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ABSTRACT

The development of new nanomedicines remains a priority for formulation scientists
everywhere. It is also becoming increasingly apparent that a clear framework is needed to
inform nanocarrier design and assessment to aid translation to the clinic. This seems particularly
important for polymeric nanomaterials, where many factors need to be considered, including
the impact of the stabiliser used in nanoparticle (NP) manufacture, which is the focus of this
project.

This study will examine how polyester nanoparticles are taken up by hepatic cells. These cells
were chosen as NPs are known to accumulate in the liver after intravenous (i.v.) administration,
but little is known about the specific cells responsible for uptake. To this end, polyester NPs
made from either poly(D,L-lactic acid) (PDLLA) or poly(lactic-co-glycolic acid) (PLGA), and
using either polyvinyl alcohol (PVA) and Poloxamer 407 (PXM) as stabilisers were produced,
characterised and tested in vitro. The NPs were synthesised by nanoprecipitation and met the
stated quality attributes in terms of size (150-200 nm) and size distribution (Pd1<0.2). The
nature of the stabiliser had an impact on zeta potential (PVA<PXM), surface hydrophobicity
(PVA>PXM) but this did not impact stability or protein adsorption (tested using BCA Kkit) after
exposure to foetal bovine or human serum. NPs were loaded with Nile Red as a hydrophobic
fluorescent dye and their uptake by immortalised cells representative of the different hepatic
cells was studied. No clear trend between cell types could be detected using flow cytometry and
fluorescent microscopy, but this might result from difficulties in analysing uptake data because
of the fluorescence difference between NPs and requires further investigation.

Lactoferrin (LCF) is one of the ligands of asialoglycoprotein receptor (ASGP-R). LCF-targeted
NPs were prepared and tested in a co-culture system involving HEP-G2 hepatomas, HMEC-1

endothelial cells and DTHP-1 macrophages to assess the feasibility of targeting hepatocytes



and determine whether NP’s properties such as size, charge, and surface hydrophobicity were
a barrier to achieving this. Modification with LCF did not significantly affect NP properties,
though hydrophilicity did increase afterwards. Results showed increased uptake of LCF-coated
PLGA-PVA NPs by HEP-G2 cells (2.6-fold, p<0.01) which was attributed to the ASGP-R since
it is found in higher levels on hepatocytes than other hepatic cell types, while uptake by
macrophages was not affected as expected since it is known that macrophages do not express
ASGP-R.

To further investigate NP-cell interactions, bovine serum albumin (BSA) NPs were synthesised
to compare the BSA NPs uptake behaviours of different hepatic cell lines. Here, citric acid was
selected as the cross-linker. NPs, with a similar size and hydrophobicity as polyester NPs were
produced. Uptake studies showed increased internalisation by THP-1 monocytes and DTHP-1
macrophage cells compared to HEP-G2 and HMEC-1 cell lines because of the higher
phagocytic activity of the monocytes and macrophages than endothelial and epithelial cells.
The overall findings provide an insight to importance on NP surface modification on the cellular

uptake behaviour of hepatic cells.



“In everything in the world, be it material, spiritual, or for success, the most genuine guide is
knowledge, science. Seeking a guide other than science is lethargy, ignorance, and deviation
from the true path.”

1924- Mustafa Kemal Atatiirk
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Chapter 1: INTRODUCTION

1.1 THE LIVER AND DISEASES

The liver is the body's largest gland and sits in the abdominal cavity, just below the rib cage.
This highly-perfused organ play a crucial role in maintaining homeostasis and protecting the
body from toxins (1-4). Hepatic tissue is comprised of a network of cells intertwined with bile
ducts and blood vessels (Figure 1.1) (1). Blood flows at a speed of 1350 mL/min through the
liver via the portal vein, enabled by low resistance to blood flow (4).

A = central vein lobe V. hepatica

B = portal lobe
C = acinus of liver

= A.; V.; Ductus
interlobularis

ramus
V. portae, ramus

Ductus hepaticus, ramus

Figure 1.1 Schematic representation of the structure of liver (5).




The liver has several crucial functions. The liver metabolizes and processes carbohydrates, fat,
and proteins and contribute to energy reserves by storing glucose as glycogen. As an exocrine
gland, the liver secretes 500 ml/day of bile to aid the digestion of fats into fatty acids,
carbohydrates, and ketone bodies. The liver also contributed to the synthesis of

cholesterol, phospholipids, and lipoproteins. As an endocrine gland, the liver produces vitamin
D, insulin-like growth factor 1, and angiotensinogen, directly (6). It also synthesizes proteins,
especially albumin, coagulation factors, and C-reactive proteins (opsonin) which have a crucial
role in the body, influencing the pharmacokinetics of drugs and nanomedicines.

More importantly, the liver plays a major role in the metabolism of xenobiotics and is the main
site of distribution for passively-targeted nanomedicines (4). Owing to the presence of Kupffer

cells (KCs), the liver also plays an important role in innate immunity (1, 4, 6).

1.1.1 Liver disease

Liver diseases is an umbrella term that covers a variety of conditions from viral hepatitis to
hyperbilirubinemia, fatty liver disease, liver fibrosis, cirrhosis, or hepatocellular carcinoma
(HCC).

Hyperbilirubinemia, also known as jaundice, is a condition in which tissues turn yellow due to
the accumulation of bilirubin (7, 8). Fatty liver disease is the accumulation of excess fat in
hepatocytes, commonly related to obesity, diabetes, or excessive alcohol consumption (9).
Viral hepatitis is the inflammation of the liver caused by viral infections (hepatitis A-G), leading
to liver dysfunction, cirrhosis, and liver failure (10). Liver fibrosis is the excessive accumulation
of fibrous connective tissue in the liver because of chronic inflammation (11). This scar tissue
prevents normal liver function and increase the risk of portal hypertension and liver failure (12);

over time fibrosis can progress to cirrhosis (11, 12).




HCC originates in hepatocytes and is the most common type of liver cancer, accounting for 70-
85% of primary liver cancers worldwide (13). In 2020, there were nearly 905,677 new cases of
HCC and 830,180 deaths. Liver cancer is the third most common cause of cancer-related deaths
in the world, after lung, and colorectal cancers (14) but only second to lung cancer in men (15).
HCC can be primary or secondary to metastases or results from the progression of non-
malignant liver disease.

Liver diseases causes nearly 2 million death every year (15). Additionally, over 1 million liver
cancer cases are expected by 2025 (16) and prognosis is often poor (17). Therefore, the

treatment of liver diseases is an area of high priority.

1.1.2 Liver cells

The liver is comprised of different cell types, namely hepatocytes, endothelial cells, phagocytic

cells, lymphocytes, and fat-storing cells (4) each with distinct location and roles (Figure 1.2).

Fenestra
Stellate cell

Kupffer cell

Space of Disse

Hepatocyte @

E Hepatic
artery

' S

Bile canaliculus

Figure 1.2 Schematic representation of the cellular structure of the liver (18) “Figure adapted
with permission from Erlich et al. (1999);Annual Review Of Biomedical Engineering, Annual

Reviews.”




Hepatocytes are parenchymal cells and makes up ca. 70% of the liver. The remaining 30% is
composed of non-parenchymal cells: liver sinusoidal endothelial cells (LSECs, 15%), KCs
(6%), pit cells (lymphocytes; 5%), biliary cells (<5%), and hepatic stellate cells (HSCs, <1%)
(19, 20). Each cell type is unique in terms of properties and functions.
Hepatocytes
Hepatocytes, the primary functional cells in the liver, regulate various cellular processes related
to digestion, immunity, detoxification. Hepatocytes secrete lipoproteins and bile acid and play
a role in storing glucose as glycogen. Many receptors are expressed by hepatocytes, including
insulin receptors (21), progesterone receptors (22), immunoglobulin A (IgA) receptors (23),
glycyrrhetinic acid receptors (24, 25), and scavenger receptors which reflect the many functions
these cells play (24, 26, 27). Importantly hepatocytes also express the ASGP-R which binds to
galactose, hyaluronic acid, lactose, lactobionic acid, LCF and pullulan and hepatocytes have
been targeted in nanomedicine development (24, 25, 28). Low density lipoprotein (LDL)
receptor has been used for the same purpose (29, 30).
Liver sinusoidal endothelial cells

LSECs are located next to hepatocytes and are walls of the blood vessels irrigating the liver,
Their strategic position allows these cells to fulfil their role contributing to exchange of
nutrients, hormones and waste products. They possess unique structural features in the form of
fenestrations, the diameter of which can change reach 100-200 nm in response to change in
their environmental (20, 31). These fenestrations allow chylomicron-like particles (75-300 nm)
to reach hepatocytes (32), where they play a crucial role in lipid metabolism. These
fenestrations can play a role in the accumulation of nanomedicines in the liver (33) and require

careful consideration when designing new formulations.




LSECs have specific receptors designed to recognise and bind to low-density lipoprotein,
knows as lipoprotein receptor-related protein (LRP-1) (34). Scavenger receptors on LSECs
include SR-B1, CD36, Lox-1, mannose receptor, and contribute to stabilin uptake and waste
removal (24, 35). FcyRIIb are antibody mediated receptors that bind to 1g-Gs (31, 36) and Toll-
like receptors (TLR) play a role in immune response by clearance of pathogens (28, 31).
Kupffer cells

KCs are the resident phagocytes of the liver and the main macrophages population in the body
(37). KCs are on endothelial cells and are able to migrate quickly to the site of disease,
inflammation or infection (20). KCs play vital roles in the body, including the clearance of
endotoxins and foreign particles through an endocytosis process, the promotion of cell death in
cancer and infection by producing (tumour necrosis factor-alpha) TNF-a. Expectedly, KCs, like
all macrophages express several surface receptors, including scavenger receptors that contribute
to clearance of lipoproteins and cell debris (24, 37, 38), mannose receptors (35), Fcy receptors
and complement receptors CR1, CR3, and CR4 to identify antibody or complement coated
particles and perform phagocytosis (37, 38), CD14 receptors (38), TLR (e.g. TLR4) to help
pathogen clearance (38, 39). KCs can internalise nanoparticles (NPs) through a variety of
pathways and mechanisms (e.g. phagocytosis, macropinocytosis, clathrin-mediated
endocytosis and caveolin-mediated endocytosis) (33). Clathrin-mediated processes are
responsible for the uptake of 100-350 nm NPs, whereas caveolin contribute to the uptake of
smaller particles internalises 20-100 nm particles. Macropinocytosis and phagocytosis favour
the uptake of larger NPs (0.5-5 um).

Uptake of nanomedicines by KC is influenced by NP size (>200 nm), charge (positive charge),
hydrophobicity and shape as these factors can contribute to opsonisation of nanomedicines in

the systemic circulations which earmarks them for capture by phagocytes including KCs (40).




Pit cells, biliary cells, hepatic stellate cells

Pit cells (lymphocytes) are in the sinusoidal lumen and attached to LSEC. Their primary role is
to act as the local natural killer (NK) cells (35, 41). NKG2D, CD16 and NKR-P1 receptors are
expressed by pit cells, which are involved in antibody dependent cellular cytotoxicity (42, 43).
Biliary cells are the epithelial cells of bile ducts (20) while HSC also known as Ito cells or fat
storing cells are present in the perisinusoidal space (20) and contribute to retinoid storage and
sustain the sinusoidal extracellular matrix. In the event of an injury or inflammation, HSC are
activated, synthesise protein and deposit collagen which may cause fibrosis (24). HSC express
a variety of receptors including TLR4, CD14, MD2 , transforming growth factor-beta receptor
(TGF-BR) and mannose-6-phosphate receptor which induce fibrinogenic activity and
extracellular matrix protein synthesis (44), while epidermal growth factor receptor (EGFR)
increase the proliferation of the HSCs (45).

In addition to its role in maintaining normal body function, and to some extent, because of these
roles, the liver is an important organ to consider when developing new drugs and treatments,

including nanomedicines.

1.2 NANOPARTICLES

NPs are solid colloidal systems characterised by dimensions in the range of 1 to 1000 nm. In
the field of pharmaceutical sciences, NPs are considered promising options for the formulation
of therapeutic and imaging agents (46) due to their unique properties, in particular their high
surface-to-volume ratio (47). This feature contributes to enhanced biological or chemical
reactivity, a factor that can be strategically utilised for improved solubility and encapsulation

but that also requires careful consideration to minimise potential toxicity (47).




In drug formulation, nanomedicines offer a convincing way of overcoming challenges such as
poor aqueous solubility, susceptibility to degradation and the need to modulate
pharmacokinetics to achieve targeted accumulation and controlled release (48). Achieving these
goals requires careful design and detailed characterisation. NPs should be large enough to avoid
renal elimination, but small enough to avoid capture by the cells of the mononuclear phagocyte
system (MPS), which includes KCs, and prevent blocking smaller blood vessels (49, 50). For
example, large NPs (>500 nm) may pose a risk of pulmonary embolism, while particles in the
10-50 nm range may accumulate in renal tissue (51, 52). Unmodified NPs with a size between
15 and 200 nm tend to accumulate in the liver or spleen, depending on their surface properties
(51, 53). The work of Arnida et al. (50) also highlights the importance of particle shape in
addition to size, showing that both factors influence accumulation in tumour tissue, uptake by
macrophages and circulation times, as observed by the distribution patterns of spherical and
rod-like NPs. They showed that rod-like NPs are less taken up by macrophages than spherical
NPs because the contact area is less and engulfment by macrophages is more difficult for rod-
like NPs.

In general, nanomedicines can be categorised based on their composition; organic and
inorganic. Organic NPs including lipid-based NPs, micelles, polymeric NPs, protein NPs and

dendrimers. Polymeric NPs can be further categorised as nanospheres and nanocapsules (54-

56). Polymeric nanospheres are solid matrix NPs, while nanocapsules are characterised by a

liquid core (water or oil) surrounded by a polymeric shell. Protein-based NPs can be made of

natural proteins such as albumin, silk fibroin, or casein and are produced by triggering the
physical or chemical aggregation of the raw protein material (57). NP alboumin-bound paclitaxel
(nab-paclitaxel, Abraxane®) is a protein-based NPs available in the clinic. Dendrimers are

naturally-spherical arborescent polymeric structures, sometimes used for gene therapy (58).




Lipid-based NPs include liposomes, lipid nanocapsules and solid lipid NPs and are the most
common nanomedicines with many formulation reaching the clinic (59). Micelles are spherical
structures resulting from the self-assembly of low or high molecular weight amphiphiles in a
selective solvent (60). Inorganic NPs include quantum dots, metallic NPs (e.g. iron, gold or
silver), carbon-based and silica nanomaterials.

Regardless of composition, all NPs must meet biocompatibility standards, which favours the
use of raw materials that are generally recognised as safe (GRAS). GRAS standards have been
developed by the U.S. Food and Drug Administration (FDA) for oral use. Since
pharmaceuticals can be administered via intravenous (i.v.), inhalation or dermal route other
than orally, the safety of these materials must still be assessed by various tests. While inorganic
NPs find applications outside the medical field, such as in electronics and chemical synthesis
(61), organic NPs are mainly used for medical purposes, though some are also included in
cosmetics (62, 63). In this work, two different types of NPs will be manufactured and assessed:

polyester and albumin NPs both of which are organic.

1.2.1 Polyester NPs

Polyesters is a general term to describe any polymer where the repeating units are bound by an
ester group. When used for biomedical applications, hydrophobic, biodegradable and
biocompatible polyesters [e.g. polycaprolactone (PCL), polylactide (PLA) and poly(lactic-co-
glycolic acid (PLGA) (Figure 1.3)] are the preferred option due to their ability to interact safely
with biological systems, degrade harmlessly over time, and provide controlled release of
substances (60, 64, 65). By controlling composition and molecular weight, it is possible to tailor
the crystallinity, hydrophobicity, loading, release and degradability of the resulting NPs (60).
The presence of a carboxylic end group also allows facile modification of the surface of NPs

(60, 66). There is a long history of using polyesters for medical applications, e.g. absorbable




sutures and as implants for prolonged drug release (67). Despite this, polymer NPs have yet to

make it to the clinic, contrary to lipid and protein-based nanomaterials.

o CHs 0
1§ HO| ) 0
H/O\/\/\)L\OH HO)\H/ H 0 \f H
0 CH; |L O J,
PCL PLA PLGA

Figure 1.3 Chemical structures of commonly used polyesters. Polycaprolactone (PCL), polylactic
acid (PDLLA), and poly(lactic acid- co-glycolic acid) (PLGA) structures.

Polyester NPs preparation methods

Different methods have been described for the manufacture of polyester NPs. The procedures
mentioned below assume the use of poorly-soluble polymers to generate hydrophobic

nanospheres, as will be performed in this project.

Emulsion solvent evaporation (ESE)

In this technique, the polymer is dissolved in a water-immiscible organic solvent (O) and added
to an aqueous phase containing a suitable stabiliser (W). Then, single (O/W) or double
emulsions (W/O/W) are prepared with the help of a homogeniser or sonicator. Finally, the
organic phase is evaporated to generate polymeric nanocapsules dispersed in the aqueous phase
(68) (Figure 1.4). Emulsification conditions, solvent, evaporation method and rate, and
stabiliser concentration all affect the NPs size and size distribution (69) and it is not linear in
every case. For example, increasing concentration of the stabiliser may result in larger or
smaller NPs in different conditions (70-72). Overall, ESE is a simple, yet time-consuming

method (65).
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Figure 1.4 Emulsion solvent evaporation method for preparing polyester nanoparticles. (Created

with Biorender)

Nanoprecipitation

The polymer dissolved in a water-miscible, volatile organic solvent, is dropped into an aqueous

phase containing the stabiliser, under stirring. When mixed in the aqueous phase, the organic

solvent diffuses, and polymer begin to precipitate as nanospheres or nanocapsules because of

the decrease in affinity for the dispersing phase (73) (Figure 1.5). The size and size distribution

of the NPs depend on polymer concentration, organic solvent injection rate, and W:O ratio.

Nanoprecipitation  is
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suspension

Figure 1.5 Nanoprecipitation method for preparing polyester nanoparticles. (Created with

Biorender)
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Salting-out
The salting-out method is a variation of the emulsion-diffusion method. In this technique, an

emulsion is formed by adding a solution of the polymer in a water-miscible organic solvent
(acetone or tetrahydrofuran) to an aqueous phase containing a salt (MgCl.6H20 or MgAc.4H,0)
together with the stabiliser (74). Excess water is added to the dispersing phase, diluting the salt
and restoring the water-miscibility of the organic solvent. Again, NPs are formed after

precipitation of the polymer in a poor solvent (water) (48, 75) (Figure 1.6).

v O ® ® ®
Polyester in \\;\& @

organic solvent

Surfactant and salt Adding excess Acetone diffuses to Nanoparticle
in aqueous solvent water aqueous phase suspension

Figure 1.6 Salting-out method for preparing polyester nanoparticles. (Created with
Biorender)

Dialysis
The polymer is dissolved in an organic solvent and loaded into a dialysis tube with a molecular

weight cut-off allowing the diffusion of water and organic solvent, but not the polymer (Figure
1.7). The method is based on the formation of a homogeneous NP suspension following solvent
displacement in the membrane and aggregation of polymers due to low solubility (74). It has a

similar mechanism to the nanoprecipitation method (76).
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Figure 1.7 Dialysis method for preparing polyester nanoparticles. (Created with Biorender)

Supercritical fluid technology

The supercritical fluid method of producing polyester NPs uses a compound, usually carbon
dioxide (COy), in a supercritical state. A polyester is dissolved in liquid CO2 or in a solvent
(chloroform, EtAc, etc.) introduced into this supercritical fluid in a special reactor. Under
controlled pressure and temperature, the substance undergoes dissolution and subsequent

recrystallisation, resulting in the formation of homogeneous polyester NPs (77) (Figure 1.8).
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@ S:Jopdeljgﬂgﬁalcoz —> @ polyester solution —> @ of nanoparticles
P in supercritical CO,

[ _-:'-_ Polyester
| solution

Pressure : ! :

-]
@ OO
mi % @
[ ] ]
Supercritical CO, Gas CO;

e Heat
CO; tank

Figure 1.8 Supercritical fluid technology for preparing polyester nanoparticles. (Created with
Biorender)
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The advantages and disadvantages of the mentioned methods were summarised in Table 1.1.

In this work, ESE and nanoprecipitation will be trialled for the manufacture of biodegradable

polyester NPs since these techniques are the most used methods in the literature. BSA NPs will

also be prepared and characterised for the cellular uptake studies, therefore protein NPs and

their preparation techniques explained below.

Table 1.1 Polyester NP preparation method comparison

Preparation method

Advantages

Disadvantages

Emulsion Solvent
Evaporation

Nanoprecipitation

- Versatile and widely used method
- Allows encapsulation of hydrophilic
and hydrophobic drugs

- Simple and rapid process
- Suitable for scale up
-Organic solvents are less toxic

- May require toxic organic solvents
-Requires high shear rate

- W/O/W emulsion instability causes
hydrophilic drug leakage

-Heat or vacuum needed for
evaporation

- Limited control over particle size and
drug loading

- Not suitable for hydrophilic drugs

Salting Out

Dialysis Method

Supercritical Fluid
Technology

1.2.2 Protein NPs

- Relatively simple and cost-effective
method

- Does not require the use of toxic
organic solvents or heat

- Allows for the removal of residual
solvents and impurities

- Suitable for preparing large
quantities of NPs

- High purity of NPs
-Solvent is environmentally friendly

- Limited control over particle size and
drug release kinetics
- Time consuming purification process

- Slow process

- Requires specialized equipment

- Limited control over particle size
distribution

- Requires specialized equipment and
expertise with high operational costs
- Limited control over particle size
distribution

Since proteins are natural polymers, protein NPs are often considered inherently safe and their

natural ability to interact with poorly-soluble drugs, make them particularly interesting for the

formulation of nanomedicines (78). Moreover, while the preparation of most polymeric NPs

requires toxic solvents and emulsifying agents, there are more options to avoid toxic reagents
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when making protein NPs. The fact that albumin is abundant in the plasma has caused it to be
one of the most studied proteins. Because it works as a nutrient carrier to cells, albumin can be
used as a drug carrier to target specific receptors or cross the blood-brain barrier (79).
Abraxane® (Paclitaxel aloumin-bound NPs) is the first protein-based NP and approved by the
FDA to be used for breast cancer therapy. Abraxane® causes fewer side effects than
conventional treatment with paclitaxel because of the tendency to accumulate only in the
tumour tissue owing to its size (130 nm) (80). Abraxane® or nAb-paclitaxel is manufactured
using a simple, solvent- and surfactant-free high-speed homogenisation method (81). However,
this method of preparation might not be applicable to all proteins and extensive optimisation
may be required to generate well-defined protein NPs without toxic cross-linkers or solvents
(82).

Besides albumin (bovine or human), fibroin and collagen are the most common animal-based
proteins used in the production of NPs. Fibroin is an immune-friendly protein which is
hydrophobic, porous, waxy, and shapable and is acquired from silk filaments. Because of its
porosity, fibroin possesses a high surface area which may be advantageous for adhesion of
therapeutic molecules (79, 83). Because of its relative hydrophobicity, a variation of the
nanoprecipitation method can be applied to the production of fibroin NPs but raises similar
issues as organic solvents are required (84, 85). Plant-based options are also available, including
gliadin, legumin, soy protein, and zein which have all shown good stability but may be poorly
tolerated by patients (e.g. gliadin is a component of gluten and some legumin lectins can cause
digestive issues) (78, 86).

The main concern in using protein-based NPs is the possibility of generating an immunogenic
response. Animal proteins are generally more likely to produce immune responses than those

of plant origin (87). However, while gliadin, a plant-derived protein, is considered non-
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Immunogenic, zein can cause an immune response when given intramuscularly (87). Among
the animal proteins, keratin and fibrinogen are considered non-immunogenic while silk and
collagen have potential immunogenicity (87). Immune response intensity may depend on the
source of the collagen as is it also understood that bovine collagen causes a higher antibody
response than avian collagen (88).

BSA NPs have been investigated for their biodegradable, biocompatible, non-toxic and non-
immunogenic properties, with the ability to be modified by electrostatic adsorption or covalent
bonding (89). Khramstov et al. (90) also suggested the potential of BSA NPs as carriers for
intracellular and tumoral delivery. Furthermore, Maghsoudi et al. (91) demonstrated that BSA
NPs loaded with 5-fluorouracil were able to maintain a constant release over 20 h. Similarly,
Su et al. (92) showed that avermectin-loaded BSA NPs had a sustained release performance of
20 days, suggesting the potential for controlled drug release over an extended period.
Highlighting the potential of modifiability of BSA NPs in targeted therapy, Huang et al. (93)
developed curcumin-loaded galactosylated BSA NPs for targeted drug delivery to
hepatocellular carcinoma cells. Interestingly Chen et al. (94) efficiently co-loaded an anti-
tumour drug doxorubicin and a drug resistance inhibitor verapamil into BSA NPs,
demonstrating the potential of BSA NPs in overcoming multidrug resistance. The potential of
BSA NPs for drug delivery systems, targeted therapy, sustained release and enhanced
therapeutic efficacy has been demonstrated by in vitro studies on drug-loaded BSA NPs. Taken
together, these studies open up new avenues for advanced drug delivery applications and
highlight the versatility and efficacy of BSA NPs as drug carriers.

BSA NPs preparation methods

Desolvation (nanoprecipitation, coacervation)

The protein is dissolved in the aqueous phase. The precipitation of the protein is triggered by

the addition of (ethanol, acetone). A protein nucleus is formed, and protein NPs are obtained
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by aggregation. Cross-linkers (generally glutaraldehyde) can be used to improve the stability

of the NPs (95, 96), however should be avoided using toxic crosslinkers (97).

Thermal denaturation
A BSA buffered solution (pH=6) is heated under stirring at 65°C for less than a minute. This

quick heating step is sufficient to denature the protein and trigger aggregation. The size of the
NPs was controllable as a function of heating time, and aggregation amount, however this

method is not suitable for heat sensitive drug loading (98).

Emulsion solvent evaporation

An albumin solution is emulsified in an oil phase using a homogeniser in the presence of oil-
soluble stabilisers (Span 80, phosphatidylcholine). Then the oil phase is removed by adding an
organic solvent which allows NP formation (95). This method might cause protein degradation

because of the high shear force.

Thermal crosslinking

Briefly, the protein is dissolved in oil and heated to initiate crosslinking and form NPs (96).
However, removing oil after production can be challenging and heat sensitive drugs cannot be
encapsulated safely (97).

Preparation of NPs is the first step in the application, then these NPs need to be delivered to the
relevant site to achieve less toxic effect in the organism. Since hepatocyte targeting was
investigated in this study, the characteristics and targeting mechanisms of liver cells are also

evaluated below.
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1.3 TARGETING THE LIVER

Drug targeting is the selective delivery of a drug to its site of action. The reason for targeting is
to ensure that the drug accumulates only where it is needed and therefore, minimise off-target

side effects. Drug delivery systems can be passively or actively targeted.

1.3.1 Passive targeting

NPs are generally administered by i.v. administration. Once in the body, NPs circulate and can
accumulate in any tissues/organs with leaky vasculature, provided pore size is large enough.
Tumours vasculature is characterised by the presence of large gaps between endothelial cells
(99). These anatomical and physiological differences contribute to create the enhanced
permeability (larger gaps) and retention (lack of lymph vessels) (EPR) effect. The EPR effect
is often suggested as an explanation for the preferential accumulation of NPs at the tumour site
(100). NPs do not need to be modified with a specific ligand to take advantage of the EPR
effect; indeed, accumulation in diseased tissues will happen naturally based on NP properties
such as their size and surface charge. NPs of a certain size, typically between 10 and 200
nanometres, are small enough to pass through endothelial cell gaps from the blood vessels of
tumour tissue. Larger particles are generally retained in the bloodstream or filtered out by the
liver and spleen, while smaller particles are rapidly eliminated by the kidneys. In addition, NPs
with a neutral or slightly negative charge tend to circulate longer in the bloodstream than
positively charged NPs, which are more likely to be rapidly cleared by the liver or sequestered
by macrophages (101). However, in order to benefit from the EPR effect, NPs need to circulate
in the blood for long periods of time. This means avoiding renal elimination and capture by the
MPS.

Controlling hydrodynamic size is probably the best way to prevent renal filtration. (102) With

regards to the MPS, a number of parameters must be considered like size and surface properties
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such as charge and hydrophobicity (102, 103). For example, it has been suggested that cationic,
hydrophobic and/or bigger sized NPs are more prone to be captured by MPS (24). Furthermore,
controlling shape may be useful as rod-shaped NPs are said to last longer in circulation than
spherical NPs though they also accumulate more in the liver, because contact area with the
macrophages is less so engulfing by phagocytes is harder of rod NPs, so elimination rate is
slower (51, 104).

Because most of the body’s macrophages are located in the liver sinusoids (80-90%), and
because NPs captured by the MPS can be taken to the spleen, a vast proportion of passively-
targeted NPs (>100 nm) accumulate in these two organs after injection (105). Thus far,
Attaching polyethylene glycol (PEGylation) remains the preferred method to avoid the MPS
and achieve the prolonged circulations times needed to exploit the EPR effect (101, 106).
Fujiura et al. (107) highlights that PEGylation allows NPs to evade macrophage recognition,
resulting in prolonged blood retention. This mechanism involves shielding NPs from the RES,
especially macrophages, thereby reducing opsonisation, mononuclear phagocyte identification
and macrophage uptake, and finally increasing circulation half-life and body distribution. In
addition, Perry et al. (108) reported that varying the PEG density on hydrogel PRINT NPs
influenced protein binding, macrophage engagement, biodistribution and pharmacokinetics.
Although passive targeting has some advantages, it may not be enough to achieve therapeutic
levels in the target tissue/organ. Thus, active targeting, that is specific recognition of NPs by
membrane receptors, is considered as an add-on strategy to promote accumulation specificity

(109).

1.3.2 Active targeting

Active targeting strategies are based on increasing the recognition of ligand-decorated NPs by

specific receptors. Folate, mannose, glucose, monoclonal antibodies, peptides, etc. have all
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been used for this purpose (110). This approach can help minimize off-target effects associated
with nanomedicines (111). However, there are some limitations to consider. For example,
multiple cells can express the receptor of interest making targeting more challenging,
macromolecular ligands can affect the stability of the drug carriers and capture by the MPS
remains possible (112). The overall instability of ligand-targeted NPs may result from the
detachment of macromolecules from the NPs due to weak bonds or environmental conditions,
or because of the nature of the macromolecules, such as proteins or amino acids, which cause
aggregation of the NPs. This might be suitable if these organs are the site of the diseases, but
NP formulation and modification with the suitable ligands can be challenging to target specific

tissue or cell type.

1.3.3 Targeting specific liver cells

Liver targeting can be achieved using passively- or actively-targeted nanomedicines depending
on the cell type being targeted (113).
Targeting KCs

KCs have a role in activating liver diseases and helping liver regeneration. Chronic KC
activation can lead to liver failure, hepatic fibrosis, portal hypertension, etc. On the other hand,
following liver resection, KCs release TNF-a and IL-6 (interleukin-6) to help regeneration of
the liver. Also, KCs contribute to adaptive immunity and immune tolerance, for example, after
liver transplantation (114).

NPs can easily be targeted to KCs. Indeed, as the drug carrier becomes larger (>100-200 nm)
or less rod-like the possibility of capture by the liver KCs increases (104). Similarly, a strong
negative (e.g. liposomes) or positive charge, (e.g. polymer NPs) (115) and/or a highly
hydrophobic surface may all increase the risk of recognition by KCs. Passive targeting,

therefore, is the easiest way to target KCs, but accumulation can be controlled better by
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attaching a suitable ligand, e.g. mannose, human serum albumin (HSA) or apolipoproteins (24,
40). Active targeting of KCs is not widely studied as surface receptors are likely expressed by
all macrophages. Moreover, KCs and LSECs share common receptors and in-depth knowledge
of their molecular profile is needed to ensure the correct cell is targeted.

Targeting LSECs
LSECs contribute to the pathophysiology of HCC and liver inflammation by providing
leucocytes into the liver tissue (116) making these cells interesting therapeutic targets (117).
As mentioned above, LSECs have pores which can reach 200 nm in size. Particles size between
200 and 150 nm have, respectively, been shown to pass through these pores and reach
hepatocytes (24). Negatively charged nanocarriers are easily taken up by LSECs, which express
a multitude of scavenger receptors like KCs. However, since these scavenger receptors also
exist on the surface of hepatocytes and KCs, cell-specific targeting via HSA or apolipoproteins
might be inconvenient (24). Alternatively, NPs could be targeted to the common lymphatic
endothelial and vascular endothelial receptor (118).

Targeting stellate cells
Stellate cells are used for lipid and retinoid storage, so vitamin A can be used as targeting ligand.
These cells also express mannose-6 phosphate receptors, but again, this may affect specificity
as KCs also express this receptor (24). Active stellate cells have been targeted to treat liver
fibrosis. Beljaars, et al. (119, 120) showed that BSA or HSA bound mannose-6-phosphate was
internalised by receptor-mediated endocytosis in stellate cells 40%, while KCs internalised
35%, and LSECs 25%. Again, this receptor is not selective enough and similar receptors are
expressed on KCs, LSECs, and quiescent stellate cells. Y. Li et al. (121) the use of a cyclic

peptide-guided liposomes to target cell membrane integrin avp3 to improve accumulation in
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LSEC. They have shown that cyclic peptide targeted liposomes successfully accumulated in the
active HSCs and decreased in-vivo fibrinogenic response.
Targeting hepatocytes

Hepatocytes can be passively targeted using nanocarriers smaller than 200 nm (122). However,
in order to reach their target, these NPs would need to avoid the MPS and all other physiological
barriers standing between them and their target. Generally, positively charged NPs have higher
a chance to bind the hepatocytes but will likely interact with other cells before reaching their
target (24, 40). In theory, any of the receptors present on hepatocytes, can be used for targeting.
The ASGP-R are very common on liver parenchymal cells and hepatic cancerous cells and bind
galactose, lactose, galactosamine, lactobionic acid, hyaluronic acid, LCF, pullulan etc. Biessen
et al. (123) showed that lactosylated a poly-L-lysine antiviral (5-iodo 2'-deoxyuridine) drug
conjugate could be targeted to hepatocytes via this receptor. Drug accumulation in hepatocytes
was increased from 3% to 85% by actively targeting this receptor (123). Other options include
the glycyrrhizin/glycyrrhetinic acid receptors which bind to glycyrrhizin and glycyrrhetinic
acid molecules (35). Scavenger receptors remain an option, with the caveat (similar
receptor/ligand couples exist for the other liver cells) already highlighted (24). An in vitro study
performed by Xin Guan et al. (124) showed that 150-200 nm PLGA NPs were taken up
efficiently by HEP-G2 cells and accumulated in liver in vivo , while the free drug-quercetin-
administered was eliminated by the kidneys. EI-Naggar M. et al (125) prepared 117 nm
curcumin-loaded, cationic PLLA-PEG-CTAB (Cetyltrimethylammonium bromide) NPs and
found that the anti-inflammatory nanomedicines were more effective on inducing diabetic
hepatopathy (liver inflammation) than the free drug. As shown in both examples above, in the

literature it is unclear whether the NPs accumulated in hepatocytes or KCs. Taken together,
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these examples show that while NPs can reach the liver cells, it may be difficult to target

specific structures within the liver.
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1.4  AIMS AND OBJECTIVES

Despite their widespread use, a comprehensive understanding of the impact of stabiliser
selection on polyester NP uptake by hepatic cells is still lacking. This research aims to fill this
knowledge gap by investigating the role of stabilisers in altering NP-liver cell interactions, with

a particular focus on minimising macrophage interactions while enhancing hepatocyte uptake.

To achieve this goal, the following objectives were established:

1. Select and optimise a manufacture method to produce narrowly dispersed polyester and
albumin NPs with a size between 150 and 200 nm

2. For polyester NPs, select suitable stabiliser to study the impact of coating on NP properties

and behaviour. For albumin NP, select a suitable cross-linker

3. Characterise the resulting NPs using suitable methods to assess particle size, size
distribution, morphology, zeta potential and surface hydrophobicity

4. Assess the safety of all NP in vitro by performing monitoring cell viability and pro-

inflammatory potential
5. Evaluate uptake of polymer NPs in different cell lines that are relevant to the liver

6. Prepare actively targeted polyester NPs and assess their uptake in a co-culture model of

liver
By systematically addressing these objectives, this research aims to improve our understanding
of the impact of stabiliser selection on the interactions of polyester NPs with liver cells,
providing valuable insights for optimising their biomedical applications.
Each chapter of this thesis will cover one or more of these objectives. The first part will focus
on polyester NPs (chapters 2 to 4) and the final chapter (chapter 5) will cover preliminary work

on albumin NPs.
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Chapter 2: OPTIMISATION, MANUFACTURE,
AND CHARACTERISATION OF
POLYESTER NANOPARTICLES

21 INTRODUCTION

This chapter covers the optimisation, preparation, and characterisation of polyester NPs,
focusing initially on the comparison between two manufacturing techniques: ESE and
nanoprecipitation. These methods are the most widely used techniques in the literature due to
their ease of scalability and the ability to obtain monodisperse NPs without the need of
specialised equipment, and therefore these two techniques were applied in this work. The
primary aim of this optimisation step was to determine which method would yield precisely
sized polyester NPs within the target range of 150-200 nm. Although there were four different
stabilisers in the initial trials (polyvinyl alcohol (PVA), Poloxamer 407 (PXM),polyvinyl
pyrrolidone K30 (PVP), Kolliphor HS15 (HS15)), the decision was to do further trials with just
PVA and PXM. Once a manufacturing method was selected, PLGA and PDLLA NPs were
produced using PVA and PXM as stabilisers as the main NPs used throughout this work. This
was because it was expected that these two stabilisers would provide the greatest difference in
surface properties due to the difference in hydrophilicity in their molecular structure (Figure
2.1). PXM has a triblock polymer structure with hydrophilic PEG chains at each end and a
hydrophobic poly(propylene glycol) segment in the middle. The hydrophobic core of PXM
interacts with polyesters to facilitate the formation of NPs. Meanwhile, the PEG chains extend
outwards into the aqueous medium and act as steric stabilisers, hindering interactions between

NPs and preventing their aggregation. PVA, on the other hand, has a lower hydrophilic nature
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than PXM and it is expected that stabilised NPs will result in differences in surface

hydrophobicity.
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Figure 2.1 Molecular structures of used stabilisers. Polyvinyl alcohol (A), PVP K30 (B),
Poloxamer 407 (C), Kolliphor HS15 (D)
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22 AIMS AND OBJECTIVES

The main aim of the work presented in this chapter was to prepare NPs varying in terms of the
polymer core and stabiliser with a suitable method selected from ESE and nanoprecipitation
and to characterise them prior to in vitro studies.

Objectives:

1. NPs were prepared using ESE and nanoprecipitation methods.

2. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were used

to assess particle size, size distribution (as the polydispersity index (Pdl)) and morphology.

3. Stability tests were carried out under three different conditions: water (4°C), phosphate
buffered saline (PBS) at room temperature, and cell culture media (Dulbecco’'s modified
Eagle's medium (DMEM) at 37°C.

4. Surface hydrophobicity of the NPs was investigated using hydrophobic interaction
chromatography (HIC), salt aggregation test (SAT) and a protein adsorption test.

These assays provided valuable insights into the surface properties of the NPs, which are

essential for understanding their behaviour in biological systems.
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23 MATERIALS AND METHODS

2.3.1 MATERIALS
Ammonium thiocyanate (NH4SCN) was purchased from Merck, BSA lyophilised powder, ethyl

acetate (EtAc), chloroform (anhydrous, >99% purity, contains 0.5-1.0% ethanol as a stabilizer),
Dulbecco’s modified Eagle’s medium (DMEM), methanol (MeOH), acetone, and PBS tablets,
poly(D, L-lactide) (PDLLA, molecular weight (MW): 10,000-18,000), poly(D, L-lactide-co-
glycolide) (PLGA, 75:25 monomer ratio lactic: glycolic acid; MW:4000-15000),
poly(caprolactone) (PCL, MW:14,000), poly(vinyl alcohol) (PVA; MW ~13,000-23,000; 98%
hydrolysed), poly(vinylpyrrolidone) K30 (PVP, MW:10,000), Poloxamer® 407 [PXM,
poly(ethylene glycol)101-b-poly(propylene glycol)ss-b- poly(ethylene glycol)io1; MW: ~9,840-
14,600], were purchased from Merck (Gillingham, Dorset, UK). Kolliphor® HS15 (HS15,
polyethylene glycol seo 12-hydroxy stearate; MW: 344.5 g/mol) were generous gifts from BASF
(Ludwigshafen, Germany). Normal human serum (HSP) was purchased from Jackson Immuno
Research Labs (Ely, Cambridgeshire, UK). Boric acid, iodine, potassium iodide, hydrochloric
acid (HCI, 1 N) and sodium hydroxide (NaOH, 1 N), Pierce™ BCA protein assay kit, ethanol
absolute (>99.0% purity), dimethyl sulfoxide (DMSO), polystyrene latex (PS) NPs (0.20
micron, 2.5 wt%) and Triton X-100 were purchased from Thermo Fisher Scientific
(Loughborough, Leicestershire, UK). Ferric chloride anhydrous (FeCls) obtained from
Scientific Laboratory Supplies Ltd. (Wilford, Nottingham, UK) ultrapure water with a
resistivity of 18.2 MQ.cm was used for all experiments. All the solvents were of analytical

grade and used without further purification.
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2.3.2 METHODS
Preparation of polyester NPs

Solvent selection

Appropriate volatile solvent for the manufacture of NPs was selected by visual assessment -no
particulate residue- of the solubility of all polyesters (PLGA, PLLA, PCL) in selected organic
solvents, and of both stabilisers (PVA, PXM, PVP, HS15) in aqueous solvents, heating the
preparation as needed up to 60 minutes. The solvent selection was based on suitable solubility
and viscosity to allow filtration through a 0.22 pum syringe filter. The tried solvents were EtAc,
chloroform, acetone, methanol, ethanol for polyesters, and water and PBS for stabilisers. Once

the solvent was selected, NPs were prepared by ESE or nanoprecipitation.

NP preparation- ESE

All polyesters (PCL, PDLLA or PLGA) were dissolved in chloroform at a concentration of
0.1% (w/v). Aqueous solutions of the stabilisers (PVA, PXM, HS15 or PVP) were prepared
separately at concentrations between 0.01- 1.00% (w/v). All aqueous solutions were filtered
(0.45 pm, cellulose acetate) before use. For NP preparation, the polyester solution (1 mL) was
added (0.5 mL/min rate) to 20 mL of the stabiliser solution under vigorous stirring (5,000 rpm).
The dispersion was left to stir for a further 5 min at the same speed before sonication (Probe
sonicator, QSonica LLC, USA, 60% amplitude (amp) on an ice bath for 10 min). The
preparation was left to stir (500 rpm) under the fume cupboard overnight to remove the
chloroform. Finally, the NP suspension was centrifuged (50,000 RCF; 40 min) three times and
the pellet was washed with ultrapure water to remove excess stabiliser and concentrate the NP

dispersion.

NP preparation- nanoprecipitation

A modified nanoprecipitation method was used to prepare PDLLA and PLGA NPs (73).

Briefly, 100 mg polyester (and 0.1% Nile red for imaging and flow cytometry studies) was
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dissolved in 10 mL acetone, then added to 40 mL of an aqueous stabiliser solution (1% (w/v);
PVA or PXM) at a 1 mL/min rate, under stirring (400 rpm). Acetone was evaporated over 4 h
under the fume cupboard. The formulations were then centrifuged and washed as described
above. The NPs are dispersed in relevant media (either water, PBS, or cell culture media
according to the test conditions) at 16 mg/mL concentration for the following tests. In this thesis
untargeted NPs will be named as X-Y, where X is the polyester used (PCL, PDLLA or PLGA)
and Y is the stabiliser (PXM, PVA, PVP, HS15).

Residual stabiliser detection

Residual PXM quantification
The supernatant (100 uL) of PXM-stabilised NPs was collected after centrifugation (5,433g;

10 min) and added to a mixture chloroform (1.2 mL) and ammonium ferro thiocyanate solution
(16.2 mg/mL ferric chloride and 30.4 mg/mL ammonium thiocyanate in water; 1.2 mL). The
biphasic system was incubated for 30 min, under gentle shaking, in the dark at room
temperature. The absorbance of the chloroform layer was measured at 510 nm (126) on UV-vis
spectroscopy (Shimadzu UV-2600; Kyoto, Japan). The study investigated the linearity of the
detection method over a concentration range of 0-10 mg/L PXM. The linear range was found
to be between 0.2-1 mg/mL (Figure 2.2). The equation for the line of best fit was y= 1.2686x-
0.0923 and the regression coefficient (R?) was 0.999. The limit of detection (LOD) and limit of
quantification (LOQ) were determined based on a signal-to-noise (S/N) ratios of 3 and 10,
respectively. LOD is calculated as follows; LOD = 3x(Standat deviation of blank response) /
(slope of the standard curve). The LOD was calculated to be 0.042 mg/mL and the LOQ was

determined to be 0.128 mg/mL.
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Figure 2.2 Standart curve for PXM (n=3)

Residual PVA gquantification
NP dispersions (1 mg/mL) were centrifuged (5,433 g; 10 min), and the supernatant was

incubated in 0.5 M NaOHaq, at 60°C. After 15 min, 0.9 mL of 0.1 M HClaqwas added, and the
volume was adjusted to 5 mL with ultrapure water. 0.65 M boric acid (3 mL), ultrapure water
(1.5 mL) 12:KI (0.05 M:0.15 M; 0.5 mL) solution were added to the supernatant and incubated
for a further 15 min at room temperature, in the dark. The absorbance of the aqueous solution
was measured at Amax=690 nm on UV-vis spectroscopy (Shimadzu UV-2600; Kyoto, Japan)
(69, 127). The linear range was found to be between 0.006-0.2 mg/mL (Figure 2.3). The
equation for the line of best fit was y= 13.525x-0.0076 with R?=0.997. The LOD and LOQ were

found to be 0.015 and 0.048 mg/mL, respectively.
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Figure 2.3 Standart curve for PVA. (n=3)

Characterisation of Polyester NPs

Size and zeta potential measurements

Particle size was measured by DLS on a Nanosizer ZS (Malvern Panalytical Ltd, Malvern,
Worcestershire, UK) at 25°C, and a 173° back-scatter measurement angle; three measurements
were taken for each sample. NP dispersions were filtered through a 0.45 pum syringe filter
(cellulose acetate) and diluted with ultrapure water at a 1:9 (NP: water) ratio before size
measurements. Zeta potential measurements were carried out in 0.8X PBS, to provide sufficient

ionic strength, on the same instrument.

TEM
NPs were imaged by TEM (Jeol 1400 Bio TEM, Jeol, Japan) to assess their morphology and

size. All NPs were dispersed in water (0.2-1 mg/mL). For the measurement, 10 uL of each NP
dispersion was dropped onto a 200-mesh copper grid and left to dry at room temperature for 5
min. NPs were imaged under an 80.03 kV beam. The size and size distribution of the polyester
NPs were processed using ImageJ Fiji (LOCI, University of Wisconsin) (128). Gaussian

smoothing was applied to decrease the background noise.
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Colloidal stability testing
The size, size distribution and pH of PCL, PDLLA, and PLGA NPs prepared by the ESE were

measured over time before and after storage at 4°C. NPs produces by nanoprecipitation, particle
size and distribution (Pdl) were measured at regular intervals over 30 days. NP dispersions (1
mg/mL) in deionised water were stored at 4°C while dispersions in PBS were stored at room
temperature. Stability in the presence of proteins was studied by adding NP dispersions (1
mg/mL) to an aqueous BSA solution (0.5 mg/mL) and monitoring particle size and size
distribution over 30 min at 37°C. The stability of the NPs under cell culture condition was also
assessed for dispersions prepared in DMEM containing 10% FBS stored at 37°C. These
stability test conditions have been developed taking consideration the conditions under which
NPs are stored, tested and used in in vitro assays.
Hydrophobicity of the NPs
Prepared polyester NPs by nanoprecipitation method and commercial PS NPs (200 nm) were

used for the hydrophobicity tests. PS NPs were used as a positive control group.

Hydrophobic interaction chromatography (HIC)
The AKTA start protein purification system (Cytiva, Sheffield, UK) was used for the HIC study

(129-132). NP dispersion in PBS (1 mg/mL; 1 mL) was introduced on a Butyl FF column
(Cytiva, Sheffield, UK). Flow rate was set at 1 mL/min and NPs were eluted using PBS then
Triton X (0.1%) as the mobile phase samples (1 mL) for a total of 30 min (15 min in each
mobile phase). NP turbidity signal was monitored by spectrophotometry (Amax = 450 nm). The
same process was repeated for Phenyl FF (HS) and Octyl FF columns. The area under the curve
(AUC) of a plot of the absorbance as a function of time was determined to calculate retention

(R) (Eq. 2.1) and the HIC index (Eq.2.2).
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: AUCy;
Eq.2.1 Column retention% (R%) = = :;]tan + 100
PBS TritonX

. Rputy1%*1ogPputyi )+ (Rphenyi%*l0gPphenyt) H(Roceyi%o*Ll0gP oyl
EQ.2.2 HIC index = B uey)* (Rpheny phenyl)+(Rocty octy1)]
(logPputy1+109Pphenyt+10gPoctyl)

The logP values used for Butyl FF, Phenyl FF (HS), and Octyl FF are 0.47, 0.94, and 2.05,

respectively (130).

Salt aggregation test

NPs (1 mg/mL) were added to NaCl solutions in water to achieve a final salt concentration
between 0.1-5 M. The aim was to test the NP aggregation in different salt concentrations.

Particle size was assessed by DLS at 37 °C for 30 min to observe the aggregation rate (133).

Protein adsorption assay

Protein adsorption was assessed by monitoring alterations in NP diameter and PdI using DLS.
Briefly, 0.5 mg/ml NPs were mixed with BSA (0.125, 0.25, 0.5, 1 mg/mL) and HSP (0.625,
1.25, 2.5, 5 mg/mL) solutions under gentle shaking in a 37°C incubator for 2 h. Samples were
collected at 0, 15, 30, 60 and 120 min then, centrifuged to obtain NP-free supernatants. A BCA
(bicinchoninic acid) kit which utilises reduction of Cu?* to Cu* by protein in an alkaline medium
was used to determine the concentration of free albumin in the supernatant following the
manufacturer’s instructions. The BCA assay can detect protein concentrations ranging between
20 and 2,000 pg/mL. The assay uses two components: a carbonate buffer that includes the BCA
reagent, and a cupric sulphate solution. These components are mixed to form a working solution
that is green on preparation and turns purple after incubation at 37°C for 45 minutes in the
presence of protein, and the absorbance of final reactant read at 562 nm (134). The
concentration of protein adsorbed on NPs was calculated as the difference between the initial

albumin concentration and the albumin concentration detected in the supernatant.
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2.4 RESULTS AND DISCUSSION

2.4.1 Preparation of Polyester NPs
Solubility testing of polyesters and stabilisers

An experiment was performed to decide the most suitable solvent to use to dissolve the
hydrophobic polyesters and stabilisers (Table 2.1). Five organic solvents and two aqueous
phases were considered for the polyesters and stabilisers, respectively. The organic phase was
selected considering factors such as water miscibility, and volatility. Acetone, ethanol and
methanol are all miscible with water, making them suitable for nanoprecipitation; while
chloroform (0.79% w/w) and EtAc (8.7% w/w) have limited solubility and are immiscible with
water (135), making them more suitable for ESE (Table 2.1). All the organic solvents selected
are volatile, but have different vapour pressures: acetone (30 kPa), chloroform (26 kPa),
methanol (16.9 kPa), EtAc (14 kPa) and ethanol (12.4 kPa) (136). Higher the vapour pressure
is easier the removal from the formulation, and it is important to not to have residues of solvent
in the final product of NP suspension. All solvents are generally safe to use when good
laboratory practices are followed, according to the “Pfizer solvent selection guide” (135). The
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use (ICH) has developed guidelines for acceptable limits of residual solvents in
pharmaceutical products. The oral and i.v. concentration limit for chloroform and methanol is
60 ppm, 3000 respectively and lower than 5000 ppm for acetone and ethanol (137).

EtAc and chloroform were used for the ESE method while acetone was chosen for the
nanoprecipitation method. Acetone is miscible with water and has a higher volatility than

methanol and ethanol, therefore its removal is expected to be easier.
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Table 2.1 Solvent properties s and solubility of polyesters and stabilisers.

Solvents
£ _
€l el 8] 3|, To"c
Polymers 2| 85 | 2|8 S g o
= = Q @ = © m
L @) < P ] = a
PCL” e+ o+ - - - - -60
g |PDLLA’ ht + - - - - 50-80
(5] .
S | PLGA L - 28-46
PVA’ - - - H+ H+ g
HS15° - - - na
& f
3 PXM - - + + + + + na
3 | pvP’ -+ -+ 4 + 4 161"
w

(+): soluble without heating, (H+); dissolves after heating at 80°C for 60 min., (h+); dissolves after heating at

30°C for 5 min., (+): slightly soluble(138), (-): non-soluble. [references a-m:(138-149)]

The stabilisers were all soluble in water and PBS, however, PVA needed heating at 80°C to
dissolve. Since the heating temperature was below its Tg (85°C), heating is not expected to
affect PVA’s physical properties or stability (150).
NP preparation - ESE

Preliminary evaluation of ESE as a method for NP production, included three polyesters as
starting materials. Tests were carried out to prepare PCL NPs with different concentrations of
stabilisers considering the previous studies (151-153). The effect of different solvents,
homogenisation speeds and sonication durations on size and distribution was also investigated.
The results are presented in the Table 2.2 and 2.3. Analysis of the results showed that PCL
NPs prepared with 0.1% PCL dissolved in chloroform tended to be <200 nm in size and more

homogeneous. Combinations of low stabiliser concentrations (0.01% or 0.05%) and high-speed
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homogenisation (5000 rpm for 10 min in an ice bath), resulted in 130-212 nm PCL NPs

(PdI=0.2-0.3) (Table 2.3; lines 23-26).

Table 2.2 PCL NPs optimisation studies using EtAc. (n=1)

PCL wt.% Polymer stabiliser %-lhomogenising evaporation
Line PCL solvent Ultrasonication d.nm Pdl
\volume (mL) volume (mL) rpm rpm
1 0.05%- 1 mL EtAc 0.7% HS15- 20 mL 5000 rpm 10 min 300 rpm 375.1 0.46
2 0.05%- 1 mL EtAc 0.7% HS15- 20 mL 5000 rpm 5 min 300 rpm 942.16 10.83
3 0.05%- 1 mL EtAc 0.05% HS15-20 mL 5000 rpm 10 min* 300 rpm 164.6  |0.364
4 0.05%- 1 mL EtAc 0.01% HS15- 20 mL 5000 rpm 10 min* 300 rpm 175.6 0.272
5 0.10%- 1 mL EtAc 0.05% HS15- 20 mL 5000 rpm 10 min* 300 rpm 213.7  0.377
6 0.10%- 1 mL EtAc 0.01% HS15- 20 mL 5000 rpm 10 min* 300 rpm 221.8 0.372
7 0.10%- 1 mL EtAc 0.5% HS15- 20 mL 3000 rpm 10 min 300 rpm X X
8 0.125%- 0.5 mL EtAc 1% PVP-10 mL 500 rpm 500 rpm X X
9 0.125%- 0.5 mL EtAc 1% PXM-10 mL 500 rpm 500 rpm 500 0.4
10 0.25%- 0.5 mL EtAc 1% PVP-10 mL 500 rpm 500 rpm 149 0.2
11 0.5%- 0.5 mL EtAc 1% PVP-10 mL 500 rpm 500 rpm X X
12 0.5%- 1 mL EtAc 0.1% HS15- 20 mL 3000 rpm 10 min 300 rpm 477.5 0.6
13 0.5%- 1 mL EtAc 0.5% HS15- 20 mL 3000 rpm 10 min 300 rpm 308.4 0.6
14 0.5%- 1 mL EtAc 1% HS15- 20 mL 3000 rpm 10 min 300 rpm 124.1 0.4
15 0.5%- 0.5 mL EtAc 8% PVA-10 mL 500 rpm - 500 rpm 101.7 1
16 0.5%- 0.5 mL EtAc 1% PVP-10 mL 500 rpm 500 rpm X X
17 1%- 1 mL EtAc 0.5% HS15- 20 mL 3000 rpm 10 min 300 rpm 380.1 0.6

*: Sonication was progressed on an ice-bath. x:NP formation did not observed
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Table 2.3 PCL NPs optimisation studies using Chloroform. (n=1)

PCL wt.% - Polymer stabiliser %-lhomogenising evaporation
line PCL solvent Ultrasonication d.nm [PdI
\volume (mL) volume (mL) rpm rpm
18 0.05%- 0.2 mL Chloroform  ]0.5% HS15-20 mL 5000 rpm 10 min 300 rpm 2995 0.5
19 0.05%- 1 mL Chloroform  ]0.5% HS15-20 mL 5000 rpm 10 min 300 rpm 1946 0.6
20 0.05%- 1 mL Chloroform  ]0.05% HS15- 20 mL  |5000 rpm 10 min* 300 rpm 167.1 (0.4
21 0.05%- 1 mL Chloroform  ]0.01% HS15- 20 mL  |5000 rpm 10 min* 300 rpm 249.7 104
22 0.10%- 1 mL Chloroform  ]0.5% HS15-20 mL 3000 rpm 10 min 300 rpm 1575 [0.5
23 0.10%- 1 mL Chloroform  [0.05% HS15- 20 mL  |5000 rpm 10 min* 300 rpm 212.3 10.3
24 0.10%- 1 mL Chloroform  [0.01% HS15- 20 mL  |5000 rpm 10 min* 300 rpm 1747 0.2
25 0.10%- 1 mL Chloroform  [0.01% HS15-20 mL  |5000 rpm 10 min* 500 rpm 130.8 [0.3
26 0.10%- 1 mL Chloroform  [0.01% PXM-20 mL |5000 rpm 10 min* 300 rpm 196.8 [0.3
27 0.10%- 1 mL Chloroform  [0.01% PVP-20 mL 5000 rpm 10 min* 300 rpm 270.8 0.2
28 0.10%- 1 mL Chloroform  [0.01% PVA-20 mL  |5000 rpm 10 min* 300 rpm 358.3 0.2
29 0.10%- 1 mL Chloroform  [0.5% HS15-20 mL 5000 rpm 10 min 300 rpm 2751 0.4
30 0.10%- 0.2 mL Chloroform  ]0.5% HS15-20 mL  |5000 rpm 10 min 300 rpm 490.3 0.6
31 0.5%- 1 mL Chloroform  ]0.1% HS15-20 mL 3000 rpm 10 min 300 rpm 90.6 0.6
32 0.5%- 1 mL Chloroform  [0.5% HS15- 20 mL  [3000 rpm 10 min 300 rpm 2859 (0.6
33 0.5%-1 mL Chloroform  |1% HS15- 20 mL 3000 rpm 10 min 300 rpm 46.0 0.2
34 1%- 1 mL Chloroform  [0.5% HS15-20 mL 3000 rpm 10 min 300 rpm 165.8 [0.5

*: Sonication was progressed on an ice-bath.

Therefore, these conditions were selected as for ESE in this study. Then, the same method was
applied to prepare PDLLA and PLGA NPs using different stabilisers in various concentrations
(Table 2.2). The method established for PCL was also used for PDLLA and PLGA. This is

because PCL is more hydrophobic than PDLLA and PLGA, which would require more

37




challenging optimisation, and the conditions that work for PCL can be applied to PLA and
PLGA.

The size of the PCL-PVA NPs decreased gradually with increasing concentration of the
stabiliser. Trends were less clear for other stabilisers, though the smallest particles were
typically produced when stabiliser concentration was highest, but often with a higher Pdl
(Table 2.4). The smallest particles (88 nm) were obtained when using 1% PXM, but the lowest
PdlI (0.15) was achieved using 0.5% PVA or 0.01% HS15. PVA produced NPs within the target
size (150- 200 nm), but not the latter because of the low stabiliser concentration.

Looking at the data for PDLLA and PLGA NPs (Table 2.4), size and PdI fluctuated and, again,
a clear trend was hard to identify. PDLLA NPs within the target range were obtained with 0.01-
0.2% PXM and 0.01-0.5% HS15 with acceptable Pdl ranging from 0.15 to 0.35. Finally, for
PLGA NPs, particles within the 150-200 nm were obtained when using 0.01, 0.5% or 1% PXM,
0.2% PVP, 0.1% PVA or 0.1% HS15; PdI varied between 0.19 and 0.42. PLGA NPs obtained

under other conditions were either too large or too small.

38



Table 2.4 Size and size distribution of polyester NPs prepared by ESE.

Stabilisers oy | 001% 0.10% 0.20% 0.50% 1%
(PO?Iliﬁj)ter Stabilisers | size ~ Pdl |size  Pdl [size Pdl |size Pdl [size Pdl
PCL PXM 187 02 |212 03 |72 0.5 | 207 04 |88 0.5
PCL PVP 313 0.3 |276 0.2 |148 03 9158 09 |70 0.6
PCL PVA 396 0.3 |309 0.3 | 245 0.2 |184 0.2 |130 0.3
PCL HS15 201 02 |[173 04 | 247 04 |213 04 |53 1.0
PDLLA [ PXM 179 0.2 | 168 04 | 167 03 |[112 05 |1150 04
PDLLA [ PVP 240 02 |[214 0.2 |[127 03 |51 06 |78 0.6
PDLLA [ PVA 217 03 |[279 04 |[221 0.2 |142 03 |114 0.3
PDLLA | HS15 157 0.2 |[152 0.2 |[152 0.3 | 166 04 |37 1.0
PLGA PXM 167 03 |[123 0.2 |[133 0.5 |198 04 |148 0.3
PLGA PVP 410 0.5 | 307 0.2 | 200 0.2 |101 05 |[144 0.5
PLGA PVA 303 0.2 | 196 0.2 |[228 0.2 |126 03 |[122 0.3
PLGA HS15 79 0.3 155 0.2

(n=1; NPs prepared with 1 mL polyester (0.1%) dissolved in chloroform and 0.01-1% stabiliser.)

In literature, PVA is preferred as a stabiliser for most polyester NPs and has been used at a
concentration of 1% to prepare 180-240 nm (PdI<0.1) NPs from 2-4% PCL solutions in organic
solvents (154, 155). PVA concentrations between 0.5-1% have been used to manufacture 160-
270 nm PDLLA NP (Pdl < 0.2) (156). In most studies, the polyester solutions are more
concentrated (ca. 1-5%) than those used here, which could explain the differences in the

properties of the NPs obtained. After noting that the size distribution of NPs obtained using
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conventional emulsification methods would be high, Wei et al. (157, 158) emphasised that this
is an obstacle to the repeatability of NP production. Here, the results obtained support this
observation. Still, it was possible to prepare NPs within the expected size and Pdl. And, NPs

with the promising stability were selected and studied.

Stability of NPs prepared by ESE
For stability studies, a single concentration of each stabiliser was used to manufacture polyester

NPs. The following concentrations of the HS15, PXM, PVP, and PVA were, respectively 0.5%,
0.5%, 0.2%, 1% for PCL NPs; 0.2%, 0.1%, 0.2%, 0.5% for PDLLA NPs; and 0.1%, 0.1%,

0.5%, 0.1% for PLGA NPs (Table 2.5).

Table 2.5 Selected stabiliser concentrations for each polymer.

Polym f:abi"ser HS15 (%) PXM (%) PVP (%) PVA (%)
PCL 0.5 | 0.5 0.2 1
PDLLA 0.2 0.1 0.2 0.5
PLGA 0.1 ‘ 0.1 0.5 0.1

PCL NPs were prepared using 1% PVA showed good size stability in water at 4°C, but the Pdl
quickly increased over the target value (PdI>0.2). NPs prepared using any of the other
stabilisers showed noticeable size fluctuations over the study period with Pdl varying between
0.23 and 0.7 (Figure 2.4). PDLLA NPs generally appeared more stable and less affected by the
nature of the stabiliser. PDLLA-PXM, -PVP and -PVA remained stable for 15 days, after which
size and PdI fluctuated, apart for PDLLA-PVA NPs. Between day 0 and 15, PdlI values did not
seem to change; however, it should be noted that in most cases, PdI> 0.25 were observed. This
somehow contrasts with the impact of HS15 on PLGA NP stability. The size of PLGA-HS15
NPs stayed between 150 and 155 nm (PdI< 0.2) for 15 days. Notably, PLGA-PXM NPs showed

stability for two weeks, whereas 0.5% PVP- and 0.1% PVA-coated PLGA NPs showed signs
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of destabilisation within the first week. It should be stressed that a single batch of each
formulation was prepared in this optimisation step and more work would be needed to confirm

these conclusions.

hydrodynamic diameter polydispersity index
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Figure 2.4 Colloidal stability of polyester NPs. The stability of NPs prepared by ESE method with
different stabilisers was studied in water at 4°C over 20 days (n=1). PXM and PVA stabilisation
worked better on PCL NPs, while HS15 was effective only on PLGA NPs. The coating had little
impact on the stability of PDLLA NPs, apart when HS15 was used.
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Overall, distinct stability patterns were observed for each polymer, highlighting the critical role
of stabiliser selection and the polymer-specific nature of stabiliser efficacy. This study also
emphasised the need for a tailored approach to stabiliser selection to achieve optimal stability.
For example, the hydrolysis rate of the stabilisers should be considered based on the need of
the storage duration of the NPs in water. Also, desired degradation rate or mechanism of the
polyester NPs in the organism can be arranged using different polymers since polymers have
different physicochemical properties. Further investigation into the underlying mechanisms of
stabiliser-polymer interactions could provide valuable insights for the design and optimisation

of NP formulations in pharmaceutical applications.

Stability testing- variation of pH and zeta potential over time

A second stability study was performed on the same formulations, under the same conditions,
this time looking at changes in zeta potential and pH. The assessment of pH serves as an
indicator of potential degradation. The pH patterns were similar for PCL and PDLLA NPs, with
higher pH values (pH 5-6) measured for PVA-coated NPs and more acidic values (pH<4)
obtained for all other preparations (Figure 2.5). In contrast, all PLGA NPs dispersions were
more acidic (159), yet PVA stabilisation again produced marginally less acidic dispersions. The
elevated acidity in PLGA suspensions, particularly in comparison to PDLLA, is attributed to
the presence of glycolic acid. Studies have confirmed that an increased ratio of glycolic acid
causes a reduction in the pH of NP dispersions, as it dissociates more readily in water (160,
161). The pH variations between stabilisers, although less clear, may be due to various
interactions between the polyester and the stabiliser, presence of impurities from the polymer
source, synthesis process or excess stabiliser in the NP suspension. Notably, the pH of the NP

dispersion remained stable even when the NPs were destabilised (Figure 2.4).
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Stabilisers play a crucial role in preventing particle aggregation. In this study, non-ionic
macromolecules were used, which act primarily through steric stabilisation, rather than

electrostatic repulsion.
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Figure 2.5 Chemical and surface charge stability of polyester NPs. PCL, PDLLA, and PLGA NPs
were prepared using ESE method. pH and zeta potential were recorded for 20 days (n=1). The pH of
the NP dispersions did not change over the study period, while zeta potential fluctuated.
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However, polyesters have a carboxylic end group, which is known to provide an anionic surface
charge. While most of the literature reports zeta potentials ca. -20 to -30 mV (70, 71), our
observations rarely recorded values below -20 mV and in some cases, zeta potential approached
neutrality.

Ekinci et al. (162) also obtained a neutral zeta potential (—0.88 £ 0.45 mV) for 182 nm PDLLA-
PVA NPs. Zeta potential is also dependent on the stabiliser used and its effectiveness in
masking the polymer charge. Also, it is reported that NP surface charge may change depending
on the volatility of the solvent used during manufacture and how quickly it is removed (163,
164). Differences in the conductivity of the diluent used for zeta potential measurements can
also alter results (165).

Overall, the ESE technique did not allow the production of NPs with the correct quality
attributes. This method requires numerous variables to be controlled both during emulsion
preparation and organic solvent removal (166, 167). For instance, the speed, duration of stirring
or homogenisation, the type of sonicator and the amp, and duration of sonication must be
optimised. Similarly, solvent selection, duration of solvent evaporation or the use of a rotary
evaporator, must be individualised depending on the desired NP properties.

Nawaz et al. (168) studied PCL-PVA NPs and showed the effect of PCL concentration and
stirring speed during homogenisation on the size and Pdl of the NPs. While high concentration
of the polyester cause increase in size, higher homogenisation speeds led to decrease in size and
Pdl, as expected (168). In another study, it was reported that increasing probe sonication time
from 120 to 300 seconds resulted in an increase in size from 187 to 232 nm while increasing
stabiliser concentration resulted in a decrease in size from 227 to 148 nm, when sonication

conditions were kept constant (70) which is also observed in our study for many of the
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stabilisers. Yet, the impact of changing stabiliser concentration is not always linear (Table 2.4),
making it hard to predict the impact of changes made (71, 72).
Conducting experiments based on the considerations such as non-linearity of size changes based
on concentration or sonication duration proved to be time-consuming in the attempt to produce
NPs of the appropriate size and stability for our study. Therefore, it was decided to stop the
ESE manufacturing and explore nanoprecipitation as a method for NP manufacture. At the same
time, the decision was made to focus on PLGA and PDLLA only as PCL with the correct
properties could not be produced (data not shown). PVA and PXM were used as the stabilisers
since the molecular structure of these two stabilisers differs in terms of hydrophobicity and it
Is thought that it affects the final surface characteristics of the prepared polyester NPs.

NP preparation- nanoprecipitation
PDLLA and PLGA NPs were prepared by nanoprecipitation using acetone as the solvent.
Acetone was preferred for this method because of its volatility, which allows easy removal from
dispersions without the need for dialysis (169-171). PVA is one of the most commonly used
stabilisers in the literature for the preparation of NPs, so PVA was chosen as the first stabiliser
for the preparation of NPs. As the aim is to prepare polyester NPs with different surface
properties for cellular uptake testing, the molecular structures of the stabilisers were taken into
account when deciding on the stabilisers. PXM is a surfactant with a hydrophobic core and PEG
ends on both sides of the polymer chain, which was expected to give the NPs a more hydrophilic
feature. PVA and PXM were therefore chosen as stabilisers.
In previous studies, 1% has been suggested as a suitable PVA or PXM concentration (172-174).
Here, the impact of stabiliser concentration on size and Pdl was systematically investigated for

the optimisation studies.
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Figure 2.6 Impact of stabiliser concentration on NP properties. Results are presented as the meant
SD (n=3).

The effect of polymer and stabiliser concentration on the size of PDLLA and PLGA NPs is
illustrated in Figure 2.6. The diameter of PDLLA- and PLGA-PVA NPs decreased with
increasing concentration of the stabilisers, while Pdl did not show a gradual decrease as PVA
did. It should be noted that this trend is only observed for PVA concentrations >0.1% (Figure
2.6) These results agree with previous reports that increasing PVA concentration leads to a
decrease in NP size (175, 176) probably because the high concentration of stabilisers helped
the polyesters not to aggregate during NP formation and finally created NPs with smaller core.
Surprisingly, Maaz et al. (177) observed an enlargement in PDLLA-PVA NPs diameter with
increasing stabiliser concentration (147 to 302 nm; 0.1 to 0.4%), possibly due to an increase in
the thickness of the stabiliser layer.

The impact of PXM is less striking with NPs mostly staying within a narrow size range,
independently of PXM concentration. Sharma et al. (178) reported that an increase in the
concentration of PXM from 0.2-1.5%, resulted in a decrease in PLGA-PXM NP size from 205

nm to 177 nm. In contrast, others have reported that changing PXM concentration has limited
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impact on PLGA NP size with the increasing concentration of stabiliser from 0.05% to 2% , but
with only 10 nm change in the NP size (179), somewhat similar to results obtained here (177).
The reason of PXM did not affect the size might be because of its surfactant nature and the used
concentrations are already over critical micelle concentration (2.8x10°® M) (180). Since the
PXM molecules are already in micellar form, further increasing the concentration may not
significantly impact the stabilization of NPs or affect their size.

Interestingly, PVA-stabilised NPs exhibited larger sizes at low stabiliser concentrations
compared to PXM-stabilised NPs. At low PXM concentrations, the hydrophobic segment
(poly(propylene oxide)) (Figure 2.1-C) of PXM may facilitate more effective interactions with
the hydrophobic core of the polyesters NPs, thus, improving coverage and stabilisation of the
NPs (181). Based on this optimisation study, a stabiliser concentration of 1% was chosen as
this allowed the production of PDLLA and PLGA NPs with the correct quality attributes (i.e.

150-200 nm and Pdl (<0.2)).

Residual stabiliser detection

The residual stabiliser concentration was determined for both types of NPs (Figure 2.7). The
results indicated some difference in the interaction between stabiliser and the polymer cores.
Higher residual stabiliser concentrations were detected in the supernatant of PDLLA-NPs

compared to PLGA-based NPs, suggesting better coverage for the latter NPs.
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Figure 2.7 Residual stabiliser quantification. PDLLA and PLGA NPs were prepared by
nanoprecipitation using 1% PXM or PVA and residual stabiliser concentrations were measured using
colorimetric techniques. Stabiliser coverage was better on PLGA, and PVA coverage was significantly
greater on PLGA than that of PDLLA. Data is presented as meantSD, n=3, two-way ANOVA,
Bonferroni test for multiple comparison, *p<0.05).

2.4.2 Characterisation of Polyester NPs
Size and zeta potential measurements

PDLLA and PLGA NPs with a 140-170 nm size and low Pdl (0.07-0.16) were obtained.
Notably, PXM-coated NPs tended to be larger compared to their PVA-coated counterparts
(Figure 2.8).

PDLLA-PVA NPs and PLGA-PVA NPs exhibited zeta potentials of -30+12 mV and -17+7
mV, respectively, which were more negative than those observed for PDLLA-PXM NPs (-4+3
mV) and PLGA-PXM NPs (-9+5 mV) (Figure 2.8). Clearly, the PVA-coated NPs exhibited a
greater negative surface charge compared to their PXM-stabilised counterparts. These results
differ from what was observed for NPs prepared by ESE, but lower stabiliser concentrations
were used for ESE method (182, 183). These results are in agreement with values reported in

the literature for PXM-stabilised PDLLA or PLGA NPs (173, 178, 184, 185) and PVA-
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stabilised NPs (175, 177, 184, 186, 187). The observed differences in zeta potential could be

due to the different nature of the interactions facilitated by PVA and PXM (183, 188).
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Figure 2.8 Characterisation of polyester NPs. The size, Pdl and zeta potential of the NP suspensions
measured using DLS at room temperature. PXM coated NPs were slightly larger and less anionic than
PVA-coated NPs. Data is presented as mean£SD (n=3).

Additionally, looking at the residual stabiliser data, since PVA showed better coverage on the
PLGA core than on the PDLLA core (Figure 2.7), this may have shielded the carboxyl ends
from water molecules, limiting ionisation and hence minimising the observed charge on PLGA-
PVA NPs.

TEM
NPs displayed a spherical morphology (Figure 2.9). The measured average diameters for P-
NPs were as follows: PDLLA-PVA NPs 124429, PDLLA-PXM NPs 154+10, PLGA-PVA NPs
132+£30, and PLGA-PXM NPs 151+16 nm. PVA-coated NPs showed larger particle size
distribution than PXM-coated NPs which is in agreement with the DLS results. There were
small differences in the sizes determined by TEM and DLS. As expected, diameters measured

by DLS were systematically 10-30 nm larger than those obtained by TEM. That difference is
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attributed the hydration of stabiliser coating under the conditions used for DLS, while TEM

measures dried NPs size on the copper grid (189).

Figure 2.9 TEM images of the NPs. (A)PDLLA-PVA (124 nm), (B) PDLLA-PXM (154 nm), (C)
PLGA-PVA (132 nm), (D) PLGA-PXM (151 nm). Bars represent 200 nm.

2.4.3 Colloidal stability

The physical stability of all NPs preparation was studied at three different temperatures: 4°C,
room temperature (RT) and 37°C (Figure 2.10). All formulations (PDLLA-PVA, PDLLA-
PXM, PLGA-PVA, PLGA-PXM NPs) demonstrated good colloidal stability at 4°C in deionised
water for a minimum of 30 days, with particle diameters staying within the aimed 150-200 nm
range and a Pdl below 0.3 (Figure 2.10-A). Previous research by Swider et al. (190) focusing
on PLGA-PVA NPs (200 nm) indicated their potential to maintain colloidal stability for at least

two weeks in situ. In the literature, ~170 nm PLGA-PXM NPs were reported to be stable for 90
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days at 25°C (178), however the Pdl were not recorded. In addition, studies noted that under
favourable surfactant conditions (0.1-1%), stability could extend up to 12 months on double
emulsion systems (162). At RT, PDLLA and PLGA NPs sizes were maintained below 200 nm
but the size of PDLLA NPs started to fluctuate after the second week. The decrease in stability
may be attributed to the presence of salt ions in the PBS. PBS salts can affect the stability of
NPs by influencing the ionic strength and pH of the surrounding medium, which in turn can
affect the electrostatic interactions and surface charge of the NPs, leading to changes in
colloidal stability and aggregation behaviour. In addition, the presence of salts can induce NP
aggregation by shielding surface charges or by promoting interparticle interactions. However,
the PdI remained constant (<0.21) throughout the 30-day study period. Although average sizes
showed continued stability, larger error bars began to appear from day 7 of the RT and 37°C
tests, indicating a reduction in some inter-batch variability. The study of NP stability at 37°C
in DMEM was designed to predict the behaviour of polyester NPs under cell culture conditions.
In vitro studies are expected to last a maximum of three days and maximum 24 h tests will be
conducted with NPs in the CCM, during which time all NPs were found stable (Figure 2.10-

Q).
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Figure 2.10 NPs colloidal stability at (A) 4°C, (B) RT and (C) 37°C. (A-C) Particle diameter
(closed symbols; left axis) and Pdl (open symbols; right axis) were measured for 30 days under
different conditions. NPs showed better stability at 4°C (in water) (A). While at RT (PBS) and at 37°C
(in CMM) NP stability decreased (B-C). Data is presented as mean£SD (n=3).

The zeta potential of NPs stored at 4°C in deionised water was measured over time. PVA-coated

NPs had a stronger negative charge (-48 and -33 mV) than PXM-coated NPs (-3 and -14 mV)
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starting from the beginning of the stability test to the 30" day (Figure 2.11). The values are
slightly different to what was reported in Figure 2.8, but the trend is the same. Over the test
period, PDLLA-PVA NPs surface charge increased from -48 mV to -15 mV which was a greater
increase than seen for PLGA-PVA NPs. Despite a near-neutral zeta potential, PDLLA-PXM
NPs did not show any aggregation for 30 days at 4°C and kept their Pdl below 0.2, confirming
successful steric stabilisation.
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Figure 2.11 NPs zeta potential as a function of time. Surface charge of the 4°C stored NPs for 30
days. Data is presented as mean=SD (n=3).

In these studies, zeta potential was monitored in simple aqueous solutions only. In the future,
similar studies should be performed in cell culture media containing 10% FBS at 37°C as this
is critical for predicting the in vitro and in vivo behaviour of NPs. This is particularly important
in cases where protein adsorption can alter the zeta potential, potentially affecting the
interaction between NPs and cells.

BSA is used for in vitro stability testing of NPs, simulating biological conditions. This provides
initial information on the adsorption of proteins on the NPs and stability of the coating.
Polyester NPs were exposed to 0.5 mg/mL BSA for 30 min to assess the impact of protein

adsorption on size and agglomeration. PDLLA-PVA NPs showed a decrease in size of ~50 nm,
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while PDLLA- PXM NPs showed a slight increase of about 30 nm. The average size of PLGA-
PVA and PLGA-PXM NPs remained the same. Likely, the better coverage was achieved for
PLGA NPs (Figure 2.7) repelled BSA and allowed NPs to maintain their size in BSA solution.
Incubation for one day in FBS-containing media (Figure 2.10-C) or 30 min in a BSA solution
at 37°C (Figure 2.12) had similar effect on diameter of PDLLA and PLGA NPs. Indeed, both
conditions led to 1) a decrease in PLA-PVA NPs diameter, 2) an increase in PLA-PXM NPs
size and 3) no change for PLGA-PXM NPs. Hence, prolonged exposure to higher aloumin (50

mg/mL) or protein concentration (80 mg/mL) should be tested to understand their stability

under physiological conditions.
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Figure 2.12 Stability of NPs after incubation in a 0.5 mg/mL BSA solution. Polyester NPs were
treated in BSA solution at 37°C for 30 min (n=1).

One study by Oliveiraet al. (191) reported that the size of PLGA-Poloxamer 188 NPs increased

by 10 nm in a 0.4 mg/mL BSA solution at 37°C, by 50 nm in mouse plasma and by >1000 nm
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in human plasma after 1 hour. It was also reported that the protein corona concentration on the
NPs followed a similar pattern, reflecting differences in protein concentration between the three
media. Therefore, protein adsorption assay with BSA and human serum protein (HSP) was

conducted as part of the surface hydrophobicity assessment.

2.4.4 Hydrophobicity of the NPs
Three separate methods were used to assess NP hydrophibicity: SAT, HIC and protein

adsorption.

SAT can be used to assess the hydrophobicity of NPs by monitoring their aggregation in the
presence of increasing salt concentrations. Hydrophobic NPs tend to aggregate in the presence
of salts due to reduced electrostatic repulsion as salt molecules compete for water molecules
and allows hydrophobic interactions to strengthen, leading to NP aggregation (192). Therefore,
the lower the salt concentration needed to trigger aggregation, the higher the hydrophobicity
(133). PXM-coated NPs maintained their size even in 4 M NaClag, while PVA-coated NPs
began to aggregate in 2 M NaClag. PS NPs, which were used as the positive control, aggregated
at significantly lower salt concentration compared to any of the PDLLA and PLGA NPs (Figure
2.13-A). All NPs showed signs of aggregation in 5 M NaCly, but even at that high
concentration, aggregation was stronger for PS NPs compared to polyester NPs. Based on the
SAT results, NPs can be classified in order of increasing hydrophobicity as PDLLA-PXM <
PLGA-PXM << PDLLA-PVA < PLGA-PVA <<<< PS.

HIC utilises stationary phases of varying hydrophobicity and analyses the interactions between
the hydrophobic regions of the NPs and the stationary phase. Hydrophobic NPs interact more
strongly with hydrophobic stationary phases, resulting in longer retention times. The
hydrophobicity of NPs can then be compared by analysing these retention times (130, 132). PS

NPs had higher HIC index (0.41) compared to other NPs, confirming the SAT results, which is
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in agreement with the literature (130, 131). Also, the HIC index of PVVA-coated NPs were higher
compared to PXM-coated NPs. Based on HIC results, NPs can be classified in order of
increasing hydrophobicity as PDLLA-PXM< PLGA-PXM< PLGA-PVA<< PDLLA-PVA<<
PS-NPs (Figure 2.13-B). Although this order is broadly similar to what was seen in the SAT
tests, the differences are less striking. Here, the HIC index of PS NPs was significantly higher
than the values obtained for polyester NPs, except for PDLLA-PVA NPs. Carstensen et al.
(132) suggested that coating PS NPs with PXM could reduce their hydrophobicity and their
retention on HIC columns. Similarly, in a different study PLA-PEG NPs found to be more

hydrophilic than PDLLA NPs (132).
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Figure 2.13 Hydrophobicity assessment of the NPs. (A) SAT, (B) HIC index. Results are
represented as meanz SD (n=3). (*p<0.05, **p<0.01, one-way ANOVA with Tukey multiple
comparison test)

Overall, results from SAT and HIC agreed, suggesting that PVA-coated NPs are relatively more
hydrophobic. This hydrophilicity of PXM- coated NPs attributes to PEG ends, which run into
water, of PXM while hydrophobic block interacts with the polyester core. Interestingly,
PDLLA-PXM NPs were slightly more hydrophilic than PLGA-PXMs despite a potentially less
effective stabiliser coverage as suggested by the quantification of residual stabiliser (Figure

2.7).
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The kinetics of protein adsorption was studied in the presence of 1 mg/mL BSA (Figure 2.14-
A) or 1.25 mg/mL HSP (Figure 2.15-A). After the NPs were treated in the presence of protein,
the amount of protein adsorbed on the NP was calculated by measuring the amount of
unabsorbed protein in the liquid phase. The adsorption was assessed by measuring the residual
protein concentration in the diluent after 60- and 120-min. Initial data showed that protein
adsorption did not change in the first 60 min. However, there was a marked shift over the next

hour, with a two-fold increase in protein adsorption to approximately 0.25 mg/mL.
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Figure 2.14 BSA adsorption study. A) Quantification of the BSA adsorbed on P-NPs 0, 60, and 120
min after NPs were exposed to BSA (1 mg/mL) at 37°C, (B) Impact of concentration (0.125-1 mg/mL)
on BSA adsorption after 2h at 37°C. Data is presented as mean+SD (n=3), two-way ANOVA, Tukey
post-hoc test).

The study was extended to cover HSP as it would better mimic the organism. HSP differs from
BSA in its protein content; HSP contains human sourced albumin, fibrinogens, coagulation
factors, complement proteins, transport proteins, etc., whereas BSA is only an animal albumin.
HSP showed different kinetics of protein adsorption compared to BSA. In particular, the
binding of HSP was faster and reached higher levels than observed for BSA. Interestingly, the
adsorption of HSP showed no apparent increase over time, indicating rapid saturation on the

NP surface (Figure 2.15-A).
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Figure 2.15 HSP adsorption onto NPs. (A) Quantification of the HSP adsorbed on P-NPs 0, 60, and

120 min after NPs were exposed to HSP (1.25 mg/mL) at 37°C, (B) Impact of concentration (0.625-5

mg/mL) on HSP adsorption after 2h at 37°C. Data is presented as mean=SD (n=3), *p<0.05, **p<0.01
***n<0.001, two-way ANOVA, Tukey post-hoc test).

As it was suggested before, differences in the composition of the protein containing media used
in the test could explains these results (191). HSP is composed of different kinds of proteins
and adsorption to NP surfaces may be faster for proteins with more exposed binding sites or
flexible conformations. Additionally, each kind of protein may exhibit varied electrostatic
interactions, hydrophobic interactions, and ligand-receptor binding which cause difference on
binding onto NPs. PS NPs were used as a control only in the HSP study. As expected, HSP
adsorption on PS NPs was higher compared to polyester NPs, though this difference was
statistically significant only at 60 min (Figure 2.15-A). No differences were seen between all
tested polyester NPs for BSA adsorption (Figure 2.14-A). However, initial HSP adsorption
appeared higher for PDLLA vs. PLGA NPs and for PVA vs. PXM, though these were not
statistically significant. As time progressed, those differences disappeared.

The concentration-dependence of BSA and HSP adsorption on polyester NPs was evaluated

(Figure 2.14-B and figure 2.15-B). The results confirmed that adsorption increased as a
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function of protein concentration in both cases. At higher BSA concentrations, the binding sites
on the NPs were more exposed, resulting in higher adsorption rates. Although it remains a
challenge to differentiate NPs based on adsorption characteristics, a significant difference was
observed for PS NPs. At concentrations of 2.5 mg/mL and 5 mg/mL, PS NPs showed
significantly higher adsorption of HSP (Figure 2.15-B). So, the higher hydrophobicity of PS
NPs was confirmed by all methods used here.

According to the results obtained here, stabiliser coating had no impact on protein adsorption
which prevents a comparison of the NPs’ hydrophobicity. However, stability studies in BSA
solution (37°C, 30 min) (Figure 2.12) and 10% FBS containing cell culture media (37°C, 1%
day) suggested that the stabiliser had some impact. These differences may be due to differences
in timing and sensitivity of the method and may depend on how strongly proteins are adsorbed
on NP surface. Overall, HIC and SAT appeared better at discriminating between NPs of varying
hydrophobicity, compared to protein adsorption.

In this chapter, the surface charge and hydrophilicity of the PDLLA and PLGA NPs prepared
with two different stabilisers (PVA and PXM) were found to be different due to the difference
in coating. Even though, the different coatings did not create a significant difference in the
protein adsorption, it is decided to test these NPs on cellular uptake. Thus, it will be tested

whether the choice of stabiliser makes a difference in the uptake of NPs by the liver cells.

25 CONCLUSION

The nanoprecipitation method was preferred over the ESE method because of its simplicity and
efficiency. Once the nanoprecipitation method was optimised, spherical 140-200 nm NPs were
prepared with low Pdl (<0.2) using 1% polyester (PDLLA or PLGA) and 1% stabiliser (PVA

or PXM). Characterisation of the NPs highlighted differences depending on both coating and
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core composition. Core composition mostly affected stabiliser adsorption, though small
differences were also seen in surface hydrophobicity. More noticeable differences were seen
between the two stabilisers in terms of zeta potential and surface hydrophobicity, thought these

did not negatively impact stability or affect protein adsorption.
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Chapter 3: MONOCULTURE STUDIES OF
POLYESTER NANOPARTICLES

31 INTRODUCTION

Assessing the safety of NPs is crucial in establishing suitable in vitro working conditions (193,
194). Equally, knowledge of the biological interactions between NPs and cells is important for
predicting and understanding the biological fate of NPs, including their biodistribution (195,
196). By elucidating these interactions, this research contributes to a better understanding of
how polyester NPs interact with liver cells.

Thus, polyester NPs with different surface properties, prepared in the previous section, were
tested in selected liver-associated cells in this chapter. For this purpose, 4 different cells were
used: HEP-G2 hepatoma cell line to represent hepatocytes, HMEC-1 endothelial cells to
represent LSEC cells, DTHP-1 macrophages to represent KCs and THP-1 cells to represent
monocytes. Firstly, none of the NPs expected to be toxic or inflammatory to the cells because
they are made from biocompatible materials. It is expected to observe difference on
internalisation rate of NPs with different hydrophobicity by macrophages and monocytes. Due
to their opsonisation properties, hydrophobic materials tend to be highly internalised by
phagocytic cells. Meanwhile, HEP-G2 uptake may change according to NPs surface charge
because it known that hepatocytes favour positively charged NPs while LSECs expected to

internalise negatively charged NPs (24).
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32 AIM AND OBJECTIVES:

After assessing the safety of the NPs, the aim was to compare the uptake behaviours in various
liver cell lines and evaluate the potential impact of NP surface properties by comparing various
stabilizers.
Objectives:
1. The toxicity of the stabilisers and NPs was investigated using thiazolyl blue tetrazolium
bromide (MTT) and water-soluble tetrazolium (WST-8) viability tests.
2. Inflammation responses of DTHP-1 to NPs was tested by measuring the cytokine (TNF-
a, IL-6, and IL-10) release in 24-h using an enzyme-linked immunosorbent assay
(ELISA).
3. Nile red loaded polyester NPs uptake by HEP-G2 human liver cancer epithelial cells,
HMEC-1 endothelial cells, THP-1 monocytes and DTHP-1 macrophages in 1-h was

assessed using flow cytometry and a fluorescent microscope.
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3.3 MATERIALS AND METHODS

3.3.1 MATERIALS

Human liver cancer epithelial cell (HEP-G2; 104-114 passage numbers), monocytic leukaemia
cell line (THP-1; 10-20 passage numbers), human microvascular endothelial cells (HMEC-1;
27-35 passage numbers), macrophage-like murine reticulum cell sarcoma (J774) were obtained
from European Collection of Authenticated Cell Cultures (ECACC; Salisbury, UK).

WST-8 solution was purchased from AAT Bioquest (Stratech- Ely, UK).

4' 6-diamidino-2-phenylindole (DAPI), Dimethyl sulfoxide (DMSO0),
ethylenediaminetetraacetic acid tetrasodium salt hydrate (EDTA), hydrocortisone, MEM non-
essential amino acid solution (NEAA), Nile red, phorbol 12-myristate 13-acetate (PMA),
Phosphate buffered saline tablet (PBS tablets), Poloxamer 407 (PXM), Poly(vinyl alcohol)
(PVA), thiazolyl blue tetrazolium bromide (MTT), trypan blue solution, sodium azide (NaNs3),
Dulbecco’s modified Eagle’s Medium (DMEM), Dulbecco’s Phosphate Buffered Saline
(DPBS), heat-inactivated fetal bovine serum (FBS) were all purchased from Merck (Darmstadt,
Germany). MCDB-131 medium, RPMI 1640 medium, L-Glutamine, Penicillin-Streptomycin
10,000 U/mL (PenStrep), recombinant human epidermal growth factor (Hu-EGF), 0.25%
Trypsin-EDTA, human TNF-a ELISA kit, human IL-6 ELISA kit, human IL-10 ELISA Kkit,
and lipopolysaccharide (LPS), polystyrene latex (PS) NPs (0.20 micron, 2.5 wt%) were bought

from Thermo Fisher Scientific (Invitrogen; Loughborough, UK).
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3.3.2 METHODS
Preparation of cell cultures:

J774 and HEP-G2 cell culture preparation:

Macrophage-like murine reticulum cell sarcoma (J774) cells and human hepatic cancer cells
(HEP-G2) were cultured in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) PenStrep.
J774 were collected using a cell scraper when the 80-90% confluency was reached. HEP-G2
cells tend to grow in clusters. HEP-G2 were passaged in a 1:5 ratio, by dissociating them using

0.25% trypsin-EDTA, twice a week when 80-90% confluency was reached.

HMEC-1 cell culture preparation:

Human microvascular endothelial cells (HMEC-1) were cultured in an MCDB-131 medium
supplemented with 10% (v/v) FBS, 1% (v/v) PenStrep, 10 ng/mL Hu-EGF, 1 pg/mL
hydrocortisone, and 10 mM L-glutamine. The cells passaged in a 1:10 ratio, by dissociating

them using 0.25% trypsin-EDTA, twice a week when 80-90% confluency was reached.

THP-1 and DTHP-1 cell culture preparation:

Monocytic leukaemia cell lines (THP-1) were cultured in RPMI 1640 media supplemented with
10 uM L-glutamine and 10 % FBS. These cells were kept between 200,000 and 800,000
cells/mL. Once the cell number reached 800,000 cell/mL, THP-1 were centrifuged, and the old
media was replaced with fresh media discarding the excess cells to obtain a final concentration
between 200,000-300,000 cell/mL. THP-1 cells were differentiated into macrophages (DTHP-
1) by incubating cells with 100 nM phorbol 12-myristate 13-acetate (PMA) in RPMI media for
48 h. Then the PMA including media was removed and the attached cells were rested in the
fresh RPMI media for 24 h before further experiments. All cells were incubated at 37°C in 5%

CO> in a 90% humidified air environment.
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Viability studies:
Stabilisers toxicity
The toxicity of PVA and PXM was tested on J774 cells. 10,000 cells were seeded in a flat-

bottomed 96-well plate and incubated overnight. Cells were exposed to various concentrations
of the stabilisers (0-10 mg/mL in DMEM) for 24 h. The supernatant was removed, and the cells
were washed three times with DPBS. MTT (100 uL; 0.5 mg/mL in DMEM) was added to each
well and incubated at 37 °C for 4h. The media was removed, and the formazan crystals were
dissolved in DMSO (100 uL). The absorbance (Amax: 570 nm) was recorded on a Fluostar
Omega plate reader (BMG Labtech, Aylesbury, UK). The experiment was performed in
triplicate. DMSO (10% v/v in DPBS) was used as the positive control and, untreated cell culture

served as negative control.

Eq 31 Cell 'Ulablllty% — (ODtreatment_ODpositive control) X 100

(ODyntreated— ODpositive control)

Cell viability was determined using Eq 3.1., where OD refers to optical density.

Polyester NPs toxicity
The toxicity of the polyester NPs was tested on J774, HEP-G2, HMEC-1, THP-1, and DTHP-

1 cells. In all cases, 10,000 cells were seeded in a flat-bottomed 96-well plate and incubated for
24 h. Cells were treated with various concentrations of the polyester NPs, (0-8 mg/mL in media)
for 24 h. 10% (v/v) DMSO was used as the positive control group. For THP-1, cells were
incubated under shaking (200 rpm) for the duration of the experiment. Then, centrifuged (700
RCF, 5 min) using an Allegra 25R plate centrifuge (Beckman Coulter, Indianapolis, US). The
supernatant was removed from each well, and the cells were washed three times with DPBS.

Fresh cell culture media (90 ul) containing WST-8 working solution (10pL) was added to each
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well and the plates were returned to the incubator for 3 h. Absorption from each well was
monitored using a Fluostar Omega plate reader at A=460 nm. Eq3.1 was used to calculate the
viability %.
Inflammatory response:

10,000 DTHP-1 cells were seeded into a 96-well plate and incubated for 24 h at 37°C in 5%
CO2 in a 90% humidified air environment. The cells were exposed to of PLGA, PDLLA, and
PS NPs (8 mg/mL in all cases). Lipopolysaccharide (LPS; 0.25 mg/mL) was used as the positive
control. The cell culture medium was collected from each well and centrifuged at 300 RCF for
5 min to sediment the cell or cell debris. The supernatant was stored at -80°C until analysis.
The cell count was determined using trypan blue as a viability stain. IL-6, 1L-10, and TNF-a
were quantified by ELISA according to the supplier’s instructions. For each cytokine, a
standard curve was generated and used to determine cytokine concentration. The study
investigated the linearity of the method over a concentration range of 0-500 pg/mL for TNF-a;
0-100 pg/mL for IL-6; and 0-300 pg/mL for IL-10. The linear range was found to be between
0-250, 0-100, and 0-150 pg/mL for TNF-a, IL-6, and IL-10, respectively. The resulting equation
and the regression coefficient (R?) were y= 0.0053x+0.1039 (R?=0.996) for TNF-o;
y=0.005x+0.0337 (R2=0.999) for IL-6; and y=0.0121x+0.3396 (R2=0.999) for IL-10. LOD and
LOQ were determined on the basis of signal-to-noise (S/N) ratios of 3 and 10. LOD calculation
was explained before (Chapter 2). The LOD was calculated to be 42.66 pg/mL and the LOQ
was determined to be 127.98 pg/mL for TNF-a. For IL-6, LOD=18.48 pg/mL, LOD=55.44

pg/mL. Finally for IL-10, LOD=4.36 pg/mL, and LOQ=13.09 pg/mL (Table 3.1).
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Table 3.1 Cytokine concentration calculation factors

. Linear Range . LOD LOQ
Cytokine Equation R2
y (pg/mL) a (pg/mL) (pg/mL)
TNF-a 0-250 y = 0.0053x + 0.1039 0.996 42.66 127.98
IL-6 0-100 y = 0.005x + 0.0337 0.999 18.48 55.44
IL-10 0-150 y =0.0121x + 0.3396 0.999 4.36 13.09

Finally, cytokine concentration was normalised against the number of viable cells and presented
as cytokine concentration per 10,000 cells (Eq. 3.2).

Cytokine concentration (%)

[(viable cell number)/10,000]

Eq. 3.2 Cytokine release =

Uptake studies
The uptake of Nile red-loaded polyester NPs (prepared as described in Chapter 2.3.2) by HEP-

G2, HMEC-1, THP-1 and DTHP-1 was assessed by flow cytometry (CytoFLEX S, Beckman
Coulter, Indianapolis, US), and fluorescent microscopy (Evos® FL, Thermo Fisher Scientific,

Loughborough, UK).

Flow Cytometry
3x10° HEP-G2 cells were seeded in a 6-well plate and incubated for 24 h at 37°C in an

environment with 5% CO and 90% humidity. Then, these cells were treated with 0.25 mg/ml
of Nile red-loaded polyester NPs for 1 hour. 10% (v/v) DMSO was used as the positive control.
After treatment, the cells were detached using 0.5% Trypsin-EDTA, and collected by
centrifugation (300 g, 5 min). The cell pellet was then washed three times with DPBS. The cells
were stained with DAPI for 20 min at room temperature then, rinsed with DPBS three times.
The DAPI-stained cells were dispersed in 500 uL of DPBS containing 1ImM EDTA and 1%

(v/v) FBS.
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An uptake inhibition study was conducted by treating cells with 50 mM NaNs solution (in
media) for one hour prior to NP treatment. Once cells were exposed to polyester NPs, the well
plates were kept at 4°C for 1 hour (197). Then, the cells were handled and processed as
described for flow cytometry analysis.

The same procedure (uptake and uptake inhibition) was used for HMEC-1 and DTHP-1 cells.
For DTHP-1, cells were differentiated using PMA (100 nM) prior to incubation with NPs and
inhibitors. A slightly different procedure was used for THP-1 cell suspension. After exposure
to NPs, cells were collected by centrifugation (300 rpm, 5 min). THP-1 cells were then washed
thrice using DPBS and dispersed in 500 pL DPBS (1 mM EDTA, 1% FBS) for both uptake and
inhibition studies for flow cytometry analysis.

Flow cytometry analysis

Gating was applied to the forward (FSC) vs side scattering (SSC) plot to exclude debris and
doublet cells. The cytoflex is equipped with excitation lasers of 405 nm for DAPI and 561 nm
for Nile red, with corresponding emission filters of 450/45 and 585/42. Default voltages of the
device for each channel were maintained. Automatic compensation was applied to analyses
and 10,000 events (within the gating) per sample were recorded. Median fluorescence intensity
(MFI) of Nile red was detected for each sample as a sign of NP uptake (Eq.3.3). MFI ratios

were calculated for each polymer cores:

. MFI PDLLA-PVA . MFI PLGA-PVA
Eq.3.3 MFIratio = —————— or MFlratio = —————
MFI PDLLA-PXM MFI PLGA-PXM

Fluorescent microscopy

3x10° HEP-G2 cells were seeded in a 6-well plate and incubated for 24 h. The cells were then

treated with 0.25 mg/ml of polyester NPs loaded with Nile red for 1 hour. The wells were

68



washed three times with DPBS. Then, the cells were fixed (2% paraformaldehyde) for 20 min
at 37°C. The cells were washed and stained with ReadyProbes™ cell viability imaging kit
NucBlue® stain (Thermofisher, Loughborough, UK). The images were recorded using a
fluorescence microscope (EVOS® FL, Invitrogen) with Texas red (Ex:585/29, Em: 628/32) and
DAPI (Ex: 357, Em: 447/60) light cubes. The intensity and the brightness on the device were
kept the same for each images. Finally, the images were processed using Image J (FI1JI)
software. The same method was used for HMEC-1 and DTHP-1 cells.
Statistical analysis

Replicate numbers for all experiments are stated below the results plots and data are expressed
as mean + standard deviation (SD). Statistical analyses were selected based on the nature of the
data and were performed using GraphPad Prism 10 (GraphPad Software, Inc., San Diego, CA)
software with a 95% confidence interval. Statistical significance of differences was assessed
using paired t-tests, one-way ANOVA with Tukey's or Dunnet’s multiple comparison test, and
two-way ANOVA with Tukey's multiple comparison test. For non-parametric data, the

Kruskal-Wallis test coupled with Dunn's test was used.

34 RESULTS AND DISCUSSION

3.4.1 Viability studies
Stabiliser toxicity

The toxicity of the stabilisers used in the preparation of the polyester NPs was assessed on J774.
Using one cell line initially serves as a screening step. Since stabilisers showed low toxicity at
expected concentration of residual stabilisers, repeating the cytotoxicity test on the other four
cell lines could be resource waste. So, considering their phagocytic nature, the cytotoxicity was
only tested on macrophage-like tumour cell line J774. This cell line is commonly used for

preliminary cytotoxicity assessment and others have reported preferential accumulation of PVA
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compared to non-phagocytotic cancer cells lines, including: mouse leukaemia (P388), mouse
hepatoma (MH134-TC) and human histiocytic lymphoma (U937) (198).

A 1Cxo value of 2.67+0.4 mg/mL was obtained for PXM, while cell viability was maintained at
ca. 75%, even at the higher PVA concentration tested (Figure 3.1). This difference in toxicity
can be explained by the amphiphilic nature of PXM (199, 200), which has surfactant properties

and is able to disrupt the cell membrane (201, 202).

-~ PVA & PXM
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stabiliser concentration (mg/mL)

Figure 3.1 Stabilisers toxicity. The viability of J774 cells was assessed after exposure to PVA and
PXM for 24 h. The results showed a significant difference in toxicity between PVA and PXM solution
on J774 cells with the latter showing a higher toxicity. The 1Cs value was 39.9+16.6 mg/mL for PVA
and 2.67+0.4 mg/mL for PXM. Results are represented as meanz SD (n=3 independent experiments).
Paired t-test (each concentration point was paired) (**p=0.003).

The toxicity of the stabilisers used in the preparation of the polyester NPs was assessed on J774.
Using one cell line initially serves as a screening step. Since stabilisers showed low toxicity at

expected concentration of residual stabilisers, repeating the cytotoxicity test on the other four

cell lines could be resource waste, however it can be conducted in the future to see the different
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cell lines sensitivity. So, considering their phagocytic nature, the cytotoxicity was only tested
on macrophage-like tumour cell line J774. This cell line is commonly used for preliminary
cytotoxicity assessment and others have reported preferential accumulation of PVA compared
to non-phagocytotic cancer cells lines, including: mouse leukaemia (P388), mouse hepatoma
(MH134-TC) and human histiocytic lymphoma (U937) (198).

A 1Cxo value of 2.67+0.4 mg/mL was obtained for PXM, while cell viability was maintained at
ca. 75%, even at the higher PVA concentration tested for 24 h (Figure 3.1). This difference in
toxicity can be explained by the amphiphilic nature of PXM (199, 200), which has surfactant
properties and is able to disrupt the cell membrane (201, 202), while PVA has -OH functional
groups to create hydrogen bonds with water and avoids aggregation.

Grabowski et al (203) studied the 48-hour toxicity of various surface coating materials such as
PVA and poloxamer 188 on DTHP-1 cells and pointed out that PVA was not toxic at 3.5
mg/mL, while poloxamer 188 showed a ca. 5% decrease in cell viability at 2 mg/mL. There is
a small difference in molecular weight between PXM (12,600 Da) and Poloxamer 188 (8,400
Da) (204), which could affect uptake by cells (205). Lower MW polymers are prone to uptaken
more easily and can create toxicity since they can reach toxic concentration more rapidly in the
cells. Also, the two stabilisers differ in terms of their chemical composition with the length of
the hydrophobic segment being twice as long in PXM [56 unit polypropylene oxide (PPO)]
compared to Poloxamer 188 (27 unit PPO) (126), however it is known that the degradation
products of the poloxamer is not toxic, so a significant difference between poloxamer 188 and
PXM stabilised NPs is not expected. Quantification of residual stabilisers (chapter 2.3.2)
showed the presence of approximately 0.2 to 0.4 mg/mL of free chains of PVA or PXM.
Therefore, at the concentrations detected (0.2 mg/mL PVA, 0.4 mg/mL PXM), neither PVA

nor PXM would be expected to induce toxicity.
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Polyester NPs toxicity
The 24-hour cytotoxicity of the polyester NPs was assessed on J774 cells using WST-8 solution

which is based on the reduction of WST-8 tetrazolium salts by cellular dehydrogenases (206).
The WST-8 test was used instead of the MTT because the washing steps resulted in loss of cells
and false positive results. As WST-8 is a water-soluble tetrazolium salt, washing is not required.
J774 cells were used initially to gain insight on how macrophages reacted to polyester NP’s and
help to decide on the working concentration range.

Most polyester NPs tested showed a similar pattern with cell viability decreasing to ca.10%
after 24h when cells were treated with 8 mg/mL concentration (which is the maximum
concentration for produced NPs in CCM). PDLLA-PXM NPs were the only exception for the
viability decrease pattern. Similar to what was observed for PVA, J774 viability never dropped
below 75%, even at the higher concentration tested (Figure 3.1). A noticeable difference in
ICso was observed for PDLLA NPs coated with PVA vs. PXM (3.5+ 1.3 vs. 37.6+ 20.7 mg/mL).
This was somewhat unexpected considering that PXM was more toxic on the J774 cells
compared to PVA. Yet, this confirms that the association of stabilisers with NPs affects the
toxicity of NPs. Interestingly, the opposite trend was seen for PLGA NPs, where PXM-coated
particles were more toxic to cells (1.6 0.5 mg/mL) than PVA-coated NPs (0.5+0.2 mg/mL)

and overall, more toxic than PDLLA NPs.
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Figure 3.2 Cytotoxicity of polyester NPs on J774 cells. Cytotoxicity of polyester NPs on J774 cells.
(A) The viability of J774 cells was assessed after exposure to PDLLA-PVA, PDLLA-PXM, PLGA-
PVA, and PLGA-PXM NPs for 24 h. (B) IC50 values of polyester NPs on J774 cells were calculated
by GraphPad Prism 10.1.2 using dose-response-inhibition equation with 95% CI. Results are
represented as meanz SD (n=3 independent experiments). (One-way ANOVA on IC50 values
PDLLA-PXM NPs showed significantly higher IC50 value; p<0.05)

In the previous chapter, a similar coating efficiency was achieved for both PXM- and PVA-
coated NPs. However, the two stabilisers have very different properties and, likely, different
arrangements on the surface of the NPs as seen from the surface hydrophobicity results. At this
stage, no clear trend can be highlighted that explains the differences in toxicity observed for the
different NPs in J774. Since these cells are murine in origin and considering that the choice of
cell lines and models should be based on the target organism, human-derived cells were
preferred for follow-up studies to obtain more relevant data, after studied on J774 murine cells

for concentration screening.
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The polyester NPs were tested at the same concentrations on HEP-G2, HMEC-1, THP-1, and
DTHP-1 cells (Figure 3.3). No clear sign of toxicity was observed in HEP-G2 cells over the
24h period and at the range of concentrations tested (Figure 3.3-A); while in HMEC-1 a slight
decrease (ca. 25%) in cell viability was seen at higher concentration (8 mg/mL), though
viability remained above 75% (Figure 3.3-B). Some other studies have reported the toxicity of
polyester NPs on endothelial cells; noticeably, the work of Alkholief et al.(207) suggested HEP-
G2 cells lost nearly 50% viability after PLGA-PVA NPs treatment (1 mg/mL; 24h) which is
not significantly different to the results obtained in our study, where the viability of HEP-G2
was 87+ 23% under similar conditions.

Conflicting results were obtained for THP-1 cells before and after differentiation to
macrophages. Both PLGA NP formulations were toxic to THP-1 cells at concentrations above
3 mg/mL (Figure 3.3-C). The trend was not as clear for PDLLA, but the nature of the stabiliser
did not seem to have an effect since PVA-coated NPs and PXM coated NPs did not follow the
same trend on toxicity. In contrast to J774 cells, polyester NPs appeared to promote the growth
of THP-1-derived macrophages (Figure 3.3-D), although there was some variability in the
results obtained. Grabowski et al. (203) reported the viability of DTHP-1 cells treated with
PLGA-PVA NPs (0.05-3.5 mg/mL) for 48 h (203). In that study, the cell viability decreased to
75% at 1 mg/mL NPs and to 50% at 3.5 mg/mL while viability was always over 75% in our
study. The longer duration of treatment may explain the results, as twice as many cells

underwent apoptosis after 48 hours compared to 24 hours (203).
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Figure 3.3 Cytotoxicity of polyester NPs on human cell lines. Cytotoxicity of polyester NPs on (A)
HEP-G2, (B) HMEC-1, (C) THP-1, and (D) DTHP-1 cells. Cells were treated for 24h in all cases.
Results are represented as mean+ SD (n=3 independent replicates).

Even though, PVA is more common than PXM in the manufacture of polyester NPs, some
information can still be found on PXM-coated NP toxicity, though not necessarily on the same
cell lines. In the study of Frasco et al. (208) drug-free PLGA-PXM NPs (~200 nm; 16-160
ng/mL) were not significantly toxic to human pancreatic nestin-expressing cells following 48h
exposure (208). Joseph et al. (209) stated that the number of metabolically active endothelial
brain cells viability decreased 15% when treated with PLGA-PXM NPs (70 nm; 1mg/mL) for

4 h (209). Both studies were performed on endothelial-like cells and the test conditions were
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clearly different than that of HMEC-1 cells in our study. Yet, findings seem to indicate relative
safety of larger PLGA-PXM NPs over 24-48 h compared to smaller (<100 nm) NPs. Crucially,
similar sized-NPs (150-200 nm) were very mildly toxic towards HEK-293 (human embryonic
kidney cells) and L-929 (murine fibroblasts) cells with survival rate > 90% when treated with
PDLLA-PXM NPs (~100 nm; 0.0001-1 mg/mL) for 72 h (210).

There are ample examples in the literature confirming that PVA-coated NPs do not exibit
cytotoxicity. Indeed, no loss of viability was seen for 200-nm PDLLA-PVA NPs tested on
endothelial cells and Caco-2 cells at concentrations between 0.001 and 1 mg/mL (211, 212).
Therefore, based on published findings, it can be assumed that PDLLA-PVA NPs will not affect
cells when used at concentrations <1 mg/mL for 24 to 72 h. Our results suggest that PDLLA-
PVA NPs could be safe even at concentrations up to 3 mg/mL, except on J774 murine cells,
though there were times when toxicity was seen at a concentration of 1 mg/mL. The variability
observed highlights the challenges associated with common cytotoxicity assays which measure
metabolic activity, rather than cell death. Further studies should be performed using alternative
methods to detect cell death as a mean to confirm our conclusions. Between the alternative
methods trypan blue technique utilises hemocytometer and obtain a visual counting of the dead
cells. Some fluorescent DNA binding dyes (propidium iodide, Hoechst, SYTOX green nucleic
acid stain) can be also used for dead cell counting alongside of lactate dehydrogenise test.
Additionally, toxicity will need to be evaluated in normal, non-cancerous cells to confirm

biocompatibility.

3.4.2 Inflammatory potential

Assessment of cytokine release contributes to biocompatibility studies by providing
information on the pro-inflammatory potential of NPs (213). Here, an ELISA assay was used

to estimate the levels of TNF-a, IL-6 and IL-10 released by 10,000 THP-1-derived macrophages
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after 24 h of exposure to NPs. These cells were selected as a relevant phagocytotic cell model
and tested after exposure to polyester and PS NPs. Since DTHP-1 macrophages can produce
those cytokines, and TNF-a and 1L-6 are primary pro-inflammatory cytokines that play a role
in immunomodulation with IL-10, those three cytokines were tested on DTHP-1 cells.

Out of the cytokines tested, TNF-a is considered proinflammatory, IL-10 is anti-inflammatory
and IL-6 can be either based on the signalling pathways involved and whether exposure is acute
or chronic (214). Although NPs are not expected to activate the TLR, more hydrophobic
nanomaterials may share characteristics with pathogen-associated or damage-associated
molecular patterns (PAMPs and DAMPs) found in bacteria and lipoproteins amongst other
sources. This resemblance could explain the pro-inflammatory potential observed with PS NPs
seen in this study (Figure 3.4).

As expected, release of TNF-a was similar for DTHP-1 exposed to polyester NPs and untreated
cells (only media treated cells or negative control). For PS NPs, there was an approximately 8-
fold increase in TNF-a levels compared to the control group. However, this observed increase
did not reach statistical significance in this study, while it is known that PS NPs are induce the
release of TNF-a by macrophages (215).

Exposure to PDLLA-PVA NPs induced IL-6 release compared to the untreated group (ca. 6-
fold increase). In comparison, IL-6 levels were ~30 times higher for cells exposed to PS NPs,
compared to both the media and polyester NP groups. Finally, exposure to NPs or LPS led to a
decrease in IL-10 release compared to the negative control. Interestingly, IL-10 levels observed
after exposure to PS NP (8.45+1.07 pg/mL) were higher than those seen for polyester NPs (<1
pg/mL). This may be attributed to feedback between anti-inflammatory and pro-inflammatory
cytokines(216). An increase in IL-10 leads to a decrease in TNF-a (214). And vice versa; IL-

10 release can be inhibited by some pro-inflammatory cytokines such as IL-13 and TNF-a. This
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is because these cytokines induce the release of IFN-y and Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF), and these cytokines inhibit the release of 1L-10 (217). LPS also
stimulates macrophages to release GM-CSF which lead to decrease in IL-10 release. Also, there

Is an autocrine inhibition of 1L-10 receptor by IL-10 (218).
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Figure 3.4 Inflammatory potential of polyester NPs. The release of three cytokines (A) TNF-a; (B)
IL-6 and (C) IL-10 was assessed on DTHP-1 cells exposed to 8mg/mL PDLLA-PVA, PDLLA-PXM,
PLGA-PVA, and PLGA-PXM NPs for 24 h. PS NPs (8 mg/mL) and LPS (0.25 mg/mL) were included
as positive controls. Results are presented as mean+ SD of two independent biological replicate (n=2).
One-way ANOVA, Dunnet post-hoc test compared to negative control (media) group (*p<0.05, ** p <
0.01, ***p<0.001).

Indeed, it was suggested that TNF-a can trigger the release of anti-inflammatory cytokines such

as IL-10 which agrees with our observations for PS NPs and LPS (218). The lower IL-10 levels
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seen for polyester NPs suggest that a similar mechanism may be implicated, but involving pro-
inflammatory cytokines which were not tested in this study, for example IL-1 or MCP-1 (219).
Interestingly, the biggest decrease in IL-10 was seen for PDLLA-PXM which were the most
hydrophilic NPs (HIC index 0.11), while PLGA-PXM had a lesser impact, despite an HIC index
in a similar range. Currently, there is not enough data to establish a link between NP
composition, surface properties and pro-inflammatory potential. However, the data available
suggests this should be investigated further.

Few have tested the pro-inflammatory potential of polyester NPs at the concentration (8
mg/mL) used in this study. According to Grabowski et al. (203), PLGA NPs (200 nm, 1 mg/mL)
coated with either PVVA or Poloxamer 188 triggered the release of TNF-o and IL-6 from DTHP-
1 cells, but this was not statistically different compared to the negative control (untreated cells).
Their results also suggested that PVVA-coated particles were more likely to trigger the release
of TNF-a, while IL-6 release was preferentially associated with PXM-coated NPs. Inan in vivo
study, PDLLA-PVA NPs significantly increased the release of TNF-a (ca. 6 fold) and I1L-6 (ca.
20 fold) compared to saline treatment in mice (220). Therefore, detailed in vivo experiments
suggested to be performed before concluding that NPs are biocompatible, given that in vitro

results may not reproduce in vivo behaviour.

3.4.3 Uptake studies
The uptake of PDLLA and PLGA NPs coated with either PVA or PXM was evaluated in HEP-

G2, HMEC-1, DTHP-1 and THP-1 cells in the absence and presence of a broad-spectrum
endocytosis inhibitor: NaNs, a metabolic inhibitor, reduces energy production in cells and,
therefore, diminishes all energy-dependent transport mechanisms (213, 214). Here, the study
with NaNs was performed to determine whether uptake of NPs is via energy-dependent

endocytosis and differentiate between adsorption on the cell membrane and internalisation.
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Uptake of all NPs was reduced after inhibition for HEP-G2 and HMEC-1 cells as assessed by
both flow cytometry (Figure 3.5-A, 3.6-A) and fluorescence microscopy [Figure S1-3, 3.5-B,
3.6-B]. No clear difference in uptake was seen in HMEC-1 for PLGA-PXM NPs in the presence
or absence of NaN3, when assessed by flow cytometry. The impact of inhibition on uptake by
DTHP-1 cells seemed to depend on the method used. Indeed, a decrease in signal was seen for
PDLLA-PVA, PDLLA-PXM, and PLGA-PXM NPs when uptake was studied by flow
cytometry (Figure 3.7-A), but not by fluorescence microscopy (Figure 3.7-B). It should be
noted that when the flow cytometry experiment was repeated, no difference was seen without
and with NaN3 which supported the fluorescence microscopy results (Figure S4). Similarly,
uptake by THP-1 monocytes was not inhibited by NaN3z, in some cases the fluorescence signal
was higher in the presence of the inhibitor (Figure 3.8). Phagocytosis is an energy dependent
mechanism. The lack of effect of NaNsz may be due to the short treatment period (60 min) as it
has been suggested that 3h may be needed for phagocytotic cells. Further investigation is
needed to clarify this observation, including exploring different inhibition times and including
additional controls. For the most part, coating did not seem to have a major impact on NPs
uptake (Figure 3.9). For PDLLA NPs, where a difference was seen, uptake of PVA-coated NPs
was slightly higher, apart for HEP-G2 cells. It should be noted that there was a difference in
Nile red loading between the NPs used in the different assays. Indeed, for HMEC-1 and DTHP-
1, the fluorescence of PDLLA-PVA NPs was 1.1-fold lower than for PDLLA-PXM NPs; while
the PDLLA-PVA NPs used in tests with HEP-G2 and THP-1 were 1.1-times more fluorescent
compared to their PXM-coated counterpart. Taking these differences into consideration would
suggest that HMEC-1 and DTHP-1 internalised PDLLA-PVA NPs to a greater extent, while
HEP-G2 and THP-1 preferentially took up PDLLA-PXM NPs, though these differences may

not be statistically or clinically different.
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Figure 3.5 Uptake on NPs by HEP-G2 cells. Uptake of PDLLA and PLGA NPs was assessed in
the absence and presence of sodium azide by (A) flow cytometry (cell number=50,000) and (B)
fluorescent microscopy (cell number>50) after 1h. (1) PDLLA-PVA, (2) PDLLA-PXM, (3)
PLGA-PVA, (4) PLGA-PXM. Addition of NaN3; decreased NP uptake by HEP-G2 cells.
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Figure 3.6 Uptake on NPs by HMEC-1 cells. Uptake of PDLLA and PLGA NPs was assessed in the
absence and presence of sodium azide by (A) flow cytometry (cell number 50,000) and (B) fluorescent
microscopy (cell number>50) after 1h. (1) PDLLA-PVA, (2) PDLLA-PXM, (3) PLGA-PVA, (4)

PLGA-PXM. Addition of NaN3 decreased NP uptake by HMEC-1 cells.
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Figure 3.7 Uptake on NPs by DTHP-1 cells. Uptake of PDLLA and PLGA NPs was assessed in the
absence and presence of sodium azide by (A) flow cytometry (cell number=50,000) and (B)

fluorescent microscopy (cell number>50) after 1h. (1) PDLLA-PVA, (2) PDLLA-PXM, (3) PLGA-
PVA, (4) PLGA-PXM. Addition of NaN3 decreased NP uptake by DTHP-1 cells according to flow
cytometry but not fluorescence microscopy.

83



Multi-zample : THP-1

Multl-zample : THP-1

A =
s 1 B POLLAPYA TR = 2 B POLLA-PXM 1h
B POLLA-PYA 1 heinh . 1 I PDLLA-PXM 1h-inh
I"l = ,n
| I| = | |
= r l =4 !
3 2 !
o8 | \ ] |
: [
i 2
I ; |
ﬂ,f' i \
o T T T T TYT T TTTrm—T T o T T TII T TI -|"'»|nu-|| \1: T
10¢ 107 10 10° 100 108 107 104 10% 10f
PE-A PE-A
Multi-sample : THP-1 Multi-sample : THP-1
- ] 3 B FLoAFYATh . 4 W PLGAPYM 1h
8 4 i ErLoaPvaitinn g ] [ PLGAPXM 1h-inh
L'=]
] ﬂ ] i
- r
1 J
£ 84 | Es8] J
=] - 5 =
o | o] |
rl | ] ! i
=] !
g - J | g - | |L
] ) \ J ]\
, J X
= T L0022 T = T LI D R S 17 R L e
108 107 10¢ 10° 100 10? 10° 10* 10% 108
PE-A PE-A

Figure 3.8 Uptake on NPs by THP-1 cells. Uptake of PDLLA and PLGA NPs was assessed in the
absence and presence of sodium azide by flow cytometry (cell number=50,000) after 1h. (1) PDLLA-
PVA, (2) PDLLA-PXM, (3) PLGA-PVA, (4) PLGA-PXM. Addition of NaN3 decreased NP uptake by
THP-1 cells according to flow cytometry.

Direct comparison of the quantity of NPs internalised is not feasible due to variations in the
fluorescence intensity for the different formulations and batches. An attempt was made to
correct for variations in Nile red loading, but this proved challenging. Additionally, using SSC
in flow cytometry cannot accurately measure polymer NP uptake as it does with metallic NPs
(221). The lack of alteration to cell granularity in the presence of polyester nanomaterials may
be due to their degradation in lysozymes (222). Still, flow cytometry can provide an initial

indication of the impact of the coating on NP uptake.
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Figure 3.9 Impact of NP coating on uptake. The uptake of PVA- or PXM-coated PDLLA and
PLGA NPs’ studied by flow cytometry. Fluorescence intensity after exposure to NPs (0.25 mg/mL)
for 1h was compared to untreated cells. There was no clear difference between PVA- and PXM-coated
PLGA NPs, apart in THP-1 cells. For PDLLA NPs, only HEP-G2 seem to preferentially internalised
PXM-coated PDLLA NPs over their PVA-coated counterpart.

85



To ease comparison, a PVA:PXM MFI ratio was calculated (Figure 3.10) which confirmed, to
some extent, the observations from flow cytometry, apart for DTHP-1. In these cells PVA:PXM
MFI ratio of 1.9+0.1 which is higher than the difference in fluorescence intensity detected
between NPs. However, the error was larger for the ratios obtained for HMEC-1 (PVA:PXM
MFI ratio 1.4+£0.5) and THP-1 (PVA:PXM MFI ratio 1.6£0.6) and therefore, additional studies
are needed to confirm the true impact of coating on PDLLA NP uptake in these cells.

For PLGA NPs, flow cytometry studies revealed no clear difference between PVA- and PXM-
coated NPs, apart for THP-1 cells which appeared to preferentially internalise PLGA-PXM NPs
(Figure 3.9). In contrast, the PVA:PXM MFI ratios calculated all suggest that PLGA-PXM
NPs were taken up more by all cells, apart for HMEC-1 (Figure 3.10). In this case, the
fluorescence intensity of PLGA-PVA NPs was 1.4-times weaker vs. PLGA-PXM NPs in all

assays which mostly accounts for the differences in MFI ratios observed.

B PDLLA (PVA:PXM) Bl PLGA (PVA:PXM)

MFI ratio

HEP-G2 HMEC-1 DTHP-1 THP-1
cells

Figure 3.10 PVA:PXM MFI ratio for NPs. PVA:PXM MFI ratios for PDLLA and PLGA NPs
determined from flow cytometry data. HEP-G2 appeared to preferentially internalise PXM-coated
NPs; HMEC-1 internalised PVA-coated NPs. For PDLLA NPs, DTHP-1 and THP-1 took up PVA-
coated particles over PXM-coated ones, but the opposite was seen for PLGA NPs.

Overall, the type of coating used had limited impact on PLGA NPs uptake, despite some

differences in surface hydrophobicity (Figure 3.10). Hydrophobicity has been shown to
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enhance cellular uptake. For example, PEGylation led to a decrease in the uptake of PDLLA
NPs by HeLa and J774 cells (223-226) because the coating lessened the particle-cell interaction
(226). Considering that PXM is a triblock of PEG, modification with PXM was expected to
decrease uptake, but this was not always the case here. According to both SAT and HIC results,
PVA-coated NPs were more hydrophobic than PXM-coated NPs (Chapter 2, Figure 2.13).
However, there was no difference in protein adsorption (Chapter 2, Figure 2.14-2.15) which
may indicate that all NPs presented a similar level of protein corona to cells. However, it should
be noted that only the concentration of the proteins had been measured, the difference in
adsorbed protein type onto NPs may still have significant biological behaviour and cellular
interactions.

In this study, it was found that the uptake of NPs by cells can vary depending on surface
properties and that different cell lines may show different uptake preferences for NPs. HEP-G2
tend to internalise nearly neutral NPs (PXM coated) while others preferred more hydrophobic
NPs (PVA- coated). However, the reliability of these results obtained by flow cytometry is
limited by the variations in intensity between NPs. Instead, radiolabelling can be utilised by
using radioactive isotopes to label NPs and measuring the radioactivity with the concern of the
safety of the handling of the radioactive materials (227). Mass spectroscopy could also be used
as a sensitive uptake measurement method which detects only ionised NPs, so it is not suitable
for polyester NPs unless they have a ionisable part (228). TEM is a method to count the NPs in
the cell. Tough, it is very time consuming it may provide absolute results (229).

Still, the results helped to improve our understanding of nanomaterial-cell dynamics and

provide valuable insights into the design of tailored NPs for biomedical applications.
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35 CONCLUSION

Polyesters used to prepare NPs can be considered biocompatible at concentrations up to 1-3
mg/mL. Pro- or anti-inflammatory cytokine release was not significantly induced by the
polyester NPs, indicating their safety, even at high concentrations. A single clear trend could
not be identified from the results of uptake studies. HEP-G2 generally appear to internalise
PXM-NPs to a greater extent, while for other cells, uptake seems to be affected by the nature
of the NP core. In the future, carefully-designed studies will be required to fully understand

the impact of surface properties on uptake, using more relevant cell models.
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Chapter 4: ACTIVE TARGETED PLGA
NANOPARTICLES ON LIVER
COCULTURE SYSTEM

41 INTRODUCTION

The liver tissue consists of different types of cells, with KCs being the residential macrophages
and the most abundant macrophage population in the body (Figure 4.1). It is well-known that
the opsonisation of NPs and capture by KC leads to the accumulation in the liver often seen
with passively-targeted nanomedicines (230-232). Preferential accumulation in KC has been
exploited for sustained delivery of liposomes or inorganic NPs as leishmaniacides, against liver
inflammation, to control macrophage phenotype or increase on tumoricidal activity (40).
However, if hepatocytes, rather than KC are the target, a more effective approach will be
needed. Although it is stated that liver tumour tissues can be targeted to some extent by passive
targeting, active targeting methods are used to increase the efficiency and specificity of NPs
accumulation. In this chapter, the interaction of actively-targeted NPs with different cells found
in and around the liver will be investigated.

Different strategies can be used to actively target hepatocytes, but the potential challenges and
limitations of these strategies need to be understood better. In receptor-mediated active
targeting, ligands must be specific for hepatocytes and avoid uptake by endothelial cells or

capture by KC.
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Kupffer cells
Stellate cells Pit cells

LSEC cells

Hepatocytes

Figure 4.1. Hepatic sinusoid structure. Hepatocytes are walled by liver sinusoidal endothelial cells
(LSECs), with the space of Disse between them. Kupffer cells are found either in the sinusoidal lumen
or in the space of Disse together with hepatic stellate cells. Pit cells are located on the LSECs facing
the sinusoidal lumen. (Created with BioRender.com)

Hepatocytes express ASGP-R which recognise glycoproteins with exposed galactose residues
following sialic acid removal (i.e. asialoglycoproteins) (233). LCF, biocompatible molecule
and GRAS (234) iron-binding glycoprotein, is a natural ligand of the ASGP-R, and can aid in
the uptake of targeted NPs (235-238). In this study, LCF as the active targeting ligand to HEP-
G2. Since HEP-G2 express ASGP-R, it is expected to direct LCF-coated NPs selectively to
hepatocytes, avoiding macrophages (239-241).

Modification of NPs was achieved by simply mixing LCF, which is cationic, with the
negatively-charged NPs (242). Therefore, PLGA-PVA NPs were selected instead of PLGA-

PXM NPs to maximise interaction with LCF. LCF-target NPs were characterised and tested in
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an experimental co-culture model, mimicking the cellular barriers NPs will encounter following
I.v. administration.

It is expected that LCF-coated PLGA-PVA NPs will be selectively targeted and taken up by
HEP-G2 hepatocytes expressing ASGP-R, thereby increasing delivery efficiency and

specificity to hepatocytes while avoiding uptake by macrophages.

42 AIM AND OBJECTIVES:

The main aim is to assess uptake of LCF-targeted PLGA NP in an in vitro co-culture model
mimicking the liver, compared to passively-targeted NPs.
Obijectives:

1. LCF-PLGA NPs were prepared and then characterised using DLS for size, size distribution
and zeta potential.

2. LCF density on PLGA NPs was determined using a BCA kit and surface hydrophobicity
was assessed by SAT.

3. Selective uptake of LCF-coated NPs by ASGP receptors of HEP-G2 was tested in media
inhibited by GAL or LCF.

4. The uptake of the NPs in co-culture systems was assessed using flow cytometry.

The results of these experiments are designed to provide a baseline understanding of the ease

of preparing the LCF-coated polyester NPs and their efficiency in targeting HEP-G2 cells.
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43 MATERIALS AND METHODS

4.3.1 MATERIALS

Human liver cancer epithelial cell (HEP-G2), monocytic leukaemia cell line (THP-1), and
human microvascular endothelial cells (HMEC-1) were obtained from the European collection
of authenticated cell cultures (ECACC; Salisbury, UK).

Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s phosphate buffered saline
(DPBS), and fetal bovine serum (FBS), 4',6-diamidino-2-phenylindole (DAPI), dimethyl
sulfoxide (DMSO), amine-modified polystyrene (fluorescent orange latex beads, 100 nm mean
particle size, F-PS NPs), ethylenediaminetetraacetic acid tetrasodium salt hydrate (EDTA),
D(+) galactose (GAL), lactoferrin human (recombinant, expressed in rice, iron saturated, LCF),
poly(lactide-co-glycolide) fluorescein (lactide: glycolide 50:50, MW: 10,000-20,000, FITC-
PLGA), hydrocortisone, phorbol 12-myristate 13-acetate (PMA), poly(vinyl alcohol) (PVA)
were purchased from Merck (Darmstadt, Germany).

MCDB-131 medium, RPMI 1640 medium, L-Glutamine, penicillin-streptomycin (PenStrep),
and recombinant human epidermal growth factor (Hu-EGF) Pierce™, bicinchoninic acid assay
(BCA protein assay kit) and ethanol absolute (=99.0% purity) was purchased from Thermo
Fisher Scientific (Loughborough, Leicestershire, UK). 0.4 um pore-sized polycarbonate
membraned translucent inserts purchased from Corning (Greiner bio-one, Kremsmunster,
Austria).

Ultrapure water with a resistivity of 18.2 MQ.cm is used for all experiments. All the solvents

were of analytical grade and used without further purification.
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4.3.2 METHODS
Preparation of LCF decorated PLGA-PVA NPs

FITC-PLGA-PVA NPs preparation
FITC-PLGA was dissolved in acetone (1 mg/mL; 10 mL) and added dropwise to 40 mL of a

1% PVA solution in water at a 1 mL/min rate, under stirring. Acetone was evaporated at room
temperature, under a fume cupboard for 4 h. The FITC-PLGA-PVA NP suspension was
centrifuged at 50,000 RCF for 40 min at 15 °C. Collected NPs were sonicated, washed three

times with DPBS, and dispersed in DPBS for further characterisation.

LCF coating on PLGA-PVA NPs
LCF attachment onto PLGA NPs was conducted as previously reported, with slight

modifications (243). For LCF coating, LCF was dissolved (5 mg/mL; 1 mL) and mixed with
FITC-PLGA-PVA NPs (5 mg/mL; 1 mL) in HEPES buffer to achieve a final concentration of
10 mM. This mixture was gently shaken at 500 rpm at 30-35°C for overnight. The LCF-PLGA-
PV A NP suspension was centrifuged at 50,000 RCF for 40 min at room temperature. Collected
NPs were sonicated in a sonic bath, washed two times with 10 mL DPBS, and dispersed in 2
mL DPBS for further characterisation.

Characterisation of the LCF-coated NPs

Particle size and zeta potential analysis

Particle size and zeta potential analysis were performed on LCF-PLGA-PVA NPs as described

before in the chapter 2-section 2.3.2.

LCF quantification on LCF-PLGA-PVA NPs
LCF levels on NP surfaces were measured with a BCA kit. A standard curve was used for

quantification of unknown samples; equation: y=0.424x+0.155, R-square value: 0.993; linear
range: 0 to 2.5 mg/mL. The LOD was 0.05 mg/mL and the LOQ was 0.15 mg/mL, based on

signal-to-noise S/N ratios of 3 LOD and 10 LOQ.
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Hydrophobicity of LCF-PLGA-PVA NPs
SAT was applied as described before in the chapter 2-section 2.3.2.

Co-culture uptake assay

LCF and GAL competitive binding
HEP-G2 cells were seeded in a 12-well plate (100,000 cells/well) and incubated for 24 h in

serum-free media. Cells were treated with free LCF (1 mL; Img/mL in DMEM) or free GAL
(1 mL; 5 mg/mL in DMEM) before returning the cell to the incubator for 30 min. LCF-PLGA-
PVA NPs (0.2 mL; ~1.2 mg/mL) were added to the wells, without removing the natural ligands,
and incubated for an additional hour. The cell culture media containing the NPs was discarded,
cells were washed three times with DPBS, and collected as described previously for flow

cytometry analysis in the chapter 3- section 3.3.2.

Insert permeability for NPs

Diffusion of PLGA NPs through the polycarbonate membrane insert was tested to ensure the
membrane itself is not a barrier. To this end, the well (1 mL) and insert (0.5 mL) were filled
with PBS (with 10% FBS) and incubated at 37°C. NPs (100 uL) were added to the apical side
of the insert. Samples were taken from the well every 30 min for two hours. The initial and final
fluorescence signal of the NPs was tested at the start and end of the experiment. The
fluorescence of the samples was measured using Fluostar Omega plate reader (BMG Labtech,

Aylesbury, UK; 485/520 nm).

Preparation of the transwell plate

The basolateral side of the inserts (24 mm; translucent polycarbonate membrane; 0.4 um pore
size) was seeded with 30,000 THP-1 cells. These cells were incubated in RPMI, containing 100
nM PMA media for 48 h at 37°C and 5% CO.. After differentiation, the inserts were placed in
the wells of a 6-well plate containing 1 mL of MCDB-131 media. The apical side of the insert

was seeded with 100,000 HMEC-1 cells in 0.5 mL MCDB-131 media. On a separate plate,
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300,000 HEP-G2 cells were seeded directly in the well of the 6-well plate and left to incubate
for 24 h in DMEM. Finally, the insert with DTHP-1 and HMEC-1 was transferred to the wells
containing HEP-G2 and the media was replaced with MCDB-131 media (Figure 4.2). Assays

were started shortly after this last step.

THP-1 RPMI (with .
L 100 nM PMA) DTHP-1 HMEC-1 \icpB-131

48 hours ‘ /
24 hours

— N

. : 2 -
bat

incubation SpiGedic | [iNCUbALION || Syt
P — 3a

HEP-G2 puviem

24 hours
—_—
incubation

3b

MCDB-131

Figure 4.2 Preparation of co-cultures. (1) THP-1 cells were seeded on the basolateral side of the
insert and differentiated to DTHP-1. (2) HMEC-1 cells were then seeded in the apical side of the insert
(3a), while HEP-G2 cells were seeded directly into the well, and then incubated for 24 h (3b). (4) The
insert was then placed into the well for the transport and uptake experiments. (Created with
BioRender.com)

Cellular uptake of NPs
Co-cultures of liver cells were treated with NPs (LCF-PLGA-PVA NPs, PLGA-PVA NPs; all

1 mg/mL). NPs were added to the apical side of the insert and incubated with the cells for 2h.
All the media was discarded, all cells were washed three times with DPBS and collected using
a scraper into 1% FBS and 1 mM EDTA-supplemented DPBS for flow cytometry analysis. The
settings of the flow cytometer were the same as the uptake analysis previously described in the

chapter 3-section 3.3.2.

95



44 RESULTS AND DISCUSSION

4.4.1 Characterisation of the LCF-coated NPs

The diameter, size distribution and zeta potential of the NPs were measured by DLS at room
temperature. The particle size of the PLGA NPs and LCF-PLGA NPs were both around 200

nm with low PdI (<0.2) and zeta potentials around -12 mV (Table 4.1).

Table 4.1. Impact of active targeting on NPs properties. (n=3, meanz SD)

PLGA-PVA NPS LCF-PLGA-PVA NPS
Zeta potential (mV) -11+£8 -13+4
Size (nm) 201+24 206433
PdI 0.19+0.04 0.12+0.07
LCF concentration
(mg/mL) - 0.58+0.3

Here, PVA was preferred as the stabiliser since PLGA-PVA NPs have a stronger anionic
surface charge than PXM- coated NPs. PDLLA could not be used in this instance due to lack
of availability at the time of the experiments. Given the cationic charge of LCF, electrostatic
interaction enabled the binding of LCF to anionic PLGA-PVA NPs.

Modification of PLGA-PVA NPs led to a minimal change of NP properties (Table 4.1).
Previous reports on LCF-targeted polyester NPs suggested that modification was accompanied
by an increase in particle size of ca. 20-50 nm, depending on yield (243, 244). Since LCF itself
has a molecular weight ca. 80 kDa (~3 nm) (245), it was expected that diameter would increase
by up to 60 nm as this change is often used to confirm successful modification (246). However,
some reports exist where particle size remained the same before and after modification with
LCF, supporting what was observed here (247).

Similarly, limited impact on zeta potential was seen. LCF has a cationic charge at pH<8-8.5

(248), therefore one could expect LCF-coated NPs to have a much higher zeta potential
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compared to uncoated NPs (243, 249). Others have reported similar results where modification
of PLGA-PVA NPs with LCF led to a marginal change in zeta potential (-27 vs -23 mV before
and after coating, LCF onto PLGA-PVA NPs) or no change at all (247). A more noticeable
change (from -41 to -31 mV) was reported by Wei et al. but this was for PEGylated liposomes
after LCF coating (250). This suggests that the effect of LCF on zeta potential may depend on
the type of NP and the specific surface properties of the coating. The smaller change in zeta
potential for PLGA-PVA NPs could be due to the inherent properties of the polymer matrix or
the interaction between LCF and PVA, whereas the larger change observed for PEGylated
liposomes could be due to the different surface chemistry and hydrophilicity introduced by
PEGylation.

Here, a protein assay was used to confirm successful modification with LCF, since no change
in size or charge was observed. After modification, the concentration of LCF was found to be
0.58+0.3 mg per mL of NPs. Similarly Li et al. (251) reported the detection of 0.6 £0.1 pg/mg
of LCF coating on NPs using microBCA method. In their case, an increase of 14 nm in size and
10 mV in zeta potential were observed, and PLGA-PEG NPs were used.

The hydrophobicity of the LCF-PLGA-PVA NPs was compared with PLGA-PVA NPs using
SAT. Neither of the NPs showed a significant increase in their size between 0 and 2 M of NaCl
solution. Above this concentration, PLGA-PVA NPs started to aggregate with particle size
growing by ca. 3-fold. LCF-modified NPs resisted the change in ionic strength and size hovered
around 300 nm, corresponding to a 1.5-fold increase. At the highest concentration of NaCl
tested (5 M), the results were less consistent, with different batches showing a size increase
ranging from 0.5 to 3-fold. This variability suggests lower stability under those conditions

(Figure 4.3).

97



D
|

w
|

Adiameter (*fold)
I

1
O 1 15 2 3 4 5
NaCl concentration (M)

o

-o- PLGA-PVA NPs
% |LCF-PLGA-PVA NPs

Figure 4.3 SAT of passively- and actively-targeted NPs. Aggregation of PLGA-PVA and LCF-
PLGA-PVA NPs in NaCl,q on increasing concentration of NaCl at 37°C tested using DLS by
measuring increase in size (*fold=final d.nm/initial d.nm). LCF-PLGA NPs were more hydrophilic
than PLGA-NPs. Results are presented as the meant SD (h=3 independent experiments).

Nevertheless, the SAT results suggest that LCF increased the hydrophilic character of the NPs,
or at least, prevented their aggregation, which is expected following protein adsorption (252).

The study did not evaluate the storage stability of the LCF-coated NPs, or in the cell culture
conditions. Also, the serum stability of the LCF coating on the PLGA-PVA NPs did not studies.
Given the possibility of the LCF coating being replaced by serum proteins, analysis of the

protein corona may benefit from techniques such as Western blot analysis or mass spectrometry.

4.4.2 Co-culture uptake assay

Polyester NPs were found to be non-toxic at the concentration used in monoculture studies
(chapter 3- section 3.4.1). Based on the literature, the LCF coating is not expected to negatively

affect toxicity (234). For example, LCF NPs (~300 nm; 1 mg/mL) were found to be safe to use
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on melanoma cells (B16F10) (253); while HEP-G2 could be treated for 48 h with low
concentrations of LCF-targeted liposomes [(Soybean phosphatidylcholine:cholesterol,
3:2),(160 nm, 200 pg/mL)] without visible signs of toxicity (250). Safety towards mouse brain
endothelial cells was also demonstrated for LCF-PLGA NPs at concentrations ranging from
0.03 to 3 mg/mL (244). All these results strongly suggest that LCF-coated NPs should be safe
to test in the co-culture model.
LCF and GAL competitive binding

In receptor-mediated endocytosis, ligands on the surface of NPs are recognised by specific
receptors on the cells and rapid NP uptake occurs. HEP-G2 cells are known to express a high
number of ASGP-R (254, 255) whose ligands are LCF (28, 255) or GAL(24, 254). Therefore,
the receptor-mediated uptake of LCF-PLGA-PVA NPs by HEP-G2 was tested in the presence
of natural ASGP-R ligands (247).

Uptake of LCF-coated NPs resulted in a ~8-fold increase in fluorescence signal compared to
untreated group. Addition of LCF or GAL decrease the fluorescence of HEP-G2 cells,
suggesting a decrease in NP uptake (Figure 4.4-A). This suggest that the ASGP-R is at least
partially responsible for the uptake of LCF-targeted NPs. Uptake of non-targeted NPs was not
affected by the GAL or LCF inhibition and was, on average, lower than for LCF-targeted NPs
(Figure 4.4-B). Similar results have been reported by Saraswat et al. (256) where uptake of
GAL-targeted liposomes by HEP-G2 cells decreased by ca. 50% after cells were exposed to
free GAL (250 mM) for 30 min. Wei et al. (250) showed that the internalisation of LCF-coated
PEGylated liposome NPs decreased after treatment with the free ligand. It should be noted that
serum-free conditions are required for this assay to be successful to avoid binding of the free
LCF to serum proteins in the cell culture medium. Therefore, the behaviour of LCF-coated NPs

characteristics remains unknown under in-vivo conditions. However, these experiments
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indirectly confirmed the presence of ASGP-R on HEP-G2 cells, and it was observed that LCF

could enhance the internalisation of LCF-PLGA-PVA by these cells.
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Figure 4.4 Uptake of coated and uncoated PLGA NPs in receptor inhibition condition. The
uptake of (A) LCF-PLGA-PVA NPs and (B) PLGA-PVA NPs tested using flow cytometry after
exposure to LCF or GAL for 1h. *fold= MFI treated/MFI untreated. The uptake of LCF-PLGA-PVA
NPs by HEP-G2 was significantly inhibited by free LCF or GAL. Results are presented as the mean+
SD (n=3). One-way ANOVA, Dunnet’s post-hoc test, *p<0.05.

Uptake of LCF-coated NPs

The core experiment for this chapter involves a co-culture system of DTHP-1 macrophages,
HMEC-1 endothelial cells and HEP-G2 hepatocytes, partly mimicking the complexity of the
liver and the barriers NPs would have to cross after i.v. administration. By using this model and
analysing uptake by flow cytometry, we aim to validate the potential of LCF-PLGA NPs to be

selectively internalised by HEP-G2 while avoiding DTHP-1 uptake.

Insert permeability:

Firstly, a quick experiment was performed to confirm that NPs could diffuse across the insert
membrane. Diffusion of NPs was assessed in two ways (Figure 4.5). First the fluorescence

intensity for the NPs dispersions (apical side) was measured initially (Figure 4.5; i-0) and after
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2h (Figure 4.5; i-120); in this time, mean intensity decreased by 30% (from ~100,000 to
~70,000). Second, the appearance of fluorescence in the receiving media was measured over
time by sampling the media in the well. As shown in Figure 4.5, the signal increased rapidly

in the first 30 min (intensity ca. 20,000) then more gradually to reach ca. 40,000 after 120 min.
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Figure 4.5 Kinetics of PLGA-PVA NP diffusion through the naked insert. The fluorescence
intensity of the FITC-PLGA-PVA NPs in the insert (i-0; 0 min and i-120; 120 min), and in the well (0-
120 min). NPs through the insert were fast for the first 30 min, with a slight increase by 120 min.
Results are presented as the meant SD (n=3).

This simple experiment confirmed that the NPs do not aggregate in the serum at 37°C to an

extent that would prevent their diffusion through the insert.

Cellular uptake of NPs:
Having demonstrated that the uptake of LCF-coated NPs by HEP-G2 was mediated by ASGP-

R, we investigated the effect of LCF coating on NP uptake by HEP-G2, HMEC-1 and DTHP-
1 cells. Studies of the uptake of PLGA-PVA NPs by individual cell lines had already been

reported in chapter 3 -section 3.4.3. Here, the uptake of LCF-coated and plain NPs by cells

101



was evaluated in a co-culture system as a preliminary step to evaluation of more complex
systems, such as organoids or liver tissue.

HEP-G2 cells showed significantly higher internalisation of LCF-PLGA NPs compared to
PLGA NPs. Despite the higher uptake of LCF-PLGA NPs, both types of NPs showed a broad
uptake pattern by HMEC-1 cells. In contrast, DTHP-1 macrophages showed no difference in
uptake between PLGA and LCF-PLGA NPs (Figure 4.6). A much stronger fluorescence signal
was measured for HMEC-1 cells, though this may be due to these being the first cells NPs face.
Still, the observed difference between unmodified and LCF-targeted NPs is promising,
especially as LCF-modification did not seem to affect the capture by macrophages of PLGA-
PVA NPs.

In vitro studies are usually focussed on single cell lines. However, the interaction of NPs with
cells is directly related to their localisation in the organism (33). Co-culture studies can be
considered as a useful first step in this regard. Co-cultures can be used to mimic the different
cellular barriers NPs will face when leaving the systemic circulation to accumulate in the liver.
Although interesting, this model would require optimisation to better simulate in vivo
conditions. For example, the experiment was performed with gentle stirring. This does not
reflect the effect of blood flow, which may reduce the contact time with HMEC-1. Furthermore,
monocytes and circulating phagocytes were not included in this study. It is also challenging to
mimic or characterise the unique fenestra structure of endothelial cells. Further studies should
be conducted on organoids or organ-on-a-chip for more realistic uptake results that can simulate

in vivo conditions.
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Figure 4.6 The uptake of LCF-PLGA NPs and PLGA NPs. Uptake of PLGA-PVA NPs and LCF-
PLGA-PVA NPs tested in a transwell co-culture model after 2h using flow cytometry. LCF-PLGA
NPs were internalised significantly more than PLGA NPs by HEP-G2 cells. Results are presented as
the meanz SD (n=3). (Paired t-test, **p<0.01).
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Although not tested here, others have reported that LCF-PLGA NPs with a diameter 90-200 nm
accumulated preferentially in the liver and/or spleen, in vivo (243, 247). However, these studies
did not show biodistribution between different hepatic cells and provided no data on uptake by
macrophages or endothelial cell lines. However, targeting NPs to the correct cell type is
important in liver diseases such as liver fibrosis, HCC and viral hepatitis. In their in vivo liver
biodistribution studies, Park et al. (257) reported that the vast majority of PLGA NPs were
taken up by LSECs (21%), followed by KCs (15%) and hepatocytes (4.2%). Even after KC
number was reduced using clodronate liposomes, LSEC cells took up the most NPs (20.5%)
and there was no change in uptake by hepatocytes (4%). These results suggest that, in the liver,
which has a multilayered cell organisation, avoiding KC alone may not be enough to target
hepatocytes. It has already been suggested that the high exocytosis ability of KC can be
exploited to create a NP reservoir within the liver. Another approach could be to reduce the
uptake of NPs by LSEC, which may be beneficial for targeting in general, not just for the liver.
In our study, endothelial cells also showed affinity for the ASGP-R ligand, LCF. More studies
should be conducted on the uptake behaviour of LSEC cells to confirm whether receptor-
mediated endocytosis is involved, or a different mechanism is at play; for example, LCF or

GAL inhibition in HMEC-1 cells could be tested.

45 CONCLUSION

LCF-PLGA NPs were successfully prepared with a ligand density of 0.58 mg/mL. The LCF
coating gave the NPs a more hydrophilic character. When tested in a liver co-culture system,
LCF-targeted NPs were preferentially internalised by HEP-G2 hepatocytes compared to non-
targeted NPs. However, targeting also seemed to increase interaction with endothelial cells in

this model, which warrants further investigation.
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Chapter 5: BSA NANOPARTICLES
OPTIMISATION AND
MONOCULTURE STUDIES

51 INTRODUCTION

This chapter will present preliminary results obtained from the assessment of BSA NPs. BSA
was chosen as a model protein for basic comparison with polyester NPs.

The first part of this chapter focuses on the optimisation, preparation and characterisation of
BSA NPs using two different methods: thermal denaturation and desolvation techniques. The
main aims are to ensure that the method is reproducible and to achieve the desired size range
of 150-200 nm. The latter part of the chapter focuses on the safety assessment and cellular
uptake of BSA NP, similar to the experiments performed on polyester NPs and presented in
chapters 2-4 (195, 196).

It is hypothesized that the thermal denaturation and desolvation techniques will produce stable
BSA NPs within the desired size range of 150-200 nm, with high reproducibility. BSA NPs will
exhibit low short-term toxicity on various liver-associated cell lines when assessed using the
WST-8 viability test, indicating their biocompatibility. It is expected that the exposure to BSA
NPs will not induce significant inflammatory responses in DTHP-1 cells. Nile red-loaded BSA
NPs are more likely to be internalised by THP-1 and DTHP-1 cells because they are
macrophage-like cells, although GAL or LCF attached to BSA NPs may alter the uptake
behaviour and HEP-G2 cells may eventually take up more NPs than macrophages. However,

GAL and LCF binding studies could not be completed for this thesis.
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52 AIM AND OBJECTIVES:

The main aims are to manufacture and characterise 150-200 nm BSA NPs and assess their

interaction with various cell lines associated with the liver.

Obijectives:

1. Identify a suitable and reproducible method for the manufacture of BSA NPs.

2. Study particle size and morphology by DLS and TEM.

3. Assess the stability of the NPs under the following conditions: water (4°C), PBS at room
temperature and cell culture medium (DMEM; 37°C).

4. Assess surface hydrophobicity by hydrophobic interaction chromatography (HIC), salt
aggregation test (SAT).

5. Study the short-term toxicity of BSA NPs on various cells using the WST-8 viability test

6. Assess the inflammatory responses of DTHP-1 to BSA NPs by measuring cytokine (TNF-
a, IL-6, and IL-10) release using an enzyme-linked immunosorbent assay (ELISA).

7. Fluorescently label BSA NPs with Nile red and study their uptake by HEP-G2, HMEC-1,

THP-1 and DTHP-1 by flow cytometry.
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53 MATERIALS AND METHODS

5.3.1 MATERIALS

Human liver cancer epithelial cell (HEP-G2), monocytic leukaemia cell line (THP-1), human
microvascular endothelial cells (HMEC-1), macrophage-like murine reticulum cell sarcoma
(J774) were obtained from European Collection of Authenticated Cell Cultures (ECACC;
Salisbury, UK).

4' 6-diamidino-2-phenylindole (DAPI), BSA lyophilised powder, Dulbecco’s modified Eagle’s
medium (DMEM), Dulbecco’s phosphate buffered saline (DPBS), dimethyl sulfoxide
(DMSO), fetal bovine serum (FBS) ethylenediaminetetraacetic acid tetrasodium salt hydrate
(EDTA), hydrocortisone, 2-(N-Morpholino) ethane sulfonic acid (MES solution), Nile red (F-
NR), phorbol 12-myristate 13-acetate (PMA), phosphate buffered saline tablet (PBS tablets),
thiazolyl blue tetrazolium bromide (MTT), trypan blue solution, sodium azide (NaNs), and
sodium chloride (NaCl), sodium hydroxide (NaOH) flakes were purchased from Merck
(Darmstadt, Germany).

MCDB-131 medium, RPMI 1640 medium, L-Glutamine, Penicillin-Streptomycin (PenStrep),
recombinant human epidermal growth factor (Hu-EGF), 0.5% Trypsin-EDTA, citric acid,
dimethyl sulfoxide (DMSO), ethanol absolute (>99.0% purity), and Triton X-100 were
purchased from Thermo Fisher Scientific (Loughborough, Leicestershire, UK).

Ultrapure water is used for all experiments. All the solvents were of analytical grade and used

without further purification.
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5.3.2 METHODS
Preparation of BSA NPs
Protein denaturation

A modified thermal denaturation method was used to prepare BSA NPs (98). Stock BSA
solution were prepared in MES (50 mM, pH 5) at different BSA concentrations; 2,3, and 5
mg/mL. All solutions were filtered through a 0.22 um cellulose filter and stirred in a water bath
at 750 rpm until their temperature reached 65 °C. At this point, the BSA solutions were heated
for an additional 90 seconds to allow sampling for size assessment. Each sample was
immediately cooled on ice, before the NPs were washed and collected by centrifugation (9500
RCF, 30 min).
Modified desolvation

100 mg BSA was dissolved in deionised water (25 mg/mL; 4 mL) under gentle stirring. The pH
of the solution was adjusted to 7.5-8 with NaOH (0.5 mM) and the solution was filtered through
a 0.4 pum cellulose filter. 16 mL of ethanol (without or with 0.1 mg/mL Nile red) was added
dropwise to the BSA solution at a rate of 1 mL/min, under stirring (258); this was followed by
citric acid (0.1-1% wi/v, 0.1 mL) which was added at the same rate. The resulting solution was
covered and left stirring at room temperature overnight. Finally, 15 mL deionised water was
added to the BSA NP suspension, before centrifugation (45,000 RCF, 30 min). The pellet
containing the NPs was sonicated at 10 amp, 2 min, room temperature), washed three times
with DPBS, and dispersed in 5 mL DPBS for further characterisation.

Characterisation of BSA NPs

The size and zeta potential of the NPs

Particle size and zeta potential analysis were repeated for BSA NPs as described before in the

chapter 2 -section 2.3.2.
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Transmission Electron Microscopy (TEM)

The TEM analysis and image processing were conducted as described in chapter 2-section
2.3.2.
Colloidal stability testing
Particle size and distribution (Pdl) were measured at regular intervals over a 30-day period. NP
dispersions in DPBS were stored at 4°C, and room temperature. The size was measured at t=0
thenondays 1, 2, 4, 7, 10, 14, 20, and 30. The stability of the NPs under cell culture conditions
was also assessed for dispersions prepared in DMEM containing 10% FBS stored at 37°C.
Hydrophobicity of the NPs
The surface hydrophobicity of the particles was studied by HIC and the SAT.
SAT and HIC analysis were conducted as described in the chapter 2- section 2.3.2.
Monoculture studies with BSA NPs
Cell culture preparation, the toxicity of the BSA NPs, cytokine release rates, inflammation
response were assessed as described in the methods in the chapter 3-section 3.3.2. The uptake
of Nile red-loaded BSA NPs (0.25 mg/mL) by HEP-G2, HMEC-1, THP-1 and DTHP-1 cells
within one hour was also assessed by flow cytometry, according to the methodology described

in chapter 3-section 3.3.2.

109



54 RESULTS AND DISCUSSION

5.4.1 Preparation techniques of BSA NPs
BSA NPs were initially prepared using a protein denaturation protocol (98, 259). This method

Is based on the thermal denaturation of albumin proteins at temperatures above 65°C. Heat-
induced protein-protein interactions are thought to initiate the assembly of BSA into NPs
through the formation of disulfide bonds though other forces including hydrophobic
interactions, electrostatic interactions, hydrogen bonding, and disulfide-sulfhydryl interchange
interactions also play a role (98, 260). Although less common for the manufacture of BSA NPs,
this technique has the advantage of being solvent-free, which could make it more easily
scalable.

Here, the impact of volume and concentration was quickly studied: three initial BSA
concentrations (2,3, and 5 mg/mL) and two different volumes (10 and 25 mL) were tested.
Particle size was assessed at specified time intervals during the assembly process to determine
how quickly aggregation took place; once BSA NPs size reached beyond the desired size (150-
200 nm), sampling was stopped. This brief kinetic study confirmed that increasing the BSA
concentration resulted in faster aggregation rates. Indeed, at the lowest concentration (2 mg/mL)
tested, BSA NPs took 70 seconds in to form, while evidence of aggregation was seen within 60
and 50 seconds when BSA concentration was increased to 3 and 5 mg/mL, respectively (Table
5.1). This was expected as there is an increased possibility of protein collision at higher
concentration (261).

Concentration also affected the extent of aggregation. As shown in Table 5.1, when working
with a 5 mg/mL solution, the size of the NPs increases rapidly from <15 nm to >365 nm in 10
seconds. A similar trend was observed when the concentration was adjusted to 3 mg/mL BSA,

but to a lesser extent, as the size increased only ca. 11-fold from 21 nm to 226 nm in the same
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time. In contrast, at the lowest concentration tested, double the time was needed (20 seconds)

to achieve a 28-fold increase in particle size from 10 nm to 267 nm.

Table 5.1 Kinetics of formation for BSA NPs prepared by by the denaturation technique (n=1)

BSA 50 mg:25 mL 30 mg:10 mL 50 mg:10 mL
concentration 2 mg/mL 3 mg/mL 5 mg/mL
Time (second) d.nm Pdl d.nm Pdl d.nm Pdl

30 - - - - 12 0.3
40 ; - - - 13 0.4
50 - - 20 0.6 366 0.3
60 10 04 226 0.3 1425 0.8
70 79 0.6 738 0.2 - -
80 267 0.5 - - - -
90 2732 0.4 - - - -

Contradictory results on the impact of concentration have been reported. Galisteo-Gonzales et
al. (262) showed that increasing BSA concentration from 12 to 100 mg/mL led to an increase
in NP size (75 nm to 135 nm) and decrease in Pdl. However, Rahimnejad et al. (263) observed
a decrease in diameter (204 to 146 nm) when concentration was changed from 5 to 30 mg/mL.
The opposite results in the studies can be explained by differences in experimental conditions,
including pH, temperature, initial BSA concentration, or solvent use. In our study, the
concentrations tested were lower than the most concentrations reported in the literature and this
likely created different physicochemical conditions for NP nuclei creation and agglomeration.

This might also explain why it was possible to partially assess the kinetics of NP formation. As,
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Qi et al. (260) also experienced increasing BSA concentration (0.5-5 mg/mL) resulted with
increased NP size and Pdl (131-226 nm; 012-0.24 PdlI).

Additionally, increased incubation time of the BSA led to increased protein-protein interaction
and created larger NPs by the time, similar to work of Zhou et al. (264) which showed thicker
BSA film formation on graphene by heat denaturation (80°C). It explains the increasing NP
diameter with increasing incubation duration at 65°C.

Overall, the results of this initial test revealed that controlling over size and size distribution
when using this method might be difficult, due to the quick aggregation process. Here, a
diameter ca. 150-200 nm was targeted, but was not achieved although previous studies
succeeded in obtaining 143 nm (98) and 167-226 nm (260) BSA NPs. This suggest that
experimental conditions must be closely monitored and optimised. Therefore, the decision was
made to focus on the desolvation technique, which has become the preferred method for the
preparation of BSA NPs (265).

The desolvation method is based on triggering the association of hydrophilic BSA by adding a
poor solvent (often ethanol) at a constant rate and volume (266). This method often requires
crosslinkers, e.g. glutaraldehyde, to stabilise the BSA NPs through the formation of covalent
bonds between individual proteins (258, 267). Even though it was suggested that glutaraldehyde
was not toxic at concentrations used in NPs manufacture, the risk of interaction with
physiological peptides and proteins cannot be completely discarded, therefore safer alternatives
are needed (268, 269).

With the restricted use of glutaraldehyde because of its toxicity, an alternative crosslinker was
sought. Here, citric acid was chosen as the preferred cross-linking agent due to its

biocompatibility and GRAS status (270). In this case, crosslinking is thought to result from the
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formation of covalent bonds between the carboxylic acids of citric acid and amine groups of
BSA, though interaction with OH functions on the protein can also be involved.

Various concentrations of citric acid (0 to 1%) were tested during the optimisation steps (Figure
5.1). The size of the BSA NPs increased slightly from 160 nm to 200 nm with increasing
concentrations of citric acid while neither the Pdl (< 0.15) nor the zeta potential (~-15 mV)

were affected.
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Figure 5.1 Impact of citric acid concentration on BSA NPs properties. BSA NPs were prepared by
the desolvation technique, using citric acid as the crosslinker. The effect of citric acid concentration (0
to 1%) on particle diameter, polydispersity and zeta potential was tested. No impact was seen on Pdl
or zeta potential, but diameter increased slightly with crosslinker concentration. Results are presented
as the meanz SD of three technical replicates (n=1).

This preliminary study seems to confirm that desolvation could allow better control over the
size and polydispersity of BSA NPs. This method was therefore selected for all further studies
as NPs within the desired size could be obtained; 0.1% was selected as an adequate citric acid
concentration as the higher concentration of the citric acid did not have a profound influence
on the size of the NPs. However, stability differences between the BSA NPs stabilised with

different concentrations of citric acid could be studied in the future.
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5.4.2 Characterisation of BSA NPs

Particle size and zeta potential

The results obtained during optimisation were successfully reproduced, confirming the
robustness of the method (Figure 5.2). The sizes measured by DLS and TEM (Figure 5.3)
were similar at 162+15 nm (PdI:0.07£0.01) and 163+36 nm, respectively. TEM also confirmed

that BSA NPs were spherical (Figure 5.3-A). The NPs had a negative zeta potential of -

23+6mV as expected for BSA at pH 7.4.
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Figure 5.2 Characterisation of BSA NPs. NPs were prepared using the desolvation technique in the
presence of 0.1% citric acid as a crosslinker. 150-200 nm BSA NPs obtained with low dispersity (<0.1

Pdl) and a negative zeta potential (-23 mV). Results are presented as the mean+SD; each data symbol
represents a unigque experiment as replicates.
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Figure 5.3 TEM analysis of BSA NPs. (A) TEM imaging and (B) particle size distribution of BSA
NPs. Particles were spherical with a diameter of 163+36 nm sized (NPs were measured by ImageJ
software, event number =104). A representative image out of three images from one batch is shown.

5.4.3 Colloidal stability

Colloidal stability of the BSA NPs was assessed over 30 days at different temperatures and
dispersing media: 4°C in deionised water, room temperature in PBS, and 37°C in serum-
containing cell culture media.

BSA NPs exhibited sustained stability, maintaining a constant size at 4°C in deionised water.
At RT (in PBS), fluctuations in Pdl were evident from day 4, though the size appeared to
increase only from day 30. In cell culture media at 37°C, the particles were stable at least 20
days (Figure 5.4). Between day 20 and day 30, the Pdl increased dramatically, though the size
stayed roughly the same, suggesting that the NPs will remain stable when used in in vitro
studies. Overall, the results suggest that BSA NPs should be stored in water in the fridge and

can be kept at that temperature for 1 month.
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Figure 5.4 Colloidal stability of BSA NPs. Particle size and polydispersity were studies (A) In water
at 4°C (B) in PBS at room temperature, and (C) in complete cell culture media at 37°C. NPs were
stable for at least a month at 4°C, and for 20 days at 37°C and less than 10 days at room temperature in
PBS. Results are presented as mean+SD (h=3 independent experiments).

The presence of salts and temperature seem to affect stability and this needs to be considered
when making large batches of the NPs. Since citric acid crosslinking is not common in BSA
NP stabilisation, there is limited information on their stability in the literature. NPs (162 nm, -
34 mV) prepared using glutaraldehyde as a crosslinker showed similar stability when stored at
4°C (271). A different study showed that the size of the BSA NPs (~160 nm, -31mV) started to
fluctuate after 2 days in PBS at RT (272), which is earlier than was observed here, but confirms

poor stability under these conditions. The impact of drug loading was not studied here, but

116



previous reports suggest that prolonged stability under physiologically relevant conditions
could be maintained, even in the presence of a drug. Indeed, celastrol loaded BSA NPs (118
nm, -2.5 mV; 2% glutaraldehyde) were stable for 3 months at 37°C in PBS and in PBS+10%
FBS media (273). It is unclear where the drug or crosslinker contributed to the increased
stability observed. In any case, these particles were more stable than the BSA NPs prepared
here, using citric acid. Further studies will be required to understanding what could have led to
these differences in stability. Additionally, comparing glutaraldehyde and citric acid

stabilisation should be tested.

5.4.4 Hydrophobicity of the BSA NPs
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Figure 5.5 Hydrophobicity assessment of BSA NPs. (A) HIC index (B) Aggregation of BSA NPs in
NaCl solutions of increasing concentration at 37°C. Both tests suggest that BSA NPs are hydrophilic.
Results are presented as the meant SD (n=3 independent experiment).

HIC and SAT were used to assess the surface hydrophobicity of BSA NPs. As expected, both
tests indicated that BSA NPs were hydrophilic, with a low HIC index of 0.2+ 0.1 and lack of
aggregation in concentrated NaCl solutions (Figure 5.5). When tested in NaCly at
concentrations 0.1-4 M, BSA NPs maintained a size between 150 and 200 nm with a tendency
for diameter to decrease with time. At the highest concentration, NPs appeared to de-aggregate.

This may be explained by a disruption of the electrostatic interactions or hydrogen bonding
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responsible for NP formation (274); yet, some interactions may remain, which explains the
incomplete dissociation on the BSA NPs (275, 276). It is also possible, that NaCl competitively
bond to water molecules around the NPs causing them to shrink. Notably, the BSA NPs did

not show aggregation in 0.1 M NaCl solution which is close to isotonic conditions (0.15 M).

5.4.5 Monoculture studies with BSA NPs
Viability studies
It is known that BSA is biodegradable and non-toxic in vivo (267). It is broadly expected, that

these features will be maintained after NPs assembly (277). However, the crosslinkers used
may affect the compatibility of BSA NPs, though maybe less so for citric acid. In order to
confirm safety, BSA NPs were tested on a variety of cells. While BSA NPs showed no toxic
effect against DTHP-1 and THP-1, a gradual decrease in viability was observed at
concentrations above 3 mg/ml in HMEC-1 and 2 mg/ml in HEP-G2 cells (Figure 5.6). The ICso
values of BSA NPs on HEP-G2 and HMEC-1 were 8.3 and 27.1 mg/mL, respectively,
emphasising the cell-specific responses to BSA NPs probably because of the material burden
in the HEP-G2 and HMEC-1 cells in contrast to phagocytic cells such as THP-1 and DTHP-1
cell lines which are capable of high exocytosis capacity. Lankoff et al. (278) suggested that
THP-1 and DTHP-1 cells may be naturally more resistant to NPs exposure because of their
high endocytic and exocytic capacity, which allows them to quickly discharge NPs before they

accumulate and cause toxicity.
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Figure 5.6 Cytotoxicity of BSA NPs. The viability of HEP-G2, HMEC-1, THP-1, and DTHP-1 cells
was assessed after exposure to BSA NPs for 24 h. DTHP-1 and THP-1 viability remained above 80%
at all concentrations tested. However, HMEC-1 and HEP-G2 viability dropped below 80% at
concentrations >3-4 mg/mL. Results are presented as meanz SD (n=3 independent experiments). Two-
way ANOVA, Dunnet correction for multiple comparison, 8 mg/mL viability were compared to
control group. **p<0.01, ***p<0.001

Although exact comparison may be difficult since studies tend to assess drug-loaded particles,
there is some evidence of the safety of BSA NPs in the literature. lodinated BSA NPs (96 nm)
did not show cytotoxicity towards RAW?264.7 macrophages or endothelial cells (HUVEC) after
24h when tested at concentrations between 0-0.5 mg/mL (279). Jose et al. (280) showed that
glutaraldehyde crosslinked 0.1 mg/mL BSA NPs (97-120 nm, 32mV) decreased the viability of
MiaPaCa-2 human pancreatic cancer cells to 50% after 48 h. The reason of the toxicity might
be high cationic charge on the NPs. Since NPs in our study have negative surface charge,
cytotoxicity at lower concentration was not observed on HEP-G2 cancer cells. The toxicity of

polyester NPs (chapter 3-section 3.4.1) on HEP-G2 and HMEC-1 was not observed on tested
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concentrations, while BSA NPs showed toxicity at 6-8 mg/mL on the same cells. Both polyester
NPs and BSA NPs were not toxic on THP-1 and DTHP-1 cells.
Inflammation studies

Understanding the pro-inflammatory potential of NPs is crucial for their safe and effective use
in various biomedical applications. Here, the impact of BSA NPs on cytokine release was
assessed using the same protocol as for polyester NPs: tests were performed on DTHP-1
macrophages as effectors of inflammation and levels of TNF-a, IL-6 and IL-10 were measured.
BSA NPs did not exhibit a significant difference compared to the negative control (media). As
expected, LPS (0.25 pg/mL) triggered the release of TNF-a, IL-6 and IL-10 compared to the
media (Figure 5.7). The results suggest that BSA NPs have limited impact on cytokine release
and are neither pro- nor anti-inflammatory towards DTHP-1 macrophages under the
experimental conditions tested here. These results confirm what was observed in the
cytotoxicity test and suggest that BSA NPs are biocompatible and safe.

These results were as expected and reflect previous reports indicating that BSA NPs (4.3
mg/mL; 108 nm, -17.5 mV) did not induce TNF-o or IL-6 release on J774 macrophages (281).
However, additional studies will be required on alternative non-cancerous cell models. Indeed,
Schildberger et al. (282) demonstrated that TNF-a, IL-6, and IL-10 levels were consistently
lower in DTHP-1 cells compared to PBMC (peripheral blood mononuclear cells) or monocytes
treated with LPS. Nevertheless, these BSA NPs are considered safe enough to study on DTHP-
1 cells; while for other cells, the findings can guide the selection of appropriate concentrations

and experimental conditions for further studies.
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Figure 5.7 Impact of BSA NPs on cytokine release. The release of three cytokines (A) TNF-a; (B)
IL-6 and (C) IL-10 was assessed on DTHP-1 cells exposed to BSA NPs (8 mg/mL) for 24 h. BSA NPs
(8 mg/mL) did not induce a significant inflammatory response on DTHP-1 cells. Results are presented
as meanz SD (n=3). One-way ANOVA, Dunnet post-hoc test (** p < 0.01).
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Uptake studies
The uptake of BSA NPs by various liver cell lines, including HEP-G2 hepatocytes, HMEC-1

endothelial cells, THP-1 monocytes and DTHP-1 macrophages, was investigated by flow
cytometry.

All cells showed an increased fluorescence intensity after exposure to BSA NPs (0.25 mg/mL).
However, THP-1 monocytes, and DTHP-1 macrophages exhibited a higher uptake of BSA NPs
compared to the other cell lines tested (Figure 5.8). This higher uptake could be related to the
specific nature and functional characteristics of THP-1 and DTHP-1. Monocytes, as precursors
of macrophages, are known for their active phagocytic behaviour, allowing efficient
internalisation of particles. In contrast, HEP-G2 and HMEC-1, although involved in liver
functions, may have different uptake mechanisms or a lower tendency to internalise NPs.
Interestingly, Ahmed et al. (283) claimed that NPs with BSA corona were taken-up less by
HEP-G2 cells because of their weaker capacity for endocytosis, which supports the results
observed here.

It is important to remember that drugs delivered by NPs targeted to the liver tissue will
encounter endothelial cells and must access hepatocytes without being captured by circulating
monocytes or by KCs. Therefore, targeting methods that allow BSA NP to avoid capture and
increases their uptake by hepatocytes may be required. In the literature, targeting using lactose
has been reported to improve receptor-mediated uptake by the liver in vivo. A competitive assay

with free galactose confirmed that the ASGP receptor contributed to the uptake (284).
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Figure 5.8 Cellular uptake of BSA NPs. Mean fluorescence intensity (MFI) of BSA NPs (0.25
mg/mL) taken-up by HEP-G2, HMEC-1, THP-1 and DTHP-1 cells in 1h. THP-1 and DTHP-1 cells
internalised more BSA NPs than HEP-G2 and HMEC-1. Results are presented as mean+SD (n=3-5
independent experiments) (One-way ANOVA, Tukey multiple comparison test).

55 CONCLUSION

A desolvation method with citric acid as the crosslinker was preferred because of the
reproducibility over the thermal denaturation method. Anionic BSA NPs were produced within
the targeted size range (150-200 nm). Characterisation studies showed that NPs were
hydrophilic and stable in 4°C storage conditions for a month, and stable in cell culture
conditions at least for 21 days. The particles were not toxic towards THP-1 and DTHP-1 and
did not trigger cytokine release. However, ICso values of 8 and 27 mg/mL, were obtained in
HEP-G2 and HMEC-1, respectively. Finally, uptake was cell-dependent with phagocyte taking

up more NPs compared to other cells. These results suggest that citric acid may be a suitable
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alternative to glutaraldehyde as a crosslinker, although further studies are required to complete

the assessment of BSA NPs for targeted delivery to hepatocytes.
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Chapter 6: CONCLUSION AND FUTURE WORK

6.1 CONCLUSION

In this work, NPs were prepared by nanoprecipitation. This method was preferred due to its
simplicity and ability to generate NPs with the correct properties. Although three types of
polyester and five stabilisers were used initially, the decision was made to focus the work on
two polyesters (PDLLA and PLGA) since they produced the NPs with desired size and two
stabilisers (PVA and PXM) as generated NPs with different surface characteristics.

All preparations were characterised extensively, including to detect differences in surface
hydrophobicity. All NPs were of similar size (150-200 nm) and narrowly distributed. The
surface charge was stabiliser- dependent, with PVA NPs found to be more anionic compared
PXM-coated NPs; this was likely caused by differences in coating thickness and arrangement
on the surface of the NPs. Two different surface hydrophobicity conducted on these particles
revealed that PXM-coated NPs were more hydrophilic than PVA-coated NPs, but this did not
affect stability or protein adsorption.

In vitro experiments were performed to assess NPs toxicity, pro-inflammatory potential and
uptake. Here, cells were selected from hepatoma cells, endothelial cells, monocytes and
macrophages to mimic liver cell types to understand better the interaction between passively-
targeted NPs and the different cells found in the liver. None of the NPs appeared to be cytotoxic
at concentration up to 3 mg/mL. In the pro-inflammatory assay, polyester NPs did not induce
the release of TNF-a, IL-6, IL-10, contrarily to PS NPs and LPS, which were used as a control.
Overall, no clear impact of the stabiliser was found, though further studies are needed to fully

explain all the results obtained.
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Uptake of Nile red-loaded NPs was studied using either flow cytometry or fluorescence
microscopy. Treatment of the cells with a broad-spectrum inhibitor confirmed that NPs were
internalised through an energy-dependent process, although 1 h was not enough to prevent
phagocytosis. An attempt was made to assess the impact of the stabiliser on cellular uptake. A
clear trend was not always easy to define and differences in Nile red-loading complicated
analysis. Overall, it was observed that NPs were more likely to be internalised by hepatoma
cells were more hydrophilic and less anionic, but no clear difference was seen in uptake by
endothelial, monocyte and macrophage cells.

With the aim of enhancing internalisation by hepatocyte cells, LCF-coated PLGA NPs targeted
to ASGP receptors were prepared. Protein concentration tests confirmed successful
modification with LCF, which is thought to occur through electrostatic interactions. To assess
the uptake of these actively targeted NPs, a co-culture system was established. In these studies,
uptake of actively targeted NPs by hepatoma cells was significantly higher compared to
passively targeted NPs. Additionally, no significant difference in internalisation was observed
in macrophages and an increase in uptake was observed in endothelial cells. The latter finding
may be explained by endothelial cells being the first cells encountered by NPs in the co-culture
system or suggest that these cells can bind LCF. Further studies are needed to explore this in
more depth.

The final phase of this work focused on a different type of NP. Albumin NPs were prepared
using a desolvation method with citric acid as a cross-linking agent. Hydrophilic, anionic BSA
NPs could be obtained which showed good stability, lasting one month at 4°C and at least 21
days under cell culture conditions. The BSA NPs were non-toxic and cell-dependent uptake
was observed, with higher uptake by THP-1 and DTHP-1. From these studies, citric acid

emerged as a potential alternative cross-linking agent that warrants further investigation.
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6.2 FUTURE WORKS

The work performed during this PhD brought up interesting results, but also new routes of
investigation. Choices had to made early in the work, taking into considerations time constraints
and disruption caused by the COVID-19 pandemic.

The work performed on polyester NPs could easily be extended to include other polymers and
stabilisers. In the short term, PVA or PXM coated PLGA NPs can be compared to Span 80
stabilised PLGA NPs, as Span 80 forms a more hydrophobic interface (285) on the NPs. Later,
the preparation of chitosan stabilised NPs will provide information for positively charged
polyester NPs (286). In addition, the hydrophobicity of the prepared NPs should be tested in
cell culture media and in serum conditions to test the effect of the protein corona of the NPs on
their hydrophobicity and subsequently on their cellular uptake.

It will be necessary to repeat the uptake studies, taking steps to ensure that differences in
fluorescence are taken into consideration for a more reliable interpretation of the results.
Differing from fluorescent dye loading, radiolabelling of NPs can be used for more sensitive
data of internalised polyester NPs. Radiolabelling data can be supported by TEM imaging of
the cells by counting internalised NPs, so that the amount of NPs adsorbed to the surface or
internalised can be differentiated.

In this study, it was shown that HMEC-1 endothelial cells showed tendency to uptake LCF-
coated PLGA NPs. Interaction between NPs and endothelial cells should be probed further. The
probability of having receptors for ligands similar to ASGP-R ligands for endothelial cells
should be investigated. As a first step, the GAL or LCF inhibition uptake test for endothelial
cells can be utilised. For the more specific following test, the PCR technique can be used with
the ASGP-R specific primers (287). For more reliable data, it is preferable to perform all cell

tests on primary liver cells.
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Colloidal stability and LCF attachment stability of the LCF-PLGA NPs should be tested in
storing and serum conditions. More importantly, more work should be done to develop in vitro
models that are representative of physiological environment. Here, this could also include
performing experiments under flow conditions to mimic the NPs in a blood stream and
restricting their contact time with the endothelial cells. Microfluidic devices such as organ-on-
a-chip models, and a plate-scale perfusion systems (288) could be optimised to mimic the flow
and pressure on the cells would provide more information. Subsequently, ex vivo or in vivo

testing should be performed in the future.
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Fluorescent microscopy images
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Figure S 1 HEP-G2 fluorescent microscopy images. Cells were treated with PDLLA and PLGA
NPs for one hour (bars represent 200 um length)
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Figure S 2 HMEC-1 fluorescent microscopy images. Cells were treated with PDLLA (bars
represent 200 um length) and PLGA NPs for one hour (bars represent 400 pm length).
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Figure S 3 DTHP-1 fluorescent microscopy images. Cells were treated with PDLLA and PLGA
NPs for one hour (bars represent 200 um length)
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Figure S 4. Uptake on NPs by DTHP-1 cells. Uptake of PDLLA and PLGA NPs was assessed in the
absence and presence of sodium azide by flow cytometry at 1h. (1) PDLLA-PVA, (2) PDLLA-PXM,
(3) PLGA-PVA, (4) PLGA-PXM. Addition of NaNs did not decrease NP uptake by DTHP-1 cells
according to flow cytometry.

152



