations. Specifically, the size, morphology and 𝜁-potential. Next we
investigated the cannabinoid receptor expression on different types of macrophages, which verified
that macrophages in atherosclerotic conditions have an abundance of our target receptor. Finally we
performed a small in vitro study showing both empty and cannabinoid loaded nanoparticles relieved
pro-inflammatory signals.
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Abbreviations

ABCA-1 ATP-binding cassette transporter 1
Acetyl-LDL Acetylated low density lipoprotein
AS Atherosclerosis
ApoA1 Apolipoprotein A1
BCA Bicinchoninic acid
CBD Cannabidiol
DAPI 4,6-Diamidino-2-Phenylindole
DLS Dynamic light scattering
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
ELISA Enzyme-Linked Immuno Sorbent Assay
FBS Fetal bovine serum
HDL High density lipoprotein
ICAM-1 Intracellular adhesion molecule
IFN𝛾 Interferon gamma
IL-x* Interleukine-x*
LCM L929 conditioned medium
LC-MS Liquid chromatography–mass spectrometry
LDL Low density lipoprotein
LPS Lipopolysaccharide
M-CSF Macrophage colony-stimulating factor
MCP-1 Monocyte chemotactic protein 1
MHPC 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-

(1’-rac-glycerol)
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromidefor
NO Nitric Oxide
NPs Nanoparticles
Ox-LDL Oxidized low density lipoprotein
PBS Phosphate-buffered saline
PHPC 1-palmitoyl-2-hexadecyl-sn-glycero-3-

phosphocholine
PLA Poly(lactic-acid)
PLGA Poly(Lactide-co-Glycolide)
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine
TEM Transmission electron microscopy
TMB TMB-ELISA Substrate Solution
TNF𝛼 Tumornecrosefactor𝛼
VCAM-1 Vascular cell adhesion molecule 1
* x being a natural number (e.g. 1, 6 or 12).
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1
Introduction

1.1. Atherosclerosis development
Cardiovascular diseases have become one of the primary causes of mortality in western societies over
the last few decades [1]. Around 68% of these cases are caused by atherosclerosis (AS), characterized
by the chronic inflammation in the blood vessel walls [2]. The predominant trigger for AS is the diffusion
of low density lipoprotein (LDL) into the tunica intima (innermost layer of the arterial wall) [3][4][5].
A series of events result into the expansion of intima and subsequently the narrowing of the lumen,
disrupting the natural flow of the blood. In later stages the entire artery becomes blocked and tissue
and cell death occurs posterior to the blockage. Strokes and infarcts are clear examples of entire
organs being drained from blood supply. Traditionally six different phases are distinguished although
most developments overlap in time [5]. In Figure 1.1 the different stages in AS are further illustrated.

1.1.1. Lipid deposition
A high concentration of LDL in the lumen, usually caused by poor lifestyle or genetic disorder, will
diffuse, around the endothelial cells, into the intima by Fick’s law. The main function of the endothelial
cells is to manage permeability of cells and molecules (e.g. leukocytes and LDL) and to act as a barrier.
Another important function is to create a smooth surface for minimal friction between the blood and the
wall, a function which is greatly disturbed in AS later stages. The LDL is able to undergo electrostatic
interaction with the proteoglycans, oxidizing the LDL (Ox-LDL). Oxidization of LDL is relatively easy
compared to high density lipoprotein (HDL) due to the rich fatty acid content and poor cholesterol
ester content in LDL [6]. Further interactions with extracellular matrix proteins and cells stress the
endothelium [7].

1.1.2. Endothelium defences
The resulted stress on the endothelium increases its permeability, which has been correlated to AS
development [8]. A switch in physiological and functional phenotype is initiated and will be remaining
for the entire progression. A discrete distribution of anionic sites in their cell membrane, opposed to the
common homogeneous arrangement, can be observed. A study suggests that this rearrangement fur-
ther increases the permeability for LDL [9]. Another essential alternation in endothelial cell physiology
is the formation of new cell molecules such as ICAM-1 (intercellular adhesion molecule), E-selecting
and P-selectin (both employ in the recruitment of monocytes), as well as VCAM-1 (vascular cell adhe-
sion molecule) just to name a few [3]. Other monocyte attractors for monocytes are also synthesized,
Monocyte chemotactic protein 1 (MCP-1) and Interleukin-8 (IL-8) for instance (Figure 1.1). Oftentimes
these molecules are overexpressed in AS plaque. Endothelial cells also express specific cytokines tar-
geting smooth muscle cells in the middle layer of the arterial wall (tunica media). In healthy conditions
the media and its content allows for vasoconstriction and vasodilation of the wall, regulating pressure
and temperature [7]. However in atherosclerotic conditions the smooth muscle cells are triggered to
switch their phenotype to a synthetic phase [10] [11].
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2 1. Introduction

Figure 1.1: The different stages with their contributing cells and signals in AS development [5]. Several key factors
can lead to the development of AS (yellow box) (e.g. high fat diet or stress). This will lead to a disruption of the endothelium,
allowing LDL to enter the intima. These become oxidized which will ultimately attract white blood cells to clean up. Macrophages
embed the Ox-LDL and become foam cells, unable to escape the lesion. The foam cells will die and release their content into the
extracellular matrix forming calcified nectrotic cores. Simultaneously smooth muscle cells are recruited from the media which
will secrete atherogenetic cytokines. Ruptures in the plaque will release the inflammatory content into the lumen progressing
the disease further by initiating thrombosis. On the other hand cholesterol and LDL can be modified and extracted from the cells
and intima in a HDL complex, relieving stress from the endothelium.

1.1.3. Leukocyte recruitment
As mentioned previously MCP-1 and IL-8 are expressed to recruit leukocytes, specifically dendritic cells,
T lymphocytes and plasma monocytes. It has been shown that dendritic cells main function is to present
antigens to T lymphocytes, since they are often observed to be in direct contact or at short distances
in the AS plaque [11]. Specifically the dendritic cell type 𝐶𝐷86 𝐶𝐷11𝐶 is often detected in the intima
layer and most likely recruited by VCAM-1 [3]. Macrophages are one of the differentiated forms of
monocytes and play an important role in regulating inflammation and in removal of dead cells. Two
distinct monocyte subsets (CD14 CD16 and CD14 CD16 ) are to be recruited by the endothelial
cells and triggered to enter the intima.

Platelets also play an important role in the AS progression. The modified endothelial cells emit
specific von Willebrand factors which aid in the regulation of hemostasis [5] [12]. In turn the platelets
secrete pro-inflammatory attractors such as Matrix metalloproteinase, P-selectin and CD40 ligands.
Monocytes are promoted to bind to VCAM-1 hence increasing their adhesiveness. Macrophage scav-
enger receptors are present on the monocyte surface and are able to recognize Ox-LDL and are be-
lieved to play a key role in macrophage differentiation. Macrophages in turn exhibit increased levels of
Macrophage scavenger receptors on the surface and are able to encapsulate Ox-LDL [13]. The high
Ox-LDL uptake causes the macrophages to develop a foamy phenotype, called foam cells, which upon
themselves are not dangerous but in high numbers can induce necrotic areas.
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1.1.4. Lipid lesion formation
Damaged vessels stimulate platelets to release chemical agents attracting other platelets and leukocytes
to the scene, creating a positive feedback system. In parallel the macrophages keep digesting the Ox-
LDL, developing the foamy phenotype. Foam cells are highly fat loaded macrophages that emit various
factors including, reactive oxygen species that induce chronic inflammation, different from regular
macrophages. Both the vessel damage and release of reactive oxygen species stimulate the smooth
muscle cells to undergo a series of changes.

Healthy smooth muscle cells show to be spindle shaped with many contractile filaments. They also
show a relatively low proliferation and migration capacity. However during AS development they seem
to polarize toward a more synthetic phenotype (Figure 1.2). Proliferation and migration rates increase
and, morphologically speaking, form a more rectangular shape [10] [11]. The smooth muscle cells
migrate into the intima and start producing extracellular matrix proteins including, collagen, laminin,
elastin and glycoproteins (Figure 1.1). These proteins play key roles in the support of lipid lesions, in
cell migration and proliferation. Together with the macrophages atherogenic cytokines are released
such as Tumornecrosefactor𝛼 (TNF𝛼), IL-1𝛽, IL-6, IL-12 and Nitric Oxide (NO) [10].

Figure 1.2: The two different types of smooth muscle cells. The synthetic smooth muscle cell phenotype (left) and the
general phenotype (right) with the key characteristics [11]. The synthetic smooth muscle cell has an endoplasmic reticulum that
is important for protein synthesis. The general smooth muscle cell has more contractile fibers and less synthesized proteins.

The inflammatory defense mechanisms is considered to be the immune systems method of relieving
the contact of the inflammatory-induced region and the blood. The cells involved try to gather the lipid
droplets, creating a fibrous cap, but consequently forming lipid-lesions in the inflammatory-induced
region. A simplistic method of studying the macrophages is by using the dual polarity concept (Fig-
ure 1.3). In this model a macrophage can be of M1 or M2 type macrophage. M1 polarized macrophages
are considered the pro-inflammatory macrophages which are the main drive for recruitment and in-
flammation. On the contrary M2 polarized macrophages exhibit anti-inflammatory properties [14].

These cells exhibit a large amount of cannabinoid receptors on their surfaces, which play an im-
portant role in regulating inflammation. The two main receptors are the 𝐶𝐵 and 𝐶𝐵 type receptors
[15]. During chronic inflammation specific cannabinoid ligands can interact with these receptors and
promote either a pro-inflammatory or anti-inflammatory pathways. Stimulation can be achieved by ag-
nostic ligands whereas antagnostic ligands can be used to block the posterior pathway [16]. Because
𝐶𝐵 is the main cannabinoid receptor type in immune cells it is wise to target this pathway. A further
detailed description is presented in section 1.3 (Novel treatment).
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Figure 1.3: Schematic illustration representing the dual polarity theory of macrophages, based on the description
of Nakagawa et al. [14]. A neutral macrophage (blue) is able to polarize into a pro-inflammatory M1 type (red) or an
anti-inflammatory M2 type (green). They excrete different cytokines with pro- or anti-inflammatory properties. On type M1
receptors stimulate pro-inflammatory signaling while on M2 receptors stimulate anti-inflammatory pathways. Both receptors
are present on both types. However and are most predominantly present in M1 and M2 respectively.

1.1.5. Necrotic core and calcification
There are three fates of a macrophage in AS plaque. Apoptosis, cell death, is one of these fates.
Apoptotic macrophages, foam cells and smooth muscle cells release their content in the extracellular
matrix and lesion. Unesterified Ox-LDL regions, TNF𝛼 and -𝛽 in high amounts are factors that induce
endoplasmic reticulum stress [17]. This is achieved by the improper protein folding after translation.
Protein misfolding triggers an unfolded protein response aiming to protect the cell. In the short run
this is achieved by degrading existing misfolded proteins, stopping protein translation and stimulating
chaperone production. If prolonged endoplasmic reticulum stress is present and the unfolded protein
short-term response goals are not reached, the systems will initiate apoptosis. Due to environmental
restrictions the dead cells are not removed by the body and necrotic cores are formed rich in calcium
content. The cell content will diffuse into the extracellular matrix forming cholesterol crystals. Whereas
the initial lipid lesions within a fibrous capsule is considered to be stable and not dangerous, the calcified
necrotic cores and cholesterol crystals weakening the fibrous capsule, forming unstable and dangerous
regions. The secretion of cytokines aid in the digestion of the extracellular matrix further weakening
the tissue.

1.1.6. Plaque rupture and thrombosis
Another effect of the endoplasmic reticulum stress, induced by the oxidized lipids, is the increasing
signaling of inflammatory cytokines and recruiting new cells. Additionally the endothelial cells parting
the lumen and the lipid core will thinner, easing cell migration. Matrix metalloproteinases are also
secreted, which are involved in the digestion of different extracellular matrix proteins such as collagen.
The migration of smooth muscle cells has also led to a decrease in smooth muscle cells in the media
since proliferation is limited in this region. Resulting in more difficult control of blood pressure and
temperature regulation. Synthetic smooth muscle cells in the plaque core further secrete calcium,
hardening the structure. The increasing volume of the plaque lesion will directly lead to the narrowing
of the lumen disrupting the natural blood flow [5]. The endothelial surfaces roughens and erodes
creating more friction on the interface. The thinned fibrous cap together with the increased pressure
on the endothelial cell barrier and endothelial cell erosion form a treat for plaque rupture leading to
thrombosis.

Rupture of the lesion leads to the exposure of its content to the circulating blood in the lumen.
When the damaged tissue comes in contact with the blood it starts to secrete thromboplastin sub-
stances. A chain reaction, which requires calcium, is started that eventually will make the platelets
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release prothrombin activators, initiating blood clotting. The calcium helps convert the prothrombin
into thrombin, catalyzing the formation of long strong chains of fibrin. The fibrin treads form a mesh
onto the damaged region holding platelets and erythrocytes in place [18]. If the rupture and clotting
are not lethal the thrombus will start to shrink, heal and remodel (Figure 1.4).

Figure 1.4: Thrombosis and stenosis development in the arterial walls. The weakening of the fibrous cap and final
rupturing (a) the thromboplastin substances stimulate blood clotting forming a thrombus (b). If after healing the rupture is
non-lethal a stenosis forms (c) [4].

During remodeling the lumen is often narrower than before the rupture forming a stenosis. Ad-
ditional ruptures are not exclude and often the lumen keeps narrowing until blood is unable to pass
through. The blockage of oxygen delivery and carbon-dioxide removal of the cells posterior to the
blood clot leads to cell death which can be lethal.

1.2. Atherosclerosis current treatments
Treatments are usually performed after severe narrowing of the arteries since the early signs are
undetectable. The main goals of any AS treatment are to lower thrombosis risks, decelerate plaque
accumulation and relieve symptoms (e.g. pain). Dependent on the severity of the inflammation three
different treatments can be applied. The first method relies on medication, the second on an implant
and the last method is a bypass surgical procedure.

1.2.1. Medication
Medication is usually given when the risks of thrombosis development are relatively low. In this case
the main goal is to decelerate the AS progression and postpone complications. One common strategy
used is lowering LDL levels in the blood system, which can be achieved by using Statin medication
[19]. This is achieved by increasing the LDL uptake by the liver and decreasing LDL synthesis. Two
independent studies showed the benefits of this approach [19][20]. On the other hand there have been
some controversial studies conducted addressing the safety issues with Statin on a systematic level.
One review specifically argues that the use of Statin induces heart failures by disrupting selenoprotein
synthesis [21]. Statin could be toxic for mitochondria and damage cells. Despite the review citing
different studies which express similar results, Statin is still prescribed for AS treatment. Reducing
blood clotting is another tactic used to decelerate thrombosis development, which can be achieved by
medication such as Aspirin. The formation of a stenosis is mainly the result of platelets accumulation
on the rupture site, Aspirin could decelerate the process. However blood thinning could come with
a serious disadvantage in a patient’s personal life. Another commonly used oral treatment is used to
lower the general blood pressure on a systematic level. The idea behind this approach is the effect the
blood pressure on the endothelium. The cells and tissue will further be stretched and weakened. Blood
thinning using antiplatelet is a final medicine based approach to combat AS development. Aspirin is
a commonly purchased example, blood thinning reduces the formation of blood clots and postpones
thrombosis.

1.2.2. Stenting and bypass surgery
Whenmedicines will not be adequate a medical procedure will be performed, usually this applies for high
thrombosis or stenosis risks. With an angioplasty a catheter is positioned in the narrowed region. With
a secondary catheter a balloon is inflated in the narrowed artery, expanding the lumen. Simultaneously
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a stent is widened with the balloon which will stay in place while the catheters and balloon are removed.
The stent keeps the artery open and allows for the blood to flow again (Figure 1.5) [22]. The stents
used have a lot of variety such as the geometrical structure, and the materials used. Most stents on
the market are build up from a metallic platform, such as cobalt chromium and stainless steel [23].
In the last years new stents with biodegradable properties were developed, however these are not
commercialized yet. Some have specific coatings that should improve the therapeutic outcome, some
compounds are used to affect the cellular response of the foreign body while others try to attack the
plaque itself. However most of these coatings are still in the early clinical or animal studies.

With a bypass surgery a part of the patients veins (usually from the lower limbs) is removed and
surgically added around the narrowed artery. As the name suggests the blood is redirected along the
new vein and around the atherosclerotic region. This is usually only done for coronary arteries and is
more difficult for aortic problems [24].

Figure 1.5: Illustration of a catheter and stent positioning (angioplasty). The folded stent is inserted in the vessel close
to the region of interest (a). A second catheter is also inserted and a balloon is inflated, widening the stent and compressing
the plaque (b). The catheters are then removed and the stent is said in place (c) [25].

1.3. Novel approach
There is a limited extend to which the above mentioned therapies can aid. Medication is only able to
decelerate the process of AS and both stenting and bypass surgery only provide a solution to a single
AS site. It does not treat or regress AS on different sites. The main issues pushing AS development
are entrapment of both (Ox)-LDL and macrophages in the intima (1), the continuous recruitment of
new cells (2), chronic pro-inflammatory signalling (3) and the increasing blockage of the lumen (4).
These factors keep the progression of AS going and limit the recovery of the tissue. As mentioned
in the sections 1.1.4 and 1.1.5, the endocannabinoid system plays an important role in regulating
inflammation. Upon further research it becomes clear that the endocannabinoid system can, potentially,
be used in a novel therapy in AS.

1.3.1. Role of cannabinoids in atherosclerosis
Research has shown that the macrophage uptake of Ox-LDL activates the endocannabinoid system,
specifically cannabinoid receptor protein translation [26]. These receptors can be found on the cell
membrane and can induce inflammatory pathways by cannabinoid ligands [27]. Cannabinoid com-
pounds, such as Δ-9-tetrahydro-cannabinol, have been used for centuries in medicine and recreation
[16]. In the last decades many cannabinoid ligands have been discovered and synthesized with differ-
ent affinity for 𝐶𝐵 and 𝐶𝐵 . Most cannabinoid ligands are lipid based and have hydrophobic properties
[16]. Some have agnostic affinity, meaning a stimulation of the posterior pathway, while others have
an antagonistic affinity, blocking the receptor and subsequently the posterior pathway [28] [29].

AM251, an effective 𝐶𝐵 antagonist ligand, increased ATP-binding cassette transporter ABCA1
(ABCA-1) protein expression under AS mimicked conditions (Ox-LDL incubated macrophages) [26].
ABCA-1 is a membrane protein regulating cholesterol efflux (Figure 1.1). Together with ATP-binding
cassette sub-family G member 1, another cholesterol efflux regulator, it is responsible for 70% of
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cholesterol efflux and HDL formation of a cell [30]. One model suggests that the interaction of ApoA1,
present on HDLs, with cell surface receptors induces the transportation of cholesterol to the interaction
site [31]. ABCA-1 promotes cholesterol and ApoA1 to form HDL complexes, which will thus release
the cholesterol from the cell. The removal of the cholesterol is the first step in the reverse cholesterol
transport mechanism. Ultimately the modified cholesterol, embedded in the HDLs, can be transported
to the liver before leaving the body via the bile [32] [33].

Taking a step back three ultimate fates can be categorized for a macrophage has in the lesion
(Figure 1.6). The first one is related to the inflammation and is characterized by pro-inflammatory
cytokine production and cell recruitment molecule secretion. Secondly, and often a result from the first
category, is cell death contributing to necrotic core formation and calcification. Finally the category of
cells that is still able to escape from the lesion. In the final category limited Ox-LDL, cholesterol crystals
and free droplets are present, allowing it to escape the intima. This can be achieved by a relative high
efflux of cholesterol in the shape of HDL. ABCA-1 is able to remove excess cholesterol which has shown
to be important in inflammatory responses [30]. By promoting the ABCA-1 cell membrane protein, using
the cannabinoid pathway and the HDL structures, the macrophage is able to modulate the Ox-LDL and
decrease the chance of becoming a pro-inflammatory macrophage or of dying [15].

Figure 1.6: Schematic representation of the cellular paths in AS, specifically macrophages. (a) Ox-LDL is able to fuse
into the cell (orange) either in the shape of lysosomes or as loose lipid droplets. These will circulate in the cell and are able to
crystallize (depicted in red). The different shapes the Ox-LDL in the cell can induce stress on the ER (blue). It low doses this
induces protein translation related to inflammation and cell recruitment. In higher doses an unfold protein response is triggered,
which in the long run induces apoptosis. Cholesterol can also be modulated by the ABCA1 cell membrane protein (purple).
Together with ApoA1 and phospholipids high density lipoproteins (HDL) can be synthesized [14].

1.3.2. Localized treatment using high density lipoprotein nanoparticles
HDLs are primarily made up of a phospholipid and an ApoA1 embedded surface and a triglyceride and
cholesteryl ester fatty core [34]. Besides the interaction with the cell surface receptors ApoA1 improves
the stability of the HDL particles [35]. The removal of lipids and cholesterol from cells and tissues plays
an important role in AS. However, they cannot fully regress AS single-handedly [33]. In the last decades
however, reconstituted HDL particles were designed to carry hydrophobic drug molecules to cells and
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tissues [36]. Various studies have already presented promising results in mouse studies, showing the
specificity of the delivery [34] [37] [38] [39].

Promoting the HDL synthesis by modulating the cholesterol in the cells would be a way to stop cell
apoptosis, and therefore necrotic core formation, and stop pro-inflammatory signalling. This can be
achieved using the endocannabinoid system. Specific cannabinoid ligands blocking 𝐶𝐵 and promoting
𝐶𝐵 induced pathways on both M1 and M2 type macrophages can be used.

Ideally delivering these ligands locally would boost the drug efficiency and relieve more systematic
side effects. These can be achieved by a delivery system with a distinct target. Nanoparticles (NPs)
have been used to deliver hyaluronan, important in atherogenesis regulation, to AS lesions. It induced
anti-inflammatory signalling and repress pro-inflammatory signalling [40]. NPs have the potential of
delivering specific factors to targeted regions in the body. They usually remain in the range of 10 to
100 nm and are build up of an outer shell and inner core. Their size limits extraction from the blood
hence increasing the circulation time. At the AS site the permeability is increased which allows for an
easier delivery of the particles. The hyaluronan study also shows an accumulation of the particles at
the lesion site and minimal delivery in other regions (e.g. the spleen) [40]. For this reason the idea of
using NPs as a carrier for anti-inflammatory drugs becomes more plausible.

These particles can be formed by either a top down or bottom up approach. A top down approach
starts with big structures and shrinks them back to the nano-scale. This can be achieved with acoustic
energy (e.g. sonication) for example. With a bottom up approach the components are put together by
force creating the particles. Evaporation techniques are the most commonly used in current nanopar-
ticle fabrication and research (The method is further explained in 2.1.2). What makes this method
so popular is the fact that both hydrophobic and hydrophilic drugs can be incorporated in the particle
cores. The method is also considered relatively cheap compared to other methods. Another common
method, that is a bit more expensive, is using high pressure homogenizing technique (e.g. Herring-
bone mixer Appendix A) [41]. With high shear stresses, during mixing, the droplets will form in the
aqueous solution creating nanoparticles in a pre-emulsion. The smaller the droplets the smaller the
particles, this can be controlled by the energy put into the system. Either increasing the temperature
or increasing the shear stresses (mixing speed) will decrease the average particle size.

To obtain all the benefits of a NP delivery system there are some design restrictions. The diameter
is an adjustable parameter that influences the circulation time of the NPs. Generally speaking particles
with a diameter below 100 nm is preferred, however particles with a diameter smaller than 10 nm are
easily cleared by kidneys [42]. One of the aims of the research is therefore to obtain particles with a
diameter in the range of 10 to 100 nm. The drug delivery is highly correlated with the loading capacity
of the NP. Intuitively more particles are needed if the loading capacity is low compared to the number of
particles if the loading capacity is high. In order to keep the advantages of the NPs size it is important
for them not to aggregate, forming bigger structures by adhering together. Aggregation is highly
correlated to the surface potential, since electrostatic repulsion keeps the NPs from coming in close
proximity. Surface charge and the medium ionic strength both influence the degree of aggregation [43].
Higher surface potential, which is approximated by the 𝜁-potential, correspond to a higher stability and
usually a greater drug loading efficiency. Drug release profiles also showed to be more gradually when
the surface charge is high in magnitude [44]. In the research a 𝜁-potential of above 30 mV or below -
30 mV is considered ideal thus the NP surface charge and the medium have to be adjusted accordingly
[45]. Both a medium commonly used in 𝜁-potentials measurements (HEPES) as well as a medium used
for in vivo injection experiments (glucose) will be investigated. The incorporation of either cholesterol
or biodegradable polymers would improve the stability as mentioned in literature [46].

1.3.3. Aim of the research
The endocannabinoid system, specifically the cannabinoid ligands and receptors, shows promising re-
sults in AS therapy. NPs allow for a targeted delivery of this drug. The NP properties and characteristics
have a big influence on the performance. The goal of this research is to synthesize and characterize,
the physiochemical properties, of different NPs. Additionally the feasibility of the cannabinoid system
to use as a target was be evaluated. Finally an in vitro investigation would indicate the NPs effect on
inflammation. Specifically TNF𝛼 and IL-12 will be considered since these are important inflammatory
cytokines. The NO production was also be considered since low concentrations correlate with increased
cell proliferation while high concentrations correlate with cell arrest and even apoptosis [47].
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Materials and Methods

In this research the first step should be to synthesize the NPs. The top down and bottom up approach
were both used and in total twelve NPs were developed. Their physical and physio-chemical charac-
teristics also had to be evaluated to measure if they meet the requirements for both size, stability and
(NPs) yield. Different methods were used and combined to get an all round overview of the charac-
teristics. This was followed by two independent in vitro studies. The first focused on the cannabinoid
expression, specifically if the 𝐶𝐵 receptor could be a good target for future research. The second
study dealt with the NPs effect on pro-inflammatory cytokine production.

2.1. Preparation of nanoparticles
2.1.1. Materials (used for nanoparticles synthesis)
The following lipid powders: 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-myristoyl-2-hydroxy-
sn-glycero-3-phospho-(1’-rac-glycerol) (MHPC) and 1-palmitoyl-2-hexadecyl-sn-glycero-3-phosphocholine
(PHPC)were purchased from Avanti Polar Lipids (US). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) was purchased from Lipoid (US). The primary phospholipids (DMPC and POPC) are observed
to be interactive with human ApoA proteins and create proper membranes [48]. Poly (lactic-acid)
(PLA) and Poly(Lactide-co-Glycolide) (PLGA) were purchased from MP Bio (Netherlands) and Sigma
Aldrich (US) respectively. Additional details on the lipids and polymers are presented in Appendix B.
Apolipoprotein A1 (ApoA1) was purchased from Lee Biosolutions which was extracted from a human
donor and stored at 4 ∘C (US). Cannabidiol (CBD) drug powder was purchased from THC Pharm GmbH
(Germany). Cholesterol was purchased from Sigma Aldrich (US). All lipid and drug powders as well as
the cholesterol were stored at -20 ∘C. For the top down made NPs the evaporation technique was used
in combination with sonication. The MSE Soniprep 150 sonicater (UK) was used for the sonication. For
the polymer incorporated particles the high pressure homogenizing method was used. This included
two ALADDIN RS232 Syringe Master Pump (US) and a Herringbone mixer of ChipShop (US).

2.1.2. Procedure (used for nanoparticles synthesis)
In Table 2.1 the NPs formulations are summarized for both the top down as well as the bottom-up
formulation approaches. NPs made using the top down approach are named 𝑁𝑃𝑥 with the 𝑥 being a
number from 1 to 4, indicating the 4 primary particles. An additional 𝑥.5 is used in the labeling when
5mol% cholesterol has been added. For the bottom up derived particles 𝑃𝐺𝑁𝑃𝑥 or 𝑃𝐿𝑁𝑃𝑥 is used with
𝑃𝐺 referring to the incorporation of PLGA and the 𝑃𝐿 refers to the incorporation of PLA. The 𝑥 being
either 1 or 2, indicating the two different particles. The ± after the names indicates the presence (+) or
absence (-) of the CBD drug. Considering CBD is a well known cannabinoid with promising AS relieving
properties, we will use this molecule in our experiments. CBD is also known to be bio-compatible and
biodegradable with great affinity to the 𝐶𝐵 receptor [49].

Traditional synthesis method
For the top down approach the evaporation and sonication techniques were used to synthesize the
NPs (Figure 2.1.a). The DMPC, MHPC, PHPC and POPC powders and the CBD drug were dissolved
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in a 9:1 chloroform/methanol solution before undergoing evaporation under a vacuum, drawing the
organic phase out, leaving a dry lipid film, according to the formulations. Subsequently ApoA1 protein
was added according to a lipid/ApoA1 weight ratio of 10:1. PBS solution was added up to 2 ml. The
aqueous solution together with the lipids, drugs and surfactants were incubated at 37 ∘C for 3 hours
at a shaking speed of 300 rpm. Each sample was then sonicated until the solution became clear. The
particles were never sonicated more than 30 minutes. Centrifuging for 10 minutes at 2,500 rpm at
4 ∘C allowed for the removal of aggregation. The samples were purified from any unincorporated
lipid, ApoA1 or drug via centrifugal filtration with a molecular weight cutoff of 100 kiloDalton (Sartorius
Stedim Biotech GmbH, Goettingen, Germany). NPs were stored at 4 ∘C afterwards.

Figure 2.1: Illustration of the top down and bottom up synthesis method. (a) The top down approach used for the
conventional NPs. The lipid solution, containing the lipids, surfactants (e.g triglyceride and cholesterol) and drugs was mixed
with the organic solution (chloroform/methanol). The new mixture will undergo evaporation forming a lipid film. An aqueous
solution (ApoA1 and PBS) was added accordingly and mixed. Incubation at 37 ∘C and shaking for 3 hours before it was sonicated
for 10 minutes on ice. Finally a clear solution with the nanoparticles was filtered for aggregation and loose lipids. (b) Color
legend showing the organic and aqueous phase together with the mixture and filtered solution. (c) The bottom up approach
used for the incorporation of polymers. The lipid solution containing the lipids, polymers, surfactants and drugs was led through
the first microchannel at a rate of 3 ml/minute. This was in turn mixed with the aqueous solution (ApoA1 in PBS) which was
pushed into a connected microchannel at a rate of 12 ml/minute. The mixture was mixed in the Herringbone mixer and led into
a tube containing the NPs solution. Finally a clear solution with the nanoparticles was filtered for aggregation and loose lipids.
(d) A top and side view of the Herringbone structure used to mix the two phase provided by [50].

Novel synthesis method: Polymer incorporation
Incorporating the polymers into the formulation required the microfluid channel method, different from
the conventional formulations, known as the bottom-up approach (Figure 2.1.c) (n=3). PLA and PLGA
powders were dissolved in acetonitrile, while the lipids (DMPC and MHPC with 3:1 molar ratio) and drugs
were dissolved in ethanol. The organic solution, with a final volume of 2.1 ml, was mixed in acetonitrile
and subsequently injected through one of the Herringbone mixer channels at a rate of 3 ml/minute.
In parallel a 8.3 ml ApoA1 solution (0.05 mg/ml diluted in PBS) was injected in another micro-channel
at a rate of 12 ml/minute. Via the posterior channel the new mixture could be collected in a glass
vial. Centrifuging for 10 minutes at 2,500 rpm at 4 ∘C allowed for the removal of aggregation using
15 ml tubes. The samples were purified from any unincorporated lipid, ApoA1 or drug via centrifugal
filtration with a molecular weight cutoff of 100 kiloDalton. (Sartorius Stedim Biotech GmbH, Goettingen,
Germany). NPs were stored at 4 ∘C afterwards.
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2.2. Physiochemical characterization of nanoparticles
The NPs were analyzed with respect to their physical and physiochemical properties i.e. the morphology,
size, 𝜁-potential and protein and phospholipid yield. The protein and phospholipid content indicate the
yield obtained by these techniques. The final characteristic of these NPs were the drug entrapment
efficiency and loading capacity.

2.2.1. Transmission electron microscopy
TEM images were made using the Philips CM-10 transmission electron microscope (TEM) while confocal
images were acquired with the Leica TCS SP8-X confocal microscope. TEM was used for both morphol-
ogy and size. Briefly, TEM images were obtained using a uranyl acetate negative staining method on
copper grids. A drop of a 1:10 dilution of the samples was placed on a paraffin sheet. The copper grids
were placed upon the drops for a few minutes before washed three times in water droplets. After each
washing step the grids were dried on filter paper. Finally the grids were placed on one uranyl acetate
droplet for a couple of minutes before dried again. The sample grids were stored in a petri dish before
put into the microscope. The .tiff files were analyzed for NP sizes using ImageJ software.

2.2.2. Size and zeta-potential measurements
Dynamic light scattering (DLS) size measurements and the 𝜁-potential measurements were performed
using the Zetasizer Nano S provided by Malvern (US). DLS measurements were acquired since in
the electron microscope the samples are held at dry conditions, which could potentially influence the
imaged size. With the DLS the samples were kept in wet conditions. DLS measurements were done
with nanoparticles diluted in PBS buffer (𝜈 = 0,8882 and RI (Refractive Index) = 1,334) at 25 ∘C (n=4).
𝜁-potential was measured using the Dipp cells at a pH of 7 with the samples diluted in 10 mM HEPES
and 10% glucose. For both the drug entrapment efficiency and loading capacity a LC-MS analysis was
performed (see section 2.2.4).

2.2.3. Phospholipid and protein characterization
In order to determine the yield of the synthesis methods and the CBD loading a phospholipid assay was
performed after filtering. For the phospholipid assay perchloric acid, 1,25% hexa-ammoniummolybdate-
solution and 5% ascorbic acid were used and purchased from Sigma (US). A 0,5 mM phosphate solution
was used to form the standard curve. Pierce BSA Protein Assay kit was used from Thermo Fisher to
determine the ApoA1 yield of the NPs samples (US). The spectrophotometer Perkin Elmer Wallac 1420
Victor2 Microplate Reader was used to measure absorbances, purchased from GMI (US).

A phosphate assay was performed to determine the yield of the phospholipid incorporation into the
different formulations. We speculate that a higher phospholipid yield indicates the formation of more
NPs. To normalize the cell in vitro treatments, this yield difference is taken into account. It is also
used to calculate the CBD yield. Briefly, a standard curve containing 0, 40, 60, 80, 100, 120 and 160
𝜇L of the 0,5 mM phosphate solution (𝐾𝐻 𝑃𝑂 ) was prepared. 100 𝜇L of each NPs sample was added
to two glass tubes (n=3). The samples were placed in a heating block for 45 minutes at 190 ∘C to
completely dry the phospholipids, followed by the addition of 300 𝜇L of perchloric acid. Afterwards
they were placed in the heating block for 1 hour while covered with a glass marble on top (to trap the
evaporating mixture). Cooling the tubes down to room temperature before 1 ml of MiliQ water, 400
𝜇L of 1,25% hexa-ammoniummolybdate solution and 400 𝜇L of fresh made 5% ascorbic acid were
added. For 5 minutes the tubes were placed in a boiling water bath before cooled down again to room
temperature. The absorbance of each sample was measured at a wavelength of 797 nm using the
spectrophotometer Microplate Reader.

For the protein assay the Bicinchoninic acid (BCA) kit was used in order to determine the ApoA1
yield of synthesized NPs (n=3). Briefly, albumin-based standards were diluted, in the range of 25
up to 2000 𝜇g/ml. A working reagent was mixed using a 50:1 volume ratio of reagents A and B
respectively. In a well plate, 25 𝜇L of each standard and sample was pipetted in duplo. 200 𝜇L of
working reagent was added to each well and properly mixed for 30 seconds. Afterwards, the plate was
covered and incubated at 37 ∘C for 30 minutes. The absorbance was measured at 562 nm using the
spectrophotometer Microplate Reader.
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2.2.4. Drug loading
Chromatography data was obtained using a Liquid chromatography–mass spectrometry (LC-MS) and
used to determine the drug loading efficiency of the particles. LC-MS was used because of it ability
to combine the separation of a mixture properties of liquid chromatography and the structural identifi-
cation virtue of mass spectrometry. The first feature is mostly important since we work with multiple
components in our formulation. While the second feature allows for the identification of the CBD. A
10𝜇M CBD diluted in ethanol was sent beforehand to be used as an identifier mass. An empty NP
sample was prepared and different concentrations of CBD was added to these formulations after fil-
tering to work as a calibration curve for the loaded samples. These different concentrations were in
the range of 0 to 10 𝜇M and were measured without the company knowing beforehand the concentra-
tions (n=2). The results were later compared to the expected results and the technique was validated.
Finally the samples were sent, measured and the results were communicated back (n=1). Although
the theoretical knowledge of LC-MS is known, we were unable to see or perform the measurements
ourselves.

The drug loading capacity indicates the weight of the NPs that is attributed to the drug. Likewise
the entrapment efficiency indicates the amount of which the drug is incorporated in the NPs, also called
yield. The loading content and entrapment efficiency were calculated using the following equations:

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃𝑠
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑃𝑠 ∗ 100

𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃𝑠
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑝𝑢𝑡 ∗ 100

In order to calculate the above equations the phospholipid yield had to be known as well. Limited
time did not for polymer incorporated NPs to be measured for their drug loading content and entrapment
efficiency.

2.3. Cannabinoid receptor expression
2.3.1. Cell culturing on paraffin sections
The 57BL/6 mouse naive cells were plated on 24 well plates and kept in preheated 37 ∘C Phosphate-
buffered saline buffer (PBS) medium for 4 hours. Either 50 𝜇g/ml of ox-LDL or Acetyl-LDL or regular
medium was added to mimic AS conditions as well as create a control group (regular medium). A 1:10
dilution of the recombinant Murine cytokines was added and the cells were incubating for 24 hours to
create a pro- and anti-inflammatory condition. Only additional PBS medium was added to the control
groups. For the confocal microscopy imaging the paraffin sections were used.

2.3.2. Cell and receptor staining on single cells
For the cannabinoid expression study naive C57BL/6 mouse macrophages were sacrificed after 8 weeks.
Lipopolysaccharide (LPS) was purchased from Sigma Aldrich (US). Recombinant Murine IL-4 (10 ng/ml)
used for the anti-inflammatory stimulus was obtained from Peprotech (Netherlands). For the pro-
inflammatory conditions 100 U/ml recombinant Murine Interferon gamma (IFN𝛾) was purchased from
Hycult BioTechnology (Netherlands). The agents were kept on ice until use. A preheated (sterile) RPMI-
1640 medium (containing 10% Fetal bovine serum (FBS), 100 U/ml penicillin, 100 𝜇g/ml streptomycin,
2mM L-glutamine and 10mM HEPES) was prepared beforehand in the lab and stored at 4 ∘C up until
use. For the immunoflorescence staining paraffin sections were used. Xylene, 100% and 95% ethanol
were used to deparaffinize and hydrate the sections (n=2). PBS and PBS with 0.02% Tween are stored
at room temperature while antigen buffer was kept at 4 ∘C. Blocking solution was made fresh with PBS
and 10%FBS. The primary antibodies were ordered from TOCRIS, specifically 𝐶𝐵 antigen with rabbit
host and rat target and 𝐶𝐵 antigen with rabbit host and human target. The 𝐶𝐵 antibody has been
kept at -20 ∘C while the 𝐶𝐵 antibody has been kept at 4 ∘C. Alexa Fluor 647 donkey host and rabbit
target was the secondary antibody used for both antibodies and was purchased from Thermo Fisher
(US). It ought to be stored in the dark at 4 ∘C up until use. For nuclei staining the 4,6-Diamidino-2-
Phenylindole (DAPI) which can bind to AT regions of the DNA was used. Anti fade mounting media
was purchased from Thermo Fisher used to limit fluorescence loss between the preparation and the
imaging (US).
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Paraffin sections of aortic plaque lesions were obtained from an ApoE / mouse that was put on
a high fat diet for 12 weeks. The mouse would have developed AS up around stage 5. Briefly, the
sections were deparaffinized in xylene. Hydration followed using ethanol baths. The sections were
rinsed before washed in PBS. The sections were put in a boiling antigen retrieval buffer bath before
washed again. The sections were incubated in blocking solution for 1 hour. A 1:200 dilution of the
antibodies in blocking solution was added to the sections followed by the incubation at 4 ∘C for 24 hours.
The sections were washed before the secondary antibody was added (diluted 1:500) for another hour.
After washing a 2 g/ml diluted DAPI was incubating for 15 minutes. Finally the sections were washed
before mounted with anti fade media.

2.4. In vitro nanoparticles techniques
2.4.1. Cell culturing for in vitro experiments
8 weeks old wild type C57BC mice put on a regular diet were sacrificed for culturing of macrophages
from the bone marrow. PBS and citrate solution were stored at 4 ∘C up until use. RPMI-1640 was
prepared beforehand in the lab by the AMC department and stored at 4 ∘C up until use. All were
bought from Thermo Fisher Scientific (US). Cells were counted using the CASY TTC Cell counter analyzer.
This was purchased from OMNI Life Sciences (Germany) and can measure viable cells in a 20 𝜇L of
cell suspension. To induce macrophage differentiation, L929 conditioned medium (LCM) containing
macrophage-colony stimulating factor (M-CSF) was used. Briefly, the LCM was extracted from the
cultured L929 mouse cell line medium. The medium contained M-CSF which promotes macrophage
differentiation from monocytes. This was provided by the AMC department and had to be stored at -20
∘C until use. Acetylated LDL (Acetyl-LDL) from human plasma was used for the foam cell formation
and was purchased from Thermo Fisher Scientific (US).

2.4.2. Incubating cells with nanoparticles
Monocytes derived from wild type C57BL/6 mice were cultured in the culture medium RPMI-1640 with
15% LCM and incubated at 37 ∘C with a 5% 𝐶𝑂 atmosphere for 9 days. After 72 and 144 hours
RPMI-1640 with 15% LCM was added and refreshed both to differentiate the cells and to keep them
alive. LPS and IFN𝛾 were added to induce pro-inflammatory macrophages. On the 9th day the cells
were cultured and detached using a 0.2 𝜇M citrate solution. After 5 minutes of incubation a RPMI-1460
medium (without LCM) was added inactivating the citrate solution. Cells were counted using the CASY
TCC and distributed over either 24 or 96 well plates (200,000 and 500,000 per well plate respectively).
For 24 hours the NPs were incubated with the cells. For medium isolation the plates were centrifuged
allowing the cells to spin down while the medium remains above. The medium was transferred into a
new well plate and stored at -20 ∘C for further experiments.

2.4.3. ELISA on cytokines
The protein concentration for both TNF𝛼 and IL-12 were determined using the Enzyme-Linked Immuno
Sorbent Assay (ELISA). The Life Technology antibody pair kits CMC3013 and CM0063, containing the
capture and detecting antibodies as well as the working conjugator, were used for the both TNF𝛼 and
IL-12 respectively and were purchased from ThermoFisher Scientific (US). The chromogenic substrate
1-Step Ultra TMB-ELISA Substrate Solution (TMB), purchased from Thermofished Scientific, was
used for the optical density measurement (US). TMB was stored at 4 ∘C in the dark until use. A PBS
solution containing 0.5% BSA and 5% FCS was used for sample dilution, while the block buffer was
merely a PBS solution with 0.5%BSA. For the washing of the plates a wash buffer containing 0.05%
Tween in PBS was made. 1,8M 𝐻 𝑆𝑂 in water was used for the stop solution. The standard used for
the calibration curve was stored at -80 ∘C. Measurements were done using optical density of the well
at 450 nm using the Perkin Elmer Wallac 1420 Victor2 Microplate Reader (US).

For both the TNF𝛼 and IL-12 protein expression two Maxisorp 96 flat-bottom well plates (Thermo
Fisher) were coated with the capture antibody and kept overnight at 4 ∘C. The plates were blocked
using the block buffer for 2 hours while kept sealed at room temperature. For the TNF𝛼 a 1:10 dilution
of the samples and the standard were added to the wells before sealed for 1 hour at room temperature
in the dark. For the IL-12 assay there was a 1:20 dilution used and kept under the same conditions. The
detector antibodies were added to the wells diluted 1:2000 for TNF𝛼 and 1:4000 for IL-12, respectively
before kept at room temperature in the dark for 1 hour. In both assays the plates were washed twice
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using the wash buffer. For the third incubation a 1:1500 and a 1:5000 Streptavidin-HRP dilution of the
working buffer was added for TNF𝛼 and IL-12 respectively. The plates were again kept in the dark
at room temperature for another hour. For both assays the plates were washed four times with the
wash buffer, before 50 𝜇L TMB was added to each well. The color will develop and therefore the plates
were kept in the dark. When the color developed enough the stop solution was added to the wells.
The optical density was measured at 450 nm for both protein assays using the spectrophotometer
Microplate Reader. With the standard dilutions a calibration curve was made for further analysis.

2.4.4. Cytotoxicity experiment
The production of NO could be measured using a Griess reaction. 2mM 𝑁𝑎𝑁𝑂 and Griess reagent
solutions (stored at 4 ∘C) were used in this experiment. Griess reagents consisits of water with 2.5%
𝐻 𝑃𝑂 , 1% sulfanilamide and 0.1% naphtylene diamine dihydrochloride. Naphtylene diamine dihy-
drochloride was purchased from Sigma (US). Measurements were done using optical density of the
well at 548 nm using the Perkin Elmer Wallac 1420 Victor2 Microplate Reader (US). For the NO assay
50 𝜇L of the samples was transferred to a new well plate. The standard dilution, based on the 𝑁𝑎𝑁𝑂 ,
was used to make a series of concentrations, ranging from 3,125 up to 200 𝜇M, in order to calibrate
the measurements. 50 𝜇L of Griess reagent was added to each sample and the each standard. The
absorbances were measured using the spectrophotometer at 550 nm.

2.5. Statistical analysis
The results will be presented with the average ± SD. In case of two groups the unpaired two tailed
t-test was used. For more groups a one-way ANOVA tests was used. Both statistical analyses were
performed using GraphPad Prism 4.0. P<0.05 was regarded as significant.



3
Results

3.1. Synthesis and physio-chemical characterization of nanopar-
ticles

3.1.1. Size distribution and morphology
In order to study the influence of the formulation on size, stability and morphology the DLS mea-
surements and a few selected dry TEM images are presented in Figure 3.1. These TEM images were
selected in order to illustrate the different formulation groups, the empty, loaded and cholesterol in-
corporated NPs. The first noticeable behavior, by comparing the different particles at zero days, is the
increased size of the NPs when 5 mol% cholesterol is added (P<0.0001) (Figure 3.1). This trend is
seen in all formulations except for the NP4 samples (P>0.05). It is also striking to note that adding
cholesterol does influence the stability over time (30 days), again the NP4 samples do not agree with
this observation. Adding the CBD drug (26 mol%) does not increase the NP size significantly only in
the case of NP4. Interestingly the NP size does not further increase when cholesterol is added to this
particular formulation (P>0.05). Overall the samples without cholesterol, regardless of drug loading,
remain of similar size even after a month.

Furthermore the use of other phospholipids (POPC and PHPC in contrast to DMPC and MHPC) does
not affect the size considerably. The addition of triglyceride (NP2 and NP4) does also not alter the size
significantly. However the shape does shift from a disk shape to a more spherical shape as presented
in Figure 3.1b when comparing NP1- and NP2+. It is important to note that this is not influenced
by the drug loading, since NP2- particles show a similar shape. When comparing the NP images to
the ApoA1 control image it can be presumed that the structures are indeed nanoparticles and not
background noise. NP3.5+ TEM images showed a structure similar to a collapsed sphere, this will be
further explored in the discussion section.

For the PLA and PLGA incorporation both DLS measurements and TEM images were made. Their
size, stability and morphology were analyzed and summarized in Figure 3.2. From the TEM images the
NP sizes could be extracted using ImageJ software which are presented next to the DLS measurements
in Figure 3.2a. No considerable difference could be found between the DLS and TEM (P>0.05), which
could indicate that the measured size is the actual size. This was also observed with the same samples
after 30 days. The 4 samples were all spherical as shown in Figure 3.2b. The formulations with a
higher polymer to phospholipid ratio (PGNP2 and PLNP2) seemed to be bigger than the other two
formulations. That aside, using one of these polymers over the other does not significantly alter the
size or morphology.

16
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Figure 3.1: Diameter of NPsmeasured using the dynamic light scattering technique and TEM (n=4). (a) The diameter
of the NPs synthesized using the top down approach after filtering and after 30 days. In between measurements the NPs were
stored at 4 ∘C in a PBS buffer. Settings were set on = 0,8882 and RI (Refractive Index) = 1,334 at 25 ∘C and measurements
were done in disposable cuvettes. The dotted lines represent the range in which the particles have to remain (10 to 100 nm
in diameters). Error bars are SDs. Statistics was calculated with the one-way ANOVA test. Statistically significant of P<0.05,
P<0.01, P<0.001 and P<0.0001 are annotated with *, **, *** and **** respectively. (b) TEM acquired images of different
types of NPs (scale bar = 100 nm). The control image (ApoA1) shows the background signal that present in the other conditions.
TEM images were made between 0 and 14 days after synthesis.

3.1.2. Surface charges of nanoparticles
The 𝜁-potential is an indication for the stability of particles in a solution and is dependent on the particle
surface charge and the ionic strength of the medium. In Figure 3.3 the 𝜁-potentials for two different
buffers are presented. The first one being HEPES, a commonly used buffer for measurements and a
glucose medium, which can be used as injection medium for in vivo experiments, maybe in the future.
Additionally a buffer with known 𝜁-potential in 10 𝜇M HEPES was measured as well. Figure 3.3 shows
that the 𝜁-potential is negative in both buffers which is considered to be non-toxic for cells. However
the 𝜁-potential’s magnitude should ideally be above 30 mV, to limit aggregation, which is not the case.
Only the NP1- touches this threshold lightly when in HEPES. Overall the addition of CBD or cholesterol
does not influence the 𝜁-potential, except for NP1 and NP1 with 5mol% cholesterol in which cases
the 𝜁-potential decreases (P<0.0001). Additionally the 𝜁-potential was measured in 5% glucose (Fig-
ure 3.3b). In contrast to the expectations the 𝜁-potential decreases or remains similar. NP4+ samples
also seem to cover positive values, which is not desirable (MEAN = -1,03 SD= 9,67 mV). Because
of limited stock the particles with cholesterol were not measured in 5% glucose. The theoretical 𝜁-
potential (MEAN= 42.0 SD= 4.8 mV) was in agreement with the 10 𝜇M HEPES measurements and did
not drastically change due to the 5% glucose buffer (Figure 3.3c).
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Figure 3.2: Diameter of empty NPs, with incorporated polymers, measured using the dynamic light scattering
technique and TEM (n=4). (a) The diameter of the NPs synthesized using the bottom up approach after filtering (left) and
30 days (right). DLS measurements were acquired using = 0,8882 and RI = 1,334 at 25 ∘C. The dotted lines represent the
range in which the particles have to remain (10 to 100 nm in diameters). Using the ImageJ software the diameter was measured
from the TEM images. Error bars are SDs. Statistics was calculated with the one-way ANOVA test. (b) TEM acquired images of
different types of empty NPs (scale bar = 200 nm). TEM images were made between 0 and 10 days after synthesis of PLGNP1-,
PLGNP2-, PLNP1- and PLNP2- in order.

Figure 3.3: -potential measurements of NPs diluted in 10 M HEPES buffer and 5% glucose (n=3). (a) The NPs
were measured in a 10 M HEPES buffer at a constant pH of 7 in Dipp cells. The dotted line (-30mV) represents the -potential
threshold required for stable particles. # indicates that sample was not analyzed for the -potential. Two samples could not be
measured due to limited material. (b) The NPs were measured in a 5% glucose solution at a constant pH of 7 in Dipp cells. The
dielectric constant for the medium was set on 90. Error bars are SDs. Statistics was calculated with the one-way ANOVA test.
Statistically significant of P < 0.0001 is annotated with ****. (c) The control buffer is known to have a -potential of -42.0 ±
4.2 mV in 10 M HEPES and 5% glucose.

3.1.3. Protein and phospholipid yield assays
The method used to synthesize these particles consists of several steps, it is thus not uncommon
for materials to get lost. In Figure 3.4 the calibration curve, used to determine the concentration,
the measured and known stock concentration, of the ApoA1 protein, and the NP sample results are
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presented. Firstly the calibration curve shows an adequate regression of the date with limited variance
between the samples. In Figure 3.4b the 5 and 10 times diluted samples do show a similar concentration
as the theoretical sample. However, in Figure 3.4c, it is clear for the NP samples, the output signal
is higher than the protein input (dotted line). This makes the method unsuitable for measuring the
protein concentration of HDLs. A similar experiment based on the DC protein assay was performed
showing interference of the particles as well (Appendix C). Comparing NP1± and NP2± shows that the
adding CBD could increase the yield (by inter-sample comparison). Nonetheless no sound observations
can be extracted from the results.

In Figure 3.5 the calibration curve for the phospholipid assay and the NP sample results are summa-
rized. The calibration curve does show a competent regression of the data. Because the phospholipid
input for each sample is different, the data in Figure 3.5b is presented as the yield%. No significant
difference could be found between empty and loaded particles. The variability between samples is
also relatively small, leading us to suspect that the yield is relatively consistent and does not vary
between sample preparations. The phospholipid yield could be an indication of the amount of success-
fully formed NPs. Therefore these samples are diluted accordingly so that the final concentration of
phospholipids is the same (1, 5 and 10 𝜇M).

Figure 3.4: Protein concentrationmeasurements for the NPs after synthesis based on the BCA protein assay (n=3).
(a) The calibration curve (black) shows a linear regression of 0.9941 (grey dotted line) which allows for proper analysis of the
samples. With the x- and y-axis being the concentration and absorbance respectively. (b) As a control the protein stock with
known concentration (4 mg/mL) was measured in a 1:10 and 1:5 dilution. The measurements are within the range of expectation.
(c) The dotted line represents the ApoA1 input for the empty (-) and loaded (+) NPs. Error bars are SDs. Statistics was calculated
with the unpaired t test. Statistically significant of P <0.0001 is annotated with ****.

3.1.4. Cannabidiol drug loading efficiency
Table 3.1 shows the entrapment and loading of CBD in the four different formulations (without choles-
terol and polymers). The first thing that can be seen is that the loading is below 50% for all samples.
The NP1 sample has the greatest incorporation efficiency while NP4 has the lowest. Because it was
only possible to measure one sample no statistical analysis could be performed. The calibration curve
for the CBD was not incorporated in the body of the thesis since only a graph was provided by the
company. This graph is however presented in Appendix D and shows a desired linear relationship
between the signal and concentration.
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Figure 3.5: Phospholipid yield after NP synthesis and filtering (n=3). (a) The calibration curve (black) shows a linear
regression of 0.9994 (grey dotted line) which allows for proper analysis of the samples. With the x- and y-axis being the
concentration and absorbance respectively. (b) The yield percentage is calculated using the input and normalized (dotted line
at 100%) to allow for a better comparison between the samples. Error bars are SDs. Statistics was calculated with the unpaired
t test.

Table 3.1: CBD entrapment and incorporation efficiency (n=1). With the LC-MS technique and the equations presented
in section 2.2.4 the following results were obtained. No statistical analysis test could be applied.

Sample CBD entrapment efficiency (%) Loading content (%)
NP1 26,66 41,82
NP2 24,16 36,03
NP3 25,98 36,28
NP4 18,55 20,87

3.2. Receptor expression in mimicked atherosclerotic conditions
3.2.1. Cannabinoid receptor expression of single cells
The Figures 3.6 and 3.7 present the 𝐶𝐵 and 𝐶𝐵 receptor expression (green), respectively, in different
inflammatory conditions. The cell nuclei (blue) show the location of the macrophages and allows for cell
counting. The traditional anti-inflammatory conditions (upper left) and the traditional pro-inflammatory
conditions (lower right) show a difference in both the signal and cell clustering. Anti-inflammatory
conditions (IL-4 stimulated cells) show a relatively weak signal of the receptors as well as scattering
of cells. The addition of anti-inflammatory (IL-4) and an inherently pro-inflammatory (Acetyl-LDL)
stimulus does decrease the 𝐶𝐵 expression but does little to 𝐶𝐵 . The control macrophages (upper
middle) do not significantly differ in 𝐶𝐵 and 𝐶𝐵 expression. Interestingly adding only Acetyl-LDL
(lower middle) does not seem to be enough for 𝐶𝐵 and 𝐶𝐵 receptor over-expression. Adding LPS
and IFN𝛾 (upper right) does show the clustering associated with pro-inflammatory macrophages. The
packed macrophages also progress into the z-direction (orthogonal to the picture) which is indicated
by unfocused and focused areas in these images. It can be seen that combining LPS, IFN𝛾 and Acetyl-
LDL increases the 𝐶𝐵 and 𝐶𝐵 expression, regardless of cell density (lower right). Because these
experiments were done separately the 𝐶𝐵 expression cannot be compared to 𝐶𝐵 receptor expression.

3.2.2. Cannabinoid receptor specificity to macrophages investigation
The macrophages (green), cell nuclei (blue) and 𝐶𝐵 and 𝐶𝐵 receptors (red) were stained in an AS
plaque lesion as shown in Figure 3.8. The four left images are part of the same plaque section and
stained for 𝐶𝐵 , while the right images are part of a different plaque section and stained for 𝐶𝐵 .
The overlay of the different fluorescence signals is shown in the lower second and fourth images. As
expected not all cell nuclei belong to the macrophages, since endothelial cells, smooth muscle cells and
other leukocytes are also known to be located in the plaque. Nonetheless the macrophages do take
up a large volume of the lesion. The 𝐶𝐵 is observed to co-localize with the macrophages (e.g. white
arrows). Either background noise or aspecific antibody binding could explain the non-macrophage 𝐶𝐵
signal. The observations for 𝐶𝐵 can also be seen for 𝐶𝐵 expression. The necrotic cores (red arrows)
do show limited macrophage and 𝐶𝐵 staining, 𝐶𝐵 antibodies seemed to have leaked in necrotic
cores. This is an indication of an abundance of 𝐶𝐵 antibodies. Nonetheless both antibodies seem to
be specific to localize the receptors.
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Figure 3.6: receptor expression in different macrophage types (scale bar = 100 nm). Cell nuclei stained with DAPI
(blue) and receptors stained with antibodies (green). Upper left image shows macrophages stimulated with only IL-4,
an anti-inflammatory cytokine, while the upper middle image shows naive macrophages. Upper right image shows macrophages
stimulated with LPS and IFN- simulating pro-inflammatory conditions. The bottom images present the same conditions as the
upper ones however an additional Acetylated LDL is added as well, creating foam cells.

Figure 3.7: receptor expression in different macrophage types (scale bar = 100 nm). Cell nuclei stained with DAPI
(blue) and receptors stained with antibodies (green). Upper left image shows macrophages stimulated with only IL-4,
an anti-inflammatory cytokine, while the upper middle image shows naive macrophages. Upper right image shows macrophages
stimulated with LPS and IFN- simulating pro-inflammatory conditions. The bottom images present the same conditions as the
upper ones however an additional Acetylated LDL is added as well, creating foam cells.
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Figure 3.8: Confocal fluorescencemicroscopy images of plaque sections (scale bar = 100 nm). The two left upper and
down images show a single sections which was stained for cell nuclei, using DAPI, (blue) macrophages, using CD68 antibodies,
(green) and receptors, using antibodies, (red). These three images were stacked in the second image in the bottom
row. The two right upper and down images show a similar staining of another sections however with the receptor stained
using antibodies (red). White arrows indicate a few examples of co-localization of CD68 with either or . Red arrows
indicate examples of necrotic cores.

3.3. In vitro assessment
3.3.1. Nanoparticles treatment effect on Nitric Oxide
In Figure 3.9 the NO concentration of the controls and the NP treated samples are plotted for three
different concentrations. Since PBS is the medium in which the particles are kept this is a clear control
group. Also, by adding 10 𝜇M of CBD the single effect of CBD can be analyzed. Because CBD has to
be diluted in ethanol a third control was needed to take this into account (EtOH). When comparing the
different controls to each other it can be seen that 10 𝜇M CBD does not influence the NO concentration
substantially (Figure 3.9). The added ethanol does not have a big impact as well.

Comparing the different types of NPs and the different concentrations a couple of things can be
noted. For the empty and loaded NP2 samples there has been a significant difference found between 1
and 10 𝜇M. For NP2.5, NP3 and NP4.5 a significant decrease could be observed between the loaded 1
and 10 𝜇M samples (P<0.05). Interestingly, 5 𝜇M of NP1.5 is seen to be decreasing the NO concentra-
tion compared to 1 and 10 𝜇M. Both NP1 and NP4 do not show significant effect of NPs concentrations
on the NO (P>0.05). Finally the NP3.5 samples show interesting results. Adding either 5 and 10
𝜇M of empty NPs show a decreased NO concentration when compared to 1 𝜇M (P<0.05). There is
also a decrease between the loaded samples, namely 10 𝜇M shows a drop in NO compared to 1 𝜇M
(P<0.0001).

Some individual sample groups showed some behavior worth discussing. Firstly, both NP1 and NP2
show a considerable drop in NO in the loaded samples compared to the empty samples, specifically
for 5 and 10 𝜇M treatments (P<0.05). The loaded NP4 samples shows however an increase in NO
compared to the empty samples. This is however only the case for 1 and 10 𝜇M. The most compelling
differences could be found in the NP3.5 samples. For each concentration measured, the loaded NPs
decreased the NO concentration considerably, compared to the empty samples. In Figure 3.10 the
samples with a significant decrease in NO concentration are summarized. The empty NP4 samples
seem to decrease the NO in all measured conditions (P<0.01). The samples with cholesterol do seem
to also decrease the NO concentration when added in higher concentration (e.g. NP1.5, NP2.5 and
NP4.5).
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Figure 3.9: NO concentration measurements after 24h incubation of NPs diluted in PBS (n=3). The upper left graph
show the NO concentration of the control groups with 10 M ethanol and CBD. The other graphs compare the empty (black) and
loaded (grey) NPs added in three different concentrations. Error bars are SDs. Statistics was calculated with the two way student
t-test. Statistically significant of P<0.05, P<0.01, P<0.001 and 0.0001 are annotated with *, **, *** and **** respectively.

Figure 3.10: Significant decreased NO concentration in NPs treated samples (n=3). Each samples was compared to
the PBS control group and the significantly different treatments are summarized in this figure. Black bars indicate the 1 M
added conditions, grey bars indicate 5 M and white bars indicate the 10 M. Error bars are SDs. Statistics was calculated with
the two way student t-test. Statistically significant of P<0.05 and P<0.01 are annotated with * and ** respectively.

3.3.2. Cytokine assay after nanoparticles treatment
In Figure 3.11 the TNF𝛼 concentration of the different conditions are summarized. Again the PBS,
ethanol and CBD treatments are the control groups for the same reason as for the NO assay. The
TNF𝛼 production does however remain in most cases unchanged. Both the CBD and ethanol do not
decrease the concentration enough to be considered significant (P>0.05). Also limited differences
could be found between the loaded and empty particles. The times a difference occurs however the
loaded particles perform worse than the empty particles. Figure 3.12 presents the different treatments
that show a significance decline in TNF𝛼 production when compared to PBS. The NPs with cholesterol
are the majority in this graph. NP3.5 shows decreasing TNF𝛼 production in all measured concentra-
tions. Interesting to note it that the 10 𝜇M CBD treatment (control group) did not decrease the TNF𝛼
production. It is therefore possible to speculate that the drop we measure in the samples is due to the
HDL particle itself. This is further supported by the fact that the loaded samples do not perform better.
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Finally, a statistical analysis between the NPs and the 10 𝜇M CBD control group was performed, no
significant difference was found.

Figure 3.11: TNF concentration measurements after 24h incubation of NPs diluted in PBS (n=3). The upper left
graph show the TNF concentration of the control groups with 10 M ethanol and CBD. The other graphs compare the empty
(black) and loaded (grey) NPs added in three different concentrations. Error bars are SDs. Statistics was calculated with the two
way student t-test. Statistically significant of P<0.05, P<0.01 and 0.001 are annotated with *, ** and *** respectively.

The IL-12 production of the various treatments is summarized in Figure 3.11. The first thing we
can see is that the CBD singularly already decreases the IL-12 production (P<0.05). The ethanol does
not significantly decrease the IL-12 therefore it is safe to assume that the CBD single-handedly is the
cause of the decrease. Although there is for most cases not a considerable difference between loaded
and empty particles, most samples already perform better than the PBS control. Besides NP1- (1 and
10 𝜇M) every sample significantly decreases the IL-12 production (P<0.05). NP3.5 again stands out
and shows a clear difference between empty and loaded particles (P<0.01) for all the concentrations.
Most samples are however scattered around and show great variability which makes comparing them
difficult.
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Figure 3.12: Significant decreased TNF production in NPs treated samples (n=3). Each samples was compared to the
PBS control group and the significantly different treatments are summarized in this figure. Black bars indicate the 1 M added
conditions, grey bars indicate 5 M and white bars indicate the 10 M. Error bars are SDs. Statistics was calculated with the
two way student t-test. Statistically significant of P<0.05 and P<0.01 are annotated with * and ** respectively.

Figure 3.13: IL-12 concentration measurements after 24h incubation of NPs diluted in PBS (n=3). The upper left
graph show the IL-12 concentration of the control groups with 10 M ethanol and CBD. The other graphs compare the empty
(black) and loaded (grey) NPs added in three different concentrations. Error bars are SDs. Statistics was calculated with the two
way student t-test. Statistically significant of P<0.05, P<0.01, P<0.001 and P<0.0001 are annotated with *, **, *** and ****
respectively.
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Discussion

In this research we wanted to prepare different types of HDL based NPs and test their targeted delivery
of cannabinoids to pro-inflammatory macrophages, specifically in AS.

4.1. Nanoparticle synthesis and characterization
To gain the advantages of the nano-scale it was important for the particles to remain in the range of
10 to 100 nm. For the top down synthesized particles this was indeed the case. The majority of the
samples remained stable and in the targeted range. A previous study which also analyzed HDL based
NPs with similar formulations found smaller DLS measured sizes for their samples [51]. The measured
diameters were in the range of 10 to 40 nms for the samples without cholesterol or polymers. Our
results however suggest sizes of 40 nms and above which could be the result of the method used.
Longer sonication time is linked to decreasing particle sizes and in our research the sonication time did
vary among the samples [52].

Generally speaking, sonication was stopped when the mixture became clear, which is a subjective
decision based method. Some samples did require a longer time to become transparent, in particular
samples with CBD and cholesterol took longer. These samples particularly are bigger than the NPs
without drug or cholesterol. Combining the fact that the sonication time was longer and the samples
were significantly bigger, except NP4.5, it is possible that these samples started of bigger and are more
difficult to shrink. Hence this could explain why these samples are unstable after 30 days, specifically
their observed drop in size. An optical absorbance measurement could have been used as an objective
alternative. However some samples have a higher concentration of unprocessed compounds (e.g.
loose phospholipids). Sonicating all the samples for an equal amount of time sounds like a better
approach however sonicating samples for longer could damage the molecules and sonicating other
samples for a shorter period would create micro-particles.

Adding triglyceride or using longer tailed phospholipids (POPC and PHPC) did not influence the size
significantly, which was also observed in Tang et al. [51]. However they do influence the observed TEM
images. Looking at the morphology it can be seen that the triglyceride does create a more spherical
shape, which is also observed in the same study [51]. Analyzing a naive HDL protein triglyceride is
a well known component, besides the phospholipids and ApoA1 protein [53]. Naive HDLs are also
spherical shape which could be the result of the triglyceride in the core.

POPC is a saturated phospholipid with a longer hydrophobic tail compared to DMPC. Its hydropho-
bicity is also slightly higher than DMPC which could improve the synthesis but decrease affinity with
cholesterol [54] [55]. The synthesis improvement can be demonstrated in higher phospholipid yields
which is also seen in Figure 3.5. Based on the research it is however unclear what implications the
decreased cholesterol affinity has if even at all. What is interesting to note that the POPC and PHPC
based NPs had difficulty in the dry environments of the TEM. Since the POPC and PHPC phospholipids
are more fluidity they do loose their shape and strength in the dry conditions. In the Tang et al, article
this also seemed to appear in the supporting figures [51]. Other methods like scanning electron mi-
croscopy or atomic force microscopy in fluid cells could be used as well to determine the morphology
of the NPs. The measurements between the DLS and TEM for the other samples are consistent it is
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therefore safe to assume that the samples that were not well measurable with TEM have the diameter
in the range of the DLS measurements.

In this research we briefly touched upon the use of polymers. Specifically PLA and PLGA, which
are used in new stenting designs, due to their biocompatibility and degradation rates. The polymers
could potentially, improve the stability and create a more gradual drug release profile [44]. In our
results the incorporation of polymers, using the bottom up approach, did create spherical NPs, even
without the triglyceride. The NPs also became relatively bigger compared to the top down approach. A
higher polymer to phospholipid ratio increased the size considerably. The PGNP2 and PLNP2 both were
out of the range required, which was most likely the result of the higher concentration of polymers
added. These formulations were also performed in the Tang et al, article however the measured sizes
did not agree with ours [51]. Firstly, our samples remained below 120 nm and most even below
100 nm which was one of our requirements. Looking further into their methods two parameters
seem to be different, namely the injection rates and the ApoA1 concentration. The higher speed
and higher concentration ApoA1 used in our method could explain the shrunken size compared to
their results. Because we require a maximum size of 100 nms our used method is more favorable.
The polymer incorporated samples were better measurable with TEM and were in agreement with
the DLS measurements (Figure 3.2). These samples were not further studied since the CBD loading
measurements using LC-MS because a proper method still had to be developed to take into account
the polymers in the formulation. Although these particles were not further developed they could have
potential for future research. A disadvantage to consider however is the fact that a partial volume of the
NPs cores is taken up by the polymers and subsequently less volume is available for drug incorporation.

Because of the limited equipment and time only a single sample was analyzed for its CBD content.
It is likely that there is a variance between the particles, just like phospholipid yield. Nonetheless
since the sample preparation and materials are similar we would assume there would not be a drastic
decrease in CBD yield. Until the other samples are measured it is not possible to conclude this, only
speculate.

When looking at the 𝜁-potential measurements in 10 𝜇M HEPES (Figure 3.3) it can be said that
the CBD and cholesterol do not influence the 𝜁-potential considerably. Therefore it can be speculated
that both the CBD and the cholesterol are mainly located in the core of the NPs. However, not all
samples could be measured because of the limited material available. The NP3.5 and NP4.5 samples
were not measured and therefore the interaction of cholesterol and POPC and PHPC could not be
further analyzed. Moreover it could be possible that the affinity difference between DMPC and POPC
with cholesterol influences the 𝜁-potential. Only the NP1 shows a significant difference between the
unloaded, loaded and cholesterol incorporated samples. The empty NP1 sample interestingly touches
the -30 mV barrier which was desired. Strikingly this is only the case in 10 𝜇M HEPES, the same sample
in 5% glucose shows a great drop in 𝜁-potential. The other samples showed insignificant changes. The
𝜁-potential was expected to increase in 5% glucose compared to the 10 𝜇M HEPES. Since fewer ions are
present almost all would accumulate around the NPs surfaces and a big difference between the cloud
and the medium should be observed [43]. The 5% glucose measurements were performed 2 weeks
after the 10 𝜇M HEPES measurements, which could be sufficient time for the samples to become more
unstable even if the DLS measurements do not show this. Moreover a small volume of the samples was
diluted in the 5% glucose and 10 𝜇M HEPES which could contain too few NPs for proper measurements.
It would be advisable to dilute the entire sample in the measurement media. This could be done using
a centrifugal filtration, while adding either glucose or HEPES. If this also does not create a sufficient
surface potential a different medium for in vivo testing should be considered. Unfortunately the Zeta
Nanosizer was unable to perform measurements in the PBS medium (in which the samples were stored)
since it would damage the instrument (ionic strength = 2.1𝜇M). We could assume that these particles
remain stable in this medium based on the DLS measurements, but there is no additional argument to
back this up.

The protein assay used to determine the ApoA1 yield was ineffective (Figure 3.4). The compounds
or structures in the samples seem to interference with the BCA kit. Upon reading the compatibility chart
of the BCA kit it becomes clear that PBS could interfere with the assay. Limited information on the PBS
concentration limit and the type of interference was available. The samples with triglyceride generally
seemed to interfere more with the assay than the NPs without (NP2, NP2.5, NP4 and NP4.5). This is not
clearly stated in the compatibility chart. The ApoA1 stock measurements did however agree with the
expected results, regardless of PBS. It is thus safe to assume that the ApoA1 protein is compatible with
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the BCA method. The expected ApoA1 stock concentration was obtained by using another method.
This method is however not compatible with the phospholipids in our samples. An additional DC based
protein assay was performed however interference was again observed (specifically NP2 and NP4)
(Appendix C). HDL samples are not commonly measured for their protein yield in the literature which
makes it difficult to compare. Another technique that could be used is LC-MS which could be done in
the future. In collaboration with the GMZ at the AMC this could be achieved, however due to the high
demand of their equipment this could not be done within the time.

Our phospholipid assay results demonstrate that the top down approach has an acceptable yield
(Figure 3.5). Although the NP1 samples had a relatively low yield it was still above 50%. This only
further increased when adding triglyceride (NP2) or cholesterol (NP1.5). The samples containing POPC
and PHPC all had greater yields compared to the DMPC, MHPC samples. The long phospholipid chains
and the higher hydrophobicity possibly increased the phospholipid yield [55]. The CBD did not seem
to interfere with the method nor did it influence the yield significantly. Because the NPs were added
to the cells according to their phospholipid yield it is important to analyze if the in vitro results were
not influenced by this. The phospholipid yield was compared to the NO,TNF𝛼 and IL-12 response
and no distinct trend was observed (not presented in the thesis). It is therefore plausible that the in
vitro results were not the result of the phospholipid yield but it is not possible to exclude the thought
entirely. Using a different method to normalize the in vitro conditions could be used (e.g. CBD yield or
NPs count).

The entrapment efficiency of CBD was relatively low (around 20%) but not uncommon in the used
method [56]. However NPs have the capacity to reach entrapment efficiency percentages of almost
100% but are mostly around 70 to 80% [52]. Our results are clearly still very low and there are
several methods to improve this. One method, that does however not suit our objective, is increasing
the particle sizes. It is also possible to concentrate the mixture in the method part (by adding less
PBS), which would allow for an increased entrapment of the drug molecules. Several cycles of freezing
and thawing increase the drug penetration into the NPs. Nonetheless these methods are considered
passive, and are only able to improve the efficiency to a certain extend. Active loading techniques
exists which could have a stronger impact. Several of these techniques are reviewed in Gubernator
et al, which covers methods such as generated proton or pH gradients [56]. There are thus several
techniques that can be used to improve the entrapment.

4.2. In vitro
In agreement with the literature, the cannabinoid receptors are more abundantly present in the pro-
inflammatory macrophages (LPS + IFN𝛾 + Acetyl-LDL) compared to the other types of macrophages
(Figure 3.7) [57]. Additionally the shape and morphology in the different conditions are similar to
published work [58]. Moreover this confirmation aids in our hypothesis that the cannabinoid recep-
tors, specifically 𝐶𝐵 , is a specific enough target. Interestingly 𝐶𝐵 is also overly expressed in the
pro-inflammatory macrophages. It is expected that the 𝐶𝐵 is more abundantly present on these
macrophages, but with the staining method used it is not possible to compare them both. 𝐶𝐵 requires
different staining antibodies with different dilutions. It is noteworthy that the literature states that
𝐶𝐵 is also mostly present on neuron cells [16]. In our research we did not analyze neuron cells on
cannabinoid receptor expression but it would be interesting for a future study. CBD, specifically, has
similar affinities towards 𝐶𝐵 and 𝐶𝐵 receptors which could influence the NPs uptake into the plaque.
On the contrary, the permeability of AS plaque is much greater than that of the blood brain barrier,
which could be in our advantage.

When looking at the plaque sections there seemed to be colocalization between the macrophages
and the cannabinoid receptors (Figure 3.8). This does agree with the literature and strengthens our
hypothesis. As an additional supplementary study the effect of the NPs on the cannabinoid receptor
expression in single macrophages could be studied. It would be interesting to see if the receptor
expression decreases, which is what would be expected when the inflammation, partially, is relieved.
If in vivo research will be done, it would be valuable to locate the nanoparticles in different tissues.
Methods like super-resolution microscopy allow for a reliable location detection. Fluorescent labeling
of the NPs can be done similar to the research done in Tang et al. [51].

The in vitro results create a lot of material to discuss. First the NO concentration does not seem
to be effected by the CBD neither by the ethanol in the admitted concentrations of 10 𝜇M. The NO
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concentration also does not increase in any NPs treatment conditions up to 10 𝜇M, suggesting that
limited cell arrest and apoptosis occurred (NO on cell proliferation). In a handful of samples the NO
concentration dropped significantly. Nonetheless the measured concentrations are not low enough to
shift the cell signaling [47].

The difference between the 1, 5 and 10 𝜇M NPs treatments does seldom correlate to NO con-
centration. We can thus assume one of two things, either the concentration range is too low to
critically effect the cell signaling dynamics, or the minimum concentration is already high enough
to induce the maximum effect on these dynamics. The prior one is most likely, since differences
can be observed, between and among the samples. Nonetheless a 3-(4,5-Dimethylthiazol-2-yl) -2,5-
diphenyltetrazoliumbromidefor (MTT) test would be advised perform in the future. the MTT test would
qualitatively measure the cell viability using a range of different concentrations, for example from 0 up
to 50 𝜇M.

When comparing the different formulations with each other the effects of triglyceride, phospholipids,
CBD and cholesterol can be analyzed. Firstly, the addition of triglyceride (comparing NP1 to NP2 and
NP3 to NP4) does not considerably shift the NO concentration. NP4 does seem to have lower NO
concentrations, which we will discuss shortly. The different phospholipids (comparing NP1 and NP2
to NP3 and NP4) also do not give an indication of change. This is the case for samples with and
without cholesterol. Overall, the loaded samples exhibit lower NO concentrations compared to their
empty counterparts, except for NP4. The reason for the NP4 samples (containing POPC, PHPC and
triglyceride) behaving differently is still unclear. Because CBD is an inflammation reliever it could
result in decreased cellular stress, and also NO concentration. The samples containing cholesterol in
general do not differ considerably from their non-cholesterol embedded counterparts. Because each
component, individually, is in relatively low concentration present in the medium their effects written
in the literature are not comparable.

The range of concentrations used did not particularly influence the results greatly for either cy-
tokines. Only in the cases of NP2.5 and NP3.5, both loaded and empty, does there appear a significant
drop in TNF𝛼 and IL-12 production with higher NP concentration. For the other samples we could
suggest that the treatment concentration range was either too low or already high enough for an ef-
fect to occur. In a test experiment, presented in Appendix E, a lower concentration was used under
slightly different conditions. A 0.1𝜇M concentration shows no significant difference with the 1 and 5
𝜇M treatments. Although the conditions are different in that experiment we can still speculate that the
concentrations used in the body of the thesis could be too low to influence the results. The triglyc-
eride, phospholipids and cholesterol changes in the formulation do appear to shift some of the results.
Unfortunatelly no clear trends could be extracted from the different formulations due to fluctuations
and inconsistencies.

The TNF𝛼 and IL-12 results also provide several parts to discuss. As expected none of the treatments
considerably exceeded the control groupś cytokine production. The anti-inflammatory effect of CBD,
singularly, can not be seen on the TNF𝛼 graphs but do appear in IL-12 (Figures 3.11 and 3.13). Because
the CBD single-handedly did not change the TNF𝛼 production it is to no surprise that the loaded samples
did not perform better than their unloaded counterparts. But interestingly, almost all the samples that
showed a significant decrease in TNF𝛼 production, in comparison to PBS, were unloaded (Figure 3.12).
As for the IL-12 cytokine production, the results are more scattered around. With some loaded samples
performing better than the unloaded samples and vice versa.

The results still seem to be fluctuating, which could indicate that the in vitro model still requires fine
tuning. It also appeared to be difficult to find another cause for the fluctuation and little is comparable
with published research. From what we do know we can however speculate about some of the observed
data. The first thing to note is that the CBD content in the particles did appear to be low (around 20%),
which could explain why the loaded samples did not perform better than the unloaded samples for IL-
12 production. It does however not explain why they perform worse. Sadly, the drug content of the
cholesterol embedded NPs is not yet known, so we cannot compare them yet. Also, we do not know the
drug release profiles yet of the different samples. In theory the less stable NPs would have a quicker
release of a large portion of their drug compared to the more stable ones. We could observe in the
DLS measurements (Figure 3.1) that the cholesterol embedded samples, specifically NP2.5 and NP3.5,
were more unstable than the others. Yet again the unloaded NP2.5 and NP3.5 samples performed
better, meaning the quick and fast drug release did not correlate to the performance.

What we do know is that HDL is involved in cholesterol efflux, but in these conditions no lipids were
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added, meaning that the HDL could influence other complementary pathways. It would be interesting
to investigate what HDL does more in pro-inflammatory macrophages.

4.3. Future work
Based upon the research performed and the literature we present a couple of recommendations for
the future. Firstly, the cholesterol incorporation should be stabilized, maybe starting with a lower
concentration of cholesterol. Not only would we expect a greater stability but also smaller NP sizes.
For the polymer incorporation, CBD should be added to the formulation to see the effect on size and
determine the loading yield. Also based upon our measured drug loading yield in the conventional
particles, the formulation could be altered.

Thereafter a drug release profile is essential, which can be done using different methods. The first
method would be LC-MS based, which includes several measurements over time. With filtering tech-
niques a distinction can be made between the incorporated and circulating drug. It is important that
the filtering technique does not damage the NPs. Another technique relies on absorbance measure-
ments of leaking CBD. The samples are presented, in a permeable bag or sheet, to a larger medium
volume. The permeable bag only allows for structures below a certain size to diffuse out into the larger
medium. Samples taken from the larger volume are measured and the absorbance can be converted
into a concentration. The hydrophobicity of the drug should be considered during this measurements,
since they will not diffuse freely in a hydrophilic medium.

In the case of 𝐶𝐵 receptors, their presence on neurons could effect in vivo delivery. We therefore
propose testing different cannabinoid compounds with greater affinity toward 𝐶𝐵 for example JWH-
133. This cannabinoid has a 20X affinity with 𝐶𝐵 compared to 𝐶𝐵 and shares great chemical similarity
with CBD [59]. Because we compared different particles in this research, it would be of added value
to research different drug types as well.

To complete the in vitro tests various parameters have to be fine-tuned. These include incubation
time, NP concentration and protein and mRNA expression. Other pro- and anti-inflammatory cytokines
could also be measured to get an overall picture. Shifts in mRNA expression could be further indication
of the NPs treatment effects. Also, as mentioned previously, a MTT test is crucial before further in vitro
tests will be performed, since a qualitative cell viability could support or debunk the NPs treatment
effect.

We already know that the NPs accumulate largely in the AS plaque, therefore it would be interesting
as a final in vitro experiment to determine the NPs binding specificity in a medium with different cell
types. Briefly, adding an equal amount of endothelial cells, SMCs and macrophages to a well, as well
as three different wells containing one single cell type, and incubate them with fluorescent labeled
NPs. After treatment these can be fixed and stained using cell specific markers. With the help of
super-resolution microscopy the specificity of the NPs can be determined. This would be a good basis
for a future in vivo experiment in which a similar, but systematic, treatment is added and various cells
will be analyzed. Similar to Tang et al. an in vivo fluorescent labelled NP treatment experiment can be
performed [51].
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Conclusions

It cannot be stressed enough that cardiovascular diseases take a huge toll on the western world both
in numbers and costs, with atherosclerosis being the main cause of these diseases. Pro-inflammatory
macrophages, specifically foam cells, are a distinct phenotype of this disease. A phenotype that we
tried to use to our advantage in regressing the condition, specifically the cannabinoid receptors. We
synthesized various nanoparticle delivery systems, based upon high density lipoproteins, and charac-
terized their physical and physiochemical properties. This library of carriers was loaded with the, well
documented, cannabidiol drug and incubated with pro-inflammatory macrophages. In the character-
ization step it can be seen that triglyceride rounded the nanoparticles. Adding cholesterol in general
increased the size of the particles but destabilized them quicker. The dynamic light scattering results
were in agreement with the transmission electron microscopy results. The particles had an inadaquate
surface charge in both 10𝜇M HEPES and 5% glucose but are independent from cholesterol, triglyceride
or cannabidiol. In general the samples containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-hexadecyl-sn-glycero-3-phosphocholine (PHPC) had a greater assembly yield
than the nanoparticles with 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1-myristoyl-2-
hydroxysn-glycero-3-phospho- (1’-rac-glycerol) (MHPC). The cannabidiol yield is low, below 50%, this
has to be improved for the future. Nonetheless, even with this low concentration the effects are still
seen in the in vitro assays. Our hypothesized target (the cannabinoid receptors) showed to be abun-
dant in pro-inflammatory foam cells and highly selective for macrophages in general. Finally, the in
vitro results showed some unexplained differences between the treatment conditions, nonetheless the
Nitric Oxide concentrations are promising as well as the IL-12 results. Still some questions remain and
many experiments are yet to be performed before nanoparticles can be used as an effective treatment
for atherosclerosis.
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Appendix

5.1. Appendix A
The Herringbone mixer principle
A Herringbone mixer consists of a rectangular or circular channels with herringbone grooves embedded
in its surface at alternating 45 degree angles (Figure 5.1). The width and height of the channels are
usually in the range of 100 to 200 𝜇m while the grooves usually have a width around 35 𝜇m [60].
The entire length of the Herringbone mixer is roughly 600 𝜇m and consists of two micro-channels
that meet before the herringbone grooves are embedded. Hereafter the fluids mix under controlled
conditions. Because of the dimensions the viscosity of the fluids dominates the process [61]. The
grooves themselves allow for vortices to develop, while the shifting orientation of the angles disrupts
the flow. These two forces allow for proper and chaotic distribution of molecules on the micro-scale
while using a continuous flow [60]. Many models and designs exists and in our experiment we used
the one presented in Figure 5.2.

Figure 5.1: Generalmodel of a Herringbonemixerwith its grooves [60]. (a) One unit of herringbone grooves is illustrated
in three dimensions. The grooves are at an angle of 45 degrees with the surface. The H and W represent the height and width
of the entire channel and are greater than the height and width (h and a) of the groove. (b) The micro-channels inlets meet
halfway before the mixture units. These units are only present in the body of the herringbone and alternate to disrupt the flow.
At the outlet the grooves are gone and the mixture can be caught.

Figure 5.2: Herringbone design drawings. The specific herringbone mixer used in this experiment is presented to the left.
On the right side the industrial drawing of the company is shown with the dimensions and grooves [62].
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5.2. Appendix B
Lipid and polymer details

Figure 5.3: Chemical properties of the phospholipids used in this research. The abbreviations used in the body of the
thesis, followed by the chemical structure and full name. In the final two columns the chemical formula and the molar mass (g
mol ) are presented.

Figure 5.4: Chemical properties of the polymers used in this research. The abbreviations used in the body of the thesis,
followed by the chemical structure and full name.
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5.3. Appendix C
DC protein assay

Figure 5.5: ApoA1 protein concentration measured using the DC protein kit (n=3). The dotted line represents the
ApoA1 input for the empty (-) and loaded (+) NPs. Again interference can be observed from the particles.

5.4. Appendix D
CBD calibration curve

Figure 5.6: The calibration curve provided by the GMZ presenting the concentration ( M) against the response
signal of the LC-MS (n=2). The red X’s indicate the measurements done using the LC-MS. The 10 M CBD diluted in ethanol
shows a linear regression curve (red dotted line).

5.5. Appendix E
Additional in vitro results
The cells were derived from wild type C57BL/6 mice and cultured in RPMI-1640 medium with 15%
LCM. The overall method was similar to sections 2.4.2 but the cells were promoted, only with LPS
and without IFN𝛾. Also the NPs were incubated for 72 hours with the cells instead of 24 hours. The
NPs sample concentrations were 0.1, 1 and 5 𝜇M. Large differences and big standard deviations were
observed. Also the TNF𝛼 and IL-12 control concentrations were too low to be considered inflammatory.
Nonetheless, differences could be fond between loaded and unloaded samples. No cells were treated
with NPs containing cholesterol, because of limited material.
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Figure 5.7: TNF concentration measurements after 72h incubation of NPs diluted in PBS (n=3). The upper left
graph show the TNF concentration of the control groups with 1 M ethanol and CBD. The other graphs compare the empty
(black) and loaded (grey) NPs added in three different concentrations.Error bars are SDs. Statistics was calculated with the
two-way ANOVA test.
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Figure 5.8: IL-12 concentration measurements after 72h incubation of NPs diluted in PBS (n=3). The upper left
graph show the IL-12 concentration of the control groups with 1 M ethanol and CBD. The other graphs compare the empty
(black) and loaded (grey) NPs added in three different concentrations.Error bars are SDs. Statistics was calculated with the
two-way ANOVA test.
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