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Abstract 

 
A key problem in healthcare today lies in our ability to target specific cells, 

particularly those within the brain. The problem arises from both inadequacies to 

target specific cells without targeting other cells and the difficulty in crossing the 

blood brain barrier (BBB). For this problem, the first barrier to overcome is to 

specifically target the blood brain barrier to enable the crossing of the BBB. 

Several targeting theories have arisen from the use of multivalent interactions yet 

are limited as they consider targeting only one receptor type. We herein 

investigate a more accurate targeting mechanism, phenotypic targeting (the 

targeting of a cell phenotype) and the variables that influence it. 

 

In this thesis, brain endothelial cells (bEnd3) were used as the target cell, the 

main cells for targeting the BBB. Nanoparticles were designed with AP2 or 

Glucose ligands, to target LRP-1 or Glut1 respectively, varying both the number 

of ligands and ligand insertion parameters (how embedded a ligand is within a 

polymer brush).  

 

When performing binding assays on three different cell lines (for endothelial cells 

(bEnd3), astrocytes (C8-D1A) and glioblastoma (T98G), we observed that 

inserting a ligand within a polymer brush alters the number of ligands required for 

a strong bind, which we postulate is due to a novel steric repulsion between 

nanoparticles. We observed no specific binding towards bEnd3 when compared 

with the other two cell lines; however, we postulate that this is due to difference 

in the glycocalyx of the three cell lines and that receptor conformation could 
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change depending on the glycocalyx density. Crossing studies were then 

conducted, and we observed that embedding the ligand within a polymer brush 

could allow us to both ensure the endocytosis of nanoparticles into the BBB and 

the transcytosis across the BBB. 
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Impact Statement 

 
In healthcare today, one of the biggest problems lies in the ability to target specific 

cells without targeting others. Looking at cancer, many chemotherapeutic 

medicines remain untargeted, where cancer sites are bombarded with cytotoxic 

material to kill the target whilst adversely delivering toxic effects to neighbouring 

healthy cells. One way of reducing these off-target effects is by using 

nanoparticles to deliver medicines directly to target sites: active targeting of cells 

can be achieved through multivalent interactions. In this thesis, we explore 

targeting to a specific cell (namely brain endothelial cells), by influencing key 

variables that impact the effectiveness of phenotypic targeting (targeting of a 

specific cell phenotype). 

 

The results discussed within this thesis has given rise to new avenues of research 

for targeting. Previous studies have not investigated the impact of the insertion of 

a ligand within a polymer brush: herein, we showed that inserting a ligand indeed 

influences binding to a target cell, reducing both the binding affinity and the 

postulated ligand-ligand repulsion between nanoparticles. The impact of these 

results shows that an alternative parameter for targeting should be explored in 

future works. Furthermore, the inability for specific cell targeting was postulated 

due to the glycocalyx - this revelation impacts future studies targeting cells as 

previous targeting experiments did not account for the glycocalyx. The findings 

outlined within this thesis furthers our understanding of targeting and highlights 

the potential for further research into the phenotypic targeting. 
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More research into phenotypic targeting would impact society, as the possibilities 

with nanoparticles that can target cells specifically are boundless. One could 

create nanoparticles to target specific cancer cells for drug delivery. An 

alternative use for phenotypic targeting in medicine is in cancer diagnosis: a 

library of various fluorescent nanoparticles with multiple ligand decorations could 

be made to target specific receptor profiles (phenotypes), and the library could 

be used to “light up” areas within a person that could exhibit the beginnings of a 

tumour growth. Additionally, phenotypic targeting could be used to create 

personalised treatment: as people’s cells may differ slightly in receptor 

composition, drug delivery devices could be personalised to ensure the best 

delivery of medication to everyone.  
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Chapter 1  

Introduction 

 

1.1    Introduction  

One of the key problems in medicine today is the ability to selectively target 

specific cells with therapeutics whilst leaving others unaffected. Many medicines, 

particularly in chemotherapy, opt for a more unselective targeting regime, where 

drugs can cause toxic effects towards both diseased and healthy cells.1 By having 

a more targeted medical treatment, we could reduce side-effects to patients 

arising from off-target effects and toxicity towards healthy cells.2 

 

Our ability to target cells with increased precision has been bolstered by the 

discovery of receptors and the molecules that bind to these receptors, called 

ligands3–5. A receptor is usually a protein inside a cell or on its surface6 with 

binding sites for ligands (such as small molecules, peptides, antibodies).7 The 

discovery of receptors and ligands has led to selective targeting, where cell 

receptors can be targeted on a cell.8,9 Selective targeting is a beneficial targeting 

regime for when the target receptor is unique to its disease host; unfortunately, it 

is commonplace for target receptors to be expressed on various cells, e.g., 

healthy and diseased cells. Off-targeting can therefore occur when targeting a 

disease cell only by the presence of the target receptor. A further targeting regime 

should be employed that can target not only a receptor, but a receptor density. 

 

In nature, highly specific targeting can be observed by utilising multivalency.10,11 

Multivalent interactions involve binding two or more ligands, which are part of the 
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same particle, to a construct displaying multiple receptors e.g., a cell. Frenkel and 

Martinez-Veracoechea exploited the use of multivalency to give rise to the theory 

of superselectivity. Superselectivity describes the exponential growth in binding 

probability of a ligand-decorated particle to a target as a function on the number 

of receptors on the target.12 Engineering therapeutics that can exhibit 

superselectivity can allow cells with a high number of a specific receptors to be 

targeted, whilst leaving cells with a low number of the target receptor untouched. 

Targeting cells with a high number of receptors is particularly important in 

targeting cancer, as cancer cells usually have more receptors than the healthy 

cells, such as in the case of colon cancer or irritable bowel syndrome where the 

transferrin receptor is overexpressed in the intestines.13 The proof of concept for 

superselectivity has been shown both computationally,14,15 and  

experimentally.16–18 

 

For superselectivity, a problem arises when the target cell has a lower receptor 

density than the surrounding cells. Some examples of this include how both 

myocardial beta-1 receptors and dopamine transporter receptors are 

downregulated (i.e., a reduction in the cell surface receptor density) in heart 

failure and Parkinson’s disease respectively.19,20 One way to tackle this issue is 

in range-selective targeting, where binding can be achieved to targets within a 

finite receptor density range.21 Range-selective targeting was achieved by 

utilising steric repulsion between a ligand-decorated particle and the target cell. 

By engineering therapeutics that can adopt range-selectivity, we can achieve 

targeting to cells with a receptor density within a specific range, allowing for more 

specific targeting of cells, including those with a lower receptor density.  
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A drawback to the theories of both superselective and range-selective targeting 

is that both targeting regimes were built upon looking only at the binding of one 

ligand to one receptor type; however, cells display a myriad of multiple receptors. 

We herein introduce the possibility of “phenotypic targeting”, the selective 

targeting of a cell based on its phenotype. In this regard, we dub a “phenotype” 

in this regard as the specific composition of multiple receptors expressed by the 

given cell. A pictorial representation of phenotypic targeting is shown in fig 1.1.  

 

In this thesis, we investigate the effect of phenotypic targeting and if targeting 

cells selectively could be achieved through phenotypic targeting. To explore 

factors that influence phenotypic targeting, and therefore how we can design our 

nanoparticles for phenotypic targeting, we must first understand its predecessors 

in active targeting: superselectivity and range-selectivity.  

 

 
Fig 1.1 Schematic outlining phenotypic targeting. A nanoparticle that can achieve 

phenotypic targeting is shown here, where it only targets cell C amidst cells A, 
B and D.    
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1.2  Active Targeting  

1.2.1  Multivalency 

One common factor to both the superselectivity and range-selectivity theory lies 

in using multivalent interactions. Previous experiments have indicated that 

selective behaviour can be obtained when using multivalent interactions (i.e., the 

selective targeting of anti-Gal antibodies to 𝑎-Gal decorated tumour cells22). The 

total binding free energy incorporating the binding of multiple ligand-receptor 

bonds is considered the binding avidity.23 Binding avidity has two major 

contributors: enthalpy and entropy.  

 

The enthalpic contribution towards avidity arises from the both the binding 

strength of a ligand to receptor and the multiplicity of possible ligand-receptor 

bonds. The stronger the ligand-receptor bonds, the more negative and thus more 

favourable the enthalpic contribution to the binding free energy. Similarly, the 

more ligand-receptor bonds are formed between a ligand-decorated particle and 

a receptor-decorated target, the stronger the enthalpic gain to binding. 

 

The entropic contribution for avidity is much more complex. When a ligand 

decorated nanoparticle binds onto a cell, there is a conformational entropic cost 

in the system when a ligand-decorated particle binds onto a receptor-decorated 

surface.24,25 Prior to binding, ligands are free to explore the space around them 

and upon binding, this configurational space for exploration is lost.  

 

Nevertheless, an entropic gain is exhibited in multivalent binding arising from 

avidity entropy,23 and this comprises permutational, configurational and 

combinatorial entropy.24,25 The avidity entropy arises from the different number of 
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permutations a ligand-decorated nanoparticle can bind onto a receptor-decorated 

surface. The entropic gain becomes substantial with more ligands and receptors 

on either the nanoparticle or target surface.26 The permutations in which a ligand-

decorated nanoparticle can bind on the receptor-decorated surface is accounted 

for by the function of the degeneracy of bound states, Ω. In other words, the 

number of possible bound states the multivalent system can form. 

 

The degeneracy function can take on many forms and depends on the system’s 

topology. Four topologies can be identified: the  indifferent combination  where 

only one branch of a ligand-decorated construct can interact with a binding site; 

the linear where binding interaction akin to a complementary nucleotide 

sequence or a zipper (where two species can bind only in one linear way); the 

circular: similar to linear (in that there is a specific orientation for binding) but 

circular; and finally the radial topology, where all ligands can bind onto any 

receptor in a binding site as described by Kitov and Bundle are depicted in fig 

1.2. The equations for calculating the degeneracy function for each topology are 

shown in equations (1) - (4):  

 

 Ω(indifferent) =  𝑁𝐿𝑖𝑔𝑎𝑛𝑑 × 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 

 

(1) 

 Ω(linear) =  (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 − 𝑖 + 1) × (𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 − 𝑖 + 1) 

 

(2) 

 Ω(circular) =  𝑁𝐿𝑖𝑔𝑎𝑛𝑑 × 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 

 

(3) 

 
Ω(radial) =  

𝑁𝐿𝑖𝑔𝑎𝑛𝑑! 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟!

(𝑁𝐿𝑖𝑔𝑎𝑛𝑑 − 𝑖)! (𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 − 𝑖)! 𝑖!
 

(4) 
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Fig 1.2 Schematic of topologies of multivalent interactions.23 Reprinted from a 
manuscript by Bundle et al.23 

 

Inspection of the equations (1) to (4) show that for all topologies, as the number 

of ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑) or number of receptors (𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟) increase, then the 

degeneracy of the system also increases. As the topology greatly influences the 

degeneracy of the system, topology should be carefully considered when 

investigating multivalent interactions. 
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1.2.2  Superselectivity  

By utilising the principles of multivalency, Martinez-Veracoechea et al. proposed 

the theory of superselectivity. Superselectivity is the exponential growth in 

binding as a function of the number of receptors on the target or the number of 

ligands of the targeting moiety. The key benefit in engineering therapeutics that 

can exhibit superselectivity is in the ability to target cells of higher receptor 

densities, whilst having a reduced binding to cells with lower receptor densities. 

To understand superselectivity, a thorough understanding of the model used to 

develop the theory must be obtained. The below equations are derived from the 

seminal paper of Frenkel and Martinez-Veracoechea.12 Fig 1.3 shows a diagram 

summarising the key points of the model, as well as giving pictorial 

representations of the below equations.  

 

The model that was adopted for the theory of superselectivity assumes a flat 

surface, representing the cell surface membrane, divided into lattice sections, 

each with a set number of receptors. Each lattice can host one ligand-decorated 

particle, able to bind reversibly on the lattice section via ligand-receptor binding. 

A particle is considered bound to the surface if a ligand-receptor bond is formed 

between the lattice and the particle. Sectioning out the surface enables modelling 

of the particles binding onto the cell whilst neglecting interactions between the 

particles. The model assumes that the system is under thermal equilibrium, 

allowing for the adsorption of the particles on the cell membrane to be described 

in the form of a Langmuir (Hill) adsorption-isotherm:  

 

 Ɵ =  
𝑧𝑞

1 + 𝑧𝑞
 (5) 
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where Ɵ measures the fraction of the bound particles to the whole surface, and 

z is the dimensionless particle activity which practically in the case of a dilute 

solution of particles, is approximated to the number density of particles in 

solution.12,21 q is the single-site partition function that describes the interaction 

between a single particle and a lattice site of the surface calculated by:  

 

 

𝑞 = ∑ 𝑄(𝜆)

𝑛𝑚𝑎𝑥

𝜆=1

 

(6) 

 

where 𝑛𝑚𝑎𝑥 = min (𝑁𝐿𝑖𝑔𝑎𝑛𝑑, 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟) is the maximum valency of the system. The 

valency of the system is the number of ligand-receptor bonds the system can be 

made up of (i.e., a valency of 2 means that 2 ligand-receptor bonds are made 

between a particle and the lattice site). 𝑛𝑚𝑎𝑥 is equal to either 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 or 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟, 

whichever of the variable is the lowest. q is dependent on the Q(), the probability 

of the particle being bound with  bonds, where Q() is calculated by:  

 

 𝑄(𝜆) = 𝛺𝜆(𝑁𝐿𝑖𝑔𝑎𝑛𝑑, 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟)𝑒−𝛽𝜆𝑓𝐵 (7) 

 

where fB is the free energy gain of binding between ligand and receptor,  is the 

number of bonds,  is 
1

𝑘𝐵𝑇
 (where 𝑘𝐵 is the Boltzmann constant and T is 

temperature)  and 𝛺𝜆 is the degeneracy of a system containing  bonds. By 

combining equations (5), (6) and (7), leads to: 

 

 
Ɵ =  

𝑧 ∑ 𝛺𝜆(𝑁𝐿𝑖𝑔𝑎𝑛𝑑 , 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟)𝑒−𝛽𝑓𝐵𝜆𝑛𝑚𝑎𝑥
𝜆=1

1 + 𝑧 ∑ 𝛺𝜆(𝑁𝐿𝑖𝑔𝑎𝑛𝑛𝑑, 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟)𝑒−𝛽𝑓𝐵𝜆𝑛𝑚𝑎𝑥

𝜆=1

 
(8) 
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Fig 1.3 A diagram summarising the analytical model for the discovery of the 

superselectivity theory.  Within the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 and 𝑁𝑅 = 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 
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Martinez-Veracoechea et al. used the model to show that when using particles 

that could bind onto a structure with multivalent interactions, superselectivity 

could be obtained. Plotting equation (8) as a function of 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 shows that a 

sharp transition from Ɵ = 0 and Ɵ = 1 couild be seen within a smaller 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 

range as the valency of particle increased (fig 1.4). The sharp transition is akin to 

superselective targeting. Martinez-Veracocoechea et al. also showed that both a 

radial topology (where any ligand could bind onto any receptor on a binding site) 

and one in which each ligand could only bind onto one receptor, akin to a linear 

topology, gave rise to super selective behaviour, suggesting that superselectivity 

could be obtained regardless of topology.12 

 

Superselectivity was only observed for multivalent particles, thus they concluded 

that the major contributor in achieving a super selective regime lies in the avidity 

entropy of the system. A superselectivity parameter, 𝑎, was introduced to quantify 

how superselective the particle towards a receptor decorated surface, calculated 

by  

 

 
𝑎 =

𝑑𝑙𝑛Ɵ

𝑑𝑙𝑛𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟
 

(9) 

 

The higher 𝑎, the steeper the curve and thus the more superselective the particle 

can be. A superselective regime was achieved when 𝑎 > 1 at a point of 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟.  
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Fig 1.4 Adsorption profile of multi-valent particles with respect to 𝑵𝑹, where 𝑵𝑹 =
𝑵𝑹𝒆𝒄𝒆𝒑𝒕𝒐𝒓. Adsorption profiles were computed using monovalent (black) and 

multivalent (red, blue, green) particles. Profiles were plotted with z=0.001, and 
the binding affinity (𝑓𝐵) was decreased as the valency increased, such that the 

overall avidity at Ɵ = 0.5 is kept constant for the four valences computed. A steep 
sigmoidal response was seen when using multivalent constructs. Reprinted from 
a manuscript by Curk et. al.27  

 

One key factor in achieving superselectivity was shown entropically, where 

multivalency was essential - 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 both influenced the 

degeneracy factor, 𝛺𝜆, regardless of topology and thus Ɵ. Nevertheless, equation 

(8) shows that Ɵ also depends on two other factors: z and 𝑓𝐵, the number density 

of ligand-decorated particles and the binding free energy between a ligand and 

its target receptor respectively.  

 

The influence of both factors (and again the valency of particles) to Ɵ, but also to 

the total binding free energy between a multivalent particle and a receptor-

decorated surface, with respect to 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 was computationally graphed by 

Albertazzi et al and shown in fig 1.5.25 z, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 and 𝑓𝐵 all decrease going from 
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red to yellow to purple in figures 1.5a, 1.5b and 1.5c respectively. Increasing the 

concentration of multivalent particles (and therefore z) on binding allows for the 

targeting of surfaces with lower 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟, evidenced by the red curve on fig 1.5a. 

Increasing the number of ligands increases the selectivity of the system, 

evidenced by the sharper red curve on fig 1.5b, which also correlates to the same 

result in fig 1.4.  

 

The effect of ligand-receptor bond strength, as seen in fig 1.5c, however, is more 

subtle. Indeed, as we increase the bond strength, the ability to target surfaces of 

lower 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 is again observed. Nevertheless, if ligands bind too strongly to 

their target receptor, the enthalpy of the system is the dominant factor to the 

multivalent binding, and a larger range of receptor densities will be targeted. In 

practice, using high-affinity ligands therefore reduces selectivity as all receptor 

densities can be targeted: indiscriminate targeting between epithelial cell 

adhesion molecules (EpCAM) with a high receptor density (EpCAMHIGH) and low 

receptor density (EpCAMLOW) was observed when using high-affinity 

constructs.28 For designing nanoparticles for selective targeting, having multiple 

ligands with a lower affinity to its target is therefore more favourable to achieve 

more selectivity, further proven experimentally when DNA-coated nanoparticles 

yielded higher selectivity to their target the lower the affinity the DNA ligand was 

to the target receptor.29 
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One limitation in achieving a superselective behaviour, however, lies in the 

binding free energy required. Martinez-Veracoechea et al. show computationally 

that superselectivity could be achieved when using a ligand-receptor binding free 

energy of βfB = -1, 0, 2, 4 and 7;12 however, of all of these values, the only physical 

value that can be obtained experimentally is βfB = -1, as the other values indicate 

a positive ligand-receptor binding free energy (or 0) and binding can only occur 

when the free energy is negative. Furthermore, obtaining a ligand-receptor bond 

of  βfB = -1 is realistically difficult to achieve. Ligands usually bind onto receptors 

using supramolecular interactions,30 with the lowest energy magnitude at 8 kBT 

(equivalent to βfB = -8)  for a hydrogen bond31 and the highest energy magnitude 

at 30 kBT (equivalent to βfB = -30) for the avidin/biotin complex:32 : as observed 

in these values, even the lowest energy magnitude of supramolecular interaction 

is stronger than the binding energy required for superselectivity. Furthermore, the 

problem with weak multivalent nanoparticles is exacerbated as weak single-bond 

binding to untargeted receptors can still collectively give a high binding energy, 

driving non-specific adsorption of nanoparticles on cells not exhibiting the target 

receptors.33. To bring the binding free energy down to the superselective regime 

of ~1kBT, a way to lower the binding free energy of the system has to be 

engineered, such as inducing steric hindrance between the nanoparticle and the 

cell.18    

 

1.2.3  Range selective targeting 

Nature already has its own steric hindrance mechanisms as demonstrated by the 

glycocalyx, a brush-like structure present on the cell membrane composed of 

proteoglycans and glycoproteins. The glycocalyx layer has been found to be 

overexpressed for example in endothelial cells34,35 and specifically in brain 
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endothelial cells.36 The glycocalyx can limit the binding of larger, high molecular 

weight molecules to cell surface receptors whilst allowing for the permeability of 

smaller molecules.37 Indeed, cell surface receptors can sit inside the glycocalyx;38 

therefore, when ligand-decorated nanoparticle and a cell receptor is forms a 

ligand-receptor bond, a steric potential arises and opposes the ligand-receptor 

binding. When designing nanoparticles for phenotypic targeting, we therefore 

should consider the glycocalyx of the target cell and any steric repulsion arising 

due to the glycocalyx when binding onto the target cell.  

 

Nevertheless, recent research has utilised steric hindrance to influence targeting 

selectivity by adjusting binding affinity. Tian et al. showed that selectivity could be 

tuned by the introduction of inert polymers [poly(ethylene glycol), PEG] on a 

nanoparticle to make a polymer brush surrounding a hydrophobic core. The inert 

polymers induced a steric repulsion during ligand-receptor binding. The additional 

steric repulsion therefore allows for binding affinity to be tuned, enabling the low 

affinity necessary for superselectivity.18  

 

Liu et al. further expanded on the use of a polymer brush, and the presence of a 

glycocalyx on cells, to build the theory of range selectivity. Range selectivity 

describes the targeting of a specific density of receptors, where both below and 

above certain thresholds of receptor (or ligand) density, no binding occurred.21 

For range selective targeting, a similar model that founded superselectivity was 

used. The following equations were all obtained from the paper discussing range 

selectivity.21 q was calculated by:17 

 

𝑞 =  𝑣 exp(−𝛽𝐹𝑡𝑜𝑡) (10) 
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where q is again the single site partition function. 𝑣 is the binding volume of the 

adsorption site (where 𝑣 = 𝜋𝑅2𝐿, with 𝑅 being the radius of the nanoparticle and 

𝐿 the distances to which the particle can form bonds). q was calculated in a 

different respect in equation (10) to equation (6), as equation (6) calculates q 

based on the binding energy between a ligand and receptor, and equation (10) 

was derived incorporating the total free energy between a nanoparticle and its’ 

target surface.  𝐹𝑡𝑜𝑡 accounts for the total free energy of adsorption of the particle 

to the target site, calculated by: 

 

𝐹𝑡𝑜𝑡 = 𝐹𝑎𝑡𝑡 + 𝐹𝑟𝑒𝑝 (11) 

 

𝐹𝑎𝑡𝑡 incorporated the attractive force for binding: it is within this term that the 

degeneracy function and the influence of the number of ligands and receptors are 

found and found logarithmic with respect to the number of ligands or receptors.  

𝐹𝑟𝑒𝑝 incorporates the repulsive force for binding, and the main force that attributes 

towards range selectivity: the repulsive force can be split into two functions, one 

in which a steric hindrance can be exhibited due to the glycocalyx of a cell 

surrounding the receptor (𝐹𝑟𝑒𝑝
𝑔𝑙𝑦

) and the other in which a steric hindrance can be 

exhibited as the receptor has to go through a polymer brush on a nanoparticle to 

bind onto a ligand (𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ) - (𝐹𝑟𝑒𝑝

𝑏𝑟𝑢𝑠ℎ) would be 0 if the ligand was on a surface of 

a nanoparticle, whereas it would increase the further the ligand is embedded into 

a nanoparticle polymer brush. The degree of how inserted a ligand is within a 

polymer brush, or a receptor is within the glycocalyx, was determined by 𝛿𝐿 or 𝛿𝑅 

respectively.18,21 Pictorial representations of each force are depicted in fig 1.6 and 

fig 1.7.  
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Fig 1.6 Schematic representation of binding, emphasising the attractive and one 
repulsive force to binding. A nanoparticle coated with ligands (yellow) binds 
onto a target surface decorated with receptors (green). The nanoparticle is 
decorated with a polymer brush (red tendrils). 𝐹𝑎𝑡𝑡 arises from multiple ligand-

receptor bonds being formed (orange highlight), and 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ arises from the 

repulsion exhibited when a receptor binds to a ligand embedded within the 
polymer brush (grey highlight). Adapted from a manuscript by Liu et al. 21 

 

 

 
Fig 1.7 Schematic representation of binding, emphasising one repulsive force to 

binding. A ligand-decorated nanoparticle binds onto receptors deep with the 

glycocalyx. 𝐹𝑟𝑒𝑝
𝑔𝑙𝑦

 arises from the steric potential obtained when the nanoparticle 

binds to a receptor amidst the glycocalyx. Adapted from a manuscript by Tian et 
al.18 

 

Range selectivity was observed due to the balance between  𝐹𝑎𝑡𝑡 and 𝐹𝑟𝑒𝑝 when 

using nanoparticles with ligand embedded within a polymer brush. 𝐹𝑎𝑡𝑡 was 

logarithmic with respect to the number of ligands or receptors, and 𝐹𝑟𝑒𝑝 on the 
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other hand, was linear with respect to the number of ligands or receptors. When 

accounting for both forces in a ligand-decorated particle binding on to a receptor-

decorated cell, 𝐹𝑎𝑡𝑡 dominates the binding as 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 increases, leading to 

increased avidity and sharp increase to the number of particles binding onto the 

surface, but further increasing receptor density allowed the 𝐹𝑟𝑒𝑝 to dominate the 

binding  shutting off interaction as the steric repulsion was too large to overcome, 

therefore range selectivity was observed where only a finite region of 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 

was targeted.21 Fig 1.8 shows a graph summarizing range selectivity, and 

pictorial representations of what occurs in three regions of receptor density. 
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Fig. 1.8 A diagram showing a summary of range selectivity. The arbitrary graph 

shows the dependence of 𝜃 on 𝑁𝑅, where 𝑁𝑅 = 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 and the attractive and 

repulsive forces to binding, 𝐹𝑎𝑡𝑡 and 𝐹𝑟𝑒𝑝 respectively. 𝐹𝑎𝑡𝑡 is logarithmic w.r.t 

𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 and 𝐹𝑟𝑒𝑝 is linear w.r.t 𝑁𝑅. Zones (a), (b) and (c) indicate binding 

phenomena of range selectivity, where (a) shows low avidity to binding and 
hence no particles on the surface, (b) shows complete adsorption of the target 
surface due to the dominant 𝐹𝑎𝑡𝑡 and (c) shows loss of binding to the target 

surface attributed to the dominant 𝐹𝑟𝑒𝑝. 

 

 



  | 34 | 
 

1.2.4  Additional factors that influence targeting  

Both multivalency, ligand affinity and steric repulsion were important in achieving 

super selective targeting or range selective targeting, where superselectivity was 

only achieved when using multivalent particles and high selectivity was obtained 

only when using multiple low-affinity ligands, and range selectivity emerged when 

introducing sterics into the system. Nevertheless, there are other variables that 

have been found to affect targeting, such as flexibility, non-specific interactions, 

and particle size. 

 

1.2.4.1 Flexibility 

Ligand flexibility has a large impact on how a ligand-decorated particle can bind 

onto a target cell. When ligands on a particle are longer and more flexible, the 

number of binding sites that a ligand can bind onto increases. The binding avidity 

between particle and target increases with ligand flexibility as more ligand-

receptor bonds can be formed. A study utilised ligand flexibility and showed that 

nanoparticles with flexible Angiotensin-II ligands yielded a larger accumulation of 

nanoparticles on Angiotensin-II receptor positive cells when compared to 

nanoparticles with rigid ligands.39  

 

An alternative to having ligand flexibility is to use polymers as ligands instead. 

Polymeric ligands are free to deform and explore different conformations. An 

investigation in the binding of self-assembled monolayers labelled with ferrocene 

(a ligand) and hyaluronic acid decorated with β-cyclodextrin (a receptor) was 

shown to achieve superselective targeting as a consequence of multivalency.17 

Further investigation on the model showed that indeed superselectivity with 

multivalent polymers also followed similar rules to ligand-decorated particles, as 
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superselectivity range shifted by either changing the linker between the polymer 

and ligand, the valency of the system and ligand affinity.40 The strategy of using 

multivalent polymers has been further successful in the targeting of T-cells.41  

 

The flexibility of both a ligand tether and the ligand itself were explored above, 

showing how increased flexibility can increase avidity and achieve super 

selective targeting. Nevertheless, a recent study has shown that, in a low-valency 

regime (i.e., a low number of ligands), super-selective binding can be mimicked 

when using rigid, planar DNA-based nanomaterials due to a more significant 

reduction in entropic penalty when compared to the entropic loss when using 

flexible ligands. The study further states that in the low valency regime, flexibility 

actually accounted for less selectivity.42 Ligand rigidity should therefore also be 

considered when designing constructs for superselective behaviour. 

 

1.2.4.2 Non-specific interactions 

Non-specific interactions include any additional interactions that do not arise from 

the multivalent binding between a nanoparticle and its target. We have already 

discussed the use of one such non-specific interaction, such as the use of a 

polymer brush and introducing sterics into a system to obtain range-selectivity.21 

The binding affinity of the ligand-receptor bond was modulated by a polymer 

brush, and thus could allow for range-selectivity to occur.  

 

In contrast to using non-specific interactions to adjust binding affinity, particles 

could be designed to induce additional non-specific interactions onto the surface 

only once bound to enhance selectivity. The theory of “hyper-selective” binding 

was shows that selectivity could be tuned when a force is applied when a particle 
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is bound onto a surface, where the force allows for an infinitely sharp hyper 

transition in binding with respect to receptor density.43 No recent experimental 

work has been done to validate the theory, yet the theory promises a 

revolutionary design technique for influencing selectivity. 

 

Alternatively, binding affinity could instead be tuned by including competing 

species. Computationally, the addition of cofactors or competitors (alternative 

species that compete with a ligand-decorated particle in binding to target 

receptors) was shown to rescale the affinity constant of ligand-receptor bonds 

and can in fact tune the threshold receptor density, allowing for the targeting of 

lower receptor densities.44  

 

1.2.4.3 Particle size 

In the case of targeting cells, we have previously mentioned how cells house the 

glycocalyx, a construct on the surface of cells that exhibits a steric potential that 

needs to be overcome if a particle is to bind onto the target cell. The steric 

potential that arises from the nanoparticle binding to a receptor within the 

glycocalyx was seen to depend on the radius of a particle, R, where smaller 

nanoparticles experienced a lower steric repulsion from the glycocalyx.18 Tian et 

al. demonstrated how nanoparticles could experience steric repulsion from the 

glycocalyx also based on how large the receptor is within the glycocalyx with a 

pictogram demonstrating the steric repulsion in fig 1.9: if a receptor is similar in 

size with respect to the glycocalyx length from the base to tip, then minimal 

repulsion would be exhibited for a nanoparticle with ligands on the surface, and 

similarly, if the receptor is much smaller, then a much larger steric repulsion could 

be experienced.  
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Fig. 1.9 Repulsive steric potentials. Schematics of a nanoparticle decorated with (A) 

Angiopep-2 ligands targeting the LRP-1 receptor, (B) PMPC ligands targeting the 

SRB1 receptor and (C) both ligands targeting both receptors. Interaction of the 

(D) Angiopep-2 ligand on the surface of the nanoparticle interacting with the tip 

of the LRP-1 receptor and (E) PMPC ligand interacting with the SRB1 are shown. 

Reprinted from a manuscript from Tian et al.18 

1.2.4.4 Particle shape 

In addition to particle size affecting targeting, the shape of the nanoparticle could 

also influence the targeting to a cell.45 Recent studies have shown that rod-

shaped particles, for example, have been thought to benefit on targeting cells due 

to the improved contact area with the target cell when compared to a spherical 

nanoparticle.46 Da Silva-Candal et al. investigated if targeting to cells could be 

modulated by the shape of the nanoparticle, and that indeed rod-shaped 

nanoparticles coated with anti-VCAM-1 were able to target and accumulate more 

on hCMEC/d3 endothelial cells, both in static cell culture studies and in binding 

assays under flow in microfluidic devices.47 Nevertheless, in the study, the 

spherical nanoparticles (200 nm in diameter) were compared to rod-shaped 

nanoparticles (of 400 nm in length) varying in size, making it difficult to conclude 

whether the increased binding was due to the shape or the size of the 

nanoparticle itself.   
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1.2.4.5 Particle charge 

The charge of the nanoparticles could also heavily influence the targeting 

capability of nanoparticles to cells. Firstly, before the nanoparticles can bind onto 

cells, nanoparticles can be bound onto by serum proteins and then expelled from 

the body (opsonisation): this is more evident for nanoparticles with a more 

positive surface charge. Opsonisation can be reduced by using nanoparticles 

with a more neutral or negative surface charge.48 Katoaka et al. demonstrated 

that micelles with neutral (1.3 mV) and anionic (-10.6 mV) surface charges had 

lower accumulation in the liver and hence were not taken up by serum proteins 

to be expelled.49 With these facts, careful consideration should then be made to 

ensure that the surface charge of the nanoparticles is monitored and accounted 

for when designing nanoparticles for targeting specific cells 

 

1.2.5  Targeting receptor density profiles 

One limitation in the above theories for targeting is that in most cases (such as in 

the discovery of the superselective and range selective theories) only one ligand 

to one receptor type was considered. Cells have a variety of receptor types with 

each type having a different receptor density. Targeting cells should therefore 

account for targeting multiple receptors. 

 

The superselectivity theory was expanded upon by Tian et al., giving rise to 

“multiplexed targeting”, where a superselective targeting could be achieved to 

cells in which multiple receptor types on the cell were overexpressed.18 Super 

selective targeting was first achieved using nanoparticles decorated with 

Angiopep2 ligands or PMPC ligands, and then nanoparticles were decorated with 

both ligands and binding onto brain endothelial cells were done. Interestingly, 
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when mixing the two ligands on the nanoparticle, a synergistic effect was seen in 

which targeting was achieved using ligand numbers that alone would not have 

resulted in binding to the target cell. Computationally, they show that the 

selectivity could even be achieved when multiple ligand-receptor types are 

considered. Fig 1.10 shows the adsorption profiles of the nanoparticles tested 

alongside the synergistic binding effect observed.18 

 

 
Fig. 1.10 Superselectivity validation on brain endothelial cells. Graphs show the 

surface adsorption profiles (i.e., surface coverage against the number of ligands) 

of nanoparticles on three cell lines, brain endothelial cells and macrophages 

using either only Angiopep2 (A) or PMPC (B) ligand decorated nanoparticles. (C) 

Binding profile to brain endothelial cells of polymersomes decorated with both 

sets of ligands. Reprinted from a manuscript from Tian et al.18 
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Indeed, the effect of multiplexing sounds very similar to the theory of phenotypic 

targeting that we intend to investigate, as multiplexing indeed looks at the 

targeting of multiple receptor types. However, one limitation of multiplexed 

targeting is that it can allow for targeting targets cells with multiple overexpressed 

receptors - if surrounding cells have a higher density of multiple number of 

expressed receptors, we again lose selectivity to a target cell, akin to a limitation 

in super selectivity. Curk et. al proposed a different approach of targeting, where 

nanoparticles could be designed to target a specific distribution of receptors, 

suggesting that nanoparticles have a profile with precisely the optimal number of 

ligands, and that the greater the number of ligands per particle, the higher the 

potential selectivity for targeting;50 however, this approach of targeting was only 

obtained computationally, thus experimental work can be pursued to investigate 

if the computational findings can correlate to experimental data. We should 

therefore consider the variables and findings of both Battaglia and Curk when 

designing nanoparticles for phenotypic targeting.  

 

1.2.6  Factors for phenotypic targeting 

One main aim in this thesis is to explore whether specific cells could be targeted 

without targeting other cells. Overall, many variables were seen to have an 

influence in targeting. Specifically, the number of ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑) and receptors 

(𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟), the ligand-receptor bond energy (𝑓𝐵) and the activity of the 

nanoparticles (z) were all factors that influenced superselectivity, where a high 

valency and a low ligand-receptor binding energy were imperative in achieving 

superselectivity. Further variables such as a polymer brush on the nanoparticle, 

the insertion of the ligand within the polymer brush (𝛿𝐿) and the insertion of a 

receptor within the cell glycocalyx (𝛿𝑅) all effected the attractive and repulsive 
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forces towards binding, giving rise to the range selectivity theory. Therefore, 

nanoparticles should be engineered with the variables listed accounted for, and 

thus we would be able to investigate if selective targeting can be achieved using 

the right combination of the above variables. With the design parameters for 

ligand-decorated nanoparticles in mind, we next decide on our target cell.  

 

 

1.3 Targeting the brain 

1.3.1 Blood brain barrier  

One major problem in healthcare is in the treatment of brain cancers. Both global 

cases of brain and CNS cancers, and global deaths from the cancers, have been 

significantly increasing since 1990.51 Indeed, chemotherapy, radiotherapy and 

surgery are all techniques that can be utilised to cure brain cancers, yet their 

efficacy thus far is minimal.52 

 

For chemotherapy (treatment of cancers with chemicals), one major barrier for 

the successful treatment of brain cancers is the blood brain barrier (BBB).53 The 

BBB surrounds the brain vasculature, and is an interface between the blood and 

the central nervous system (CNS) that strictly regulates materials (such as toxins, 

diseases and pathogens)54 that travel to the central nervous system, in particular 

to the brain parenchyma (functional tissue of the brain, such as glial cells and 

neurons).54–56 As the BBB restricts materials entering the CNS, it therefore also 

acts as a physical barrier for any medicine that we want to administer into the 

brain.57 
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The BBB is formed from a tightly regulated neurovascular unit (NVU) composed 

of brain endothelial cell monolayer, pericytes and astrocytes.58,59 Structurally, in 

order to cross the BBB, targeting of brain endothelial cells must be done as these 

cells are the first line of defence to get into the brain. In the BBB, brain endothelial 

cells are polarised and connected by tight junctions, making it difficult for 

chemotherapeutics to traverse the BBB between the brain endothelial cells.56,60 

Cell polarization is when cells are all oriented in a specific direction: the apical 

(blood facing) and basolateral (parenchyma facing) membranes of the polarised 

brain endothelial cells differ in their lipid and glycoprotein composition, allowing 

for the brain endothelial cells to secrete and transport material in a unidirectional 

fashion.61 A schematic showing the blood vasculature of the brain and 

components of the blood brain barrier are shown in fig 1.11.  

 

 

Fig. 1.11 Brain vasculature. A dense vascular network of the human brain (pictured on 

the left) branches into the microvasculature, known as the neurovascular unit 

(pictured on the right). The BBB comprises of the NVU between the capillary 

lumen and the brain parenchyma (which includes the microglia and neurons). 

Reprinted from a manuscript by Terstappen et al.59 
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1.3.2  Crossing the BBB 

The BBB must be crossed to treat brain tumours or any other brain diseases. To 

this end, as brain endothelial cells both comprise most of the BBB structure and 

are the first lines of defence across the BBB, we decide to use brain endothelial 

cells as our target cell. Furthermore, by targeting the cell surface receptors of 

brain endothelial cells, we can induce receptor-mediated transcytosis to cross the 

BBB.  

 

Receptor-mediated transcytosis occurs by binding ligands to a receptor on the 

apical side of the polarised brain endothelial cell layer of the BBB. Receptor-

mediated transcytosis can occur using small molecules conjugated to a ligand or 

through ligand-decorated nanoparticles. First, receptors are bound by ligand-

decorated particles, and then are endocytosed into the cell. Then, the particle can 

either be transported out of the cell on either the apical side, or transcytosis 

occurs, and the particle is delivered to the brain parenchyma. Alternatively, the 

particle can also be routed to a lysosome and be degraded. The steps detailed 

above are depicted in fig 1.12. The rate of transcytosis across the BBB is 

proportional to the endocytosis of the ligand-decorated particles.62 
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Fig. 1.12 Receptor mediated transcytosis across brain endothelial cells. Receptor 

mediated transcytosis of particles occurs via the following steps: (1) binding onto 

cell surface receptors (2) endocytosis of the particle into the cell and then, the 

particle could either (3) be recycled and transported out to the apical side of the 

brain endothelial cells, (4) transported across to the basolateral side of the 

endothelial cell or (5) routing to a lysosome for degradation. Reprinted from a 

manuscript by Pulgar.63 

 

Multiple receptors on brain endothelial cells have been utilised for receptor-

mediated transcytosis to deliver therapeutics across the BBB. Some examples of 

these receptors are the low-density lipoprotein receptor-related protein-1 (LRP1) 

and the glucose transporter protein type 1 (Glut1). 

 

1.3.2.1 LRP-1 mediated transcytosis  

LRP-1 is a receptor expressed on the surface of the BBB.64 Recent studies have 

shown that Angiopep-2 (AP2), a 19 amino-acid peptide, is able the bind onto the 

LRP-1 receptor and can be transported across the BBB.65 Castaigne et al. utilised 

this ligand and showed that when conjugating paclitaxel to Angiopep2 (to create 
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a conjugate labelled ANG1005), transport of the paclitaxel drug across the BBB 

into the brain increased both in vitro and in vivo.66  

 

Recent studies further utilised the peptide and showed that nanoparticles could 

be conjugated with AP2 to cross the BBB for drug delivery. A recent review was 

conducted detailing a list of different nanoparticle systems that have been used 

for drug delivery to the brain with angiopep2 ligands,67 such as using AP2-

decorated poly(ethylene glycol) {PEG} - poly (𝜀-caprolactone) {PCL} on SU-DHL-

2-LUC lymphoma xenograft mice models,68 C6 glioma-bearing rats69 and 3D 

glioma tumour spheroids intracranial glioma mouse models.70 Other examples 

include the use of pH-sensitive polymeric nanoparticles (based 

on poly[oligo(ethylene glycol) methyl methacrylate] {POEGMA} - poly(2-

(diisopropylamino)ethyl methacrylate) {PDPA}) decorated with Angiopep2 were 

able to cross the BBB in in vivo studies and deposit encapsulated IgG within 

astrocytes and neurons due to LRP-1-mediated transcytosis.71 Battaglia et al. did 

further studies and show that the LRP-1-mediated transcytosis occurs via a 

tubular mechanism mediated by syndapin-2 (a protein that senses and induces 

curvature on membranes),72 and that the avidity of the nanoparticle has to be 

tailored for transcytosis, as if the avidity is either too low or too high, transport 

across the BBB is reduced.73 Furthermore, LRP-1 receptor expression can also 

be reduced when using particles with the highest avidity as the avidity was 

suggested to push the ligand-decorated nanoparticles towards degradation. The 

tubulation mechanism of transport across the BBB, and the degradation pathway 

that can be exhibited with high avidity nanoparticles, is shown in fig 1.13. Battaglia 

et al.’s findings indicate that having the highest avidity therefore does not 

necessarily translate to the best transcytosis across the BBB, mirrored in other 
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works looking at other receptor-mediated transcytosis, such as using the 

transferrin receptor74,75 or Glut176. 

 

 

Fig. 1.13 Diagram outlining syndapin-2-mediated LRP-1-mediated transcytosis. 

Transcytosis of nanoparticles occurs via a tubulation mechanism, where 

syndapin-2 stabilises the tubular structures. Reprinted from a manuscript by Tian 

et al.73 
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1.3.2.2 Glut1 mediated transcytosis 

Glut1 is a glucose transport receptor present on brain endothelial cells.77 In the 

BBB, there are two families of receptors responsible for glucose transport: the 

glucose transporter, GLUT, family (Glut1-14)78,79 and the sodium-glucose co 

transporter, SGLT, family (SGLT1-12).80 The receptors are found throughout the 

BBB, with Glut1 being the highest expressed receptor at the BBB.77 A figure 

detailing the glucose transport receptors in the BBB are shown in fig 1.14.  

 

 

Fig. 1.14 Transport of glucose molecules across the BBB. Under normal physiological 

conditions, glucose (black dots) traverse across the BBB through the GLUT and 

SGLT receptor families (indicated by the coloured ovals) from areas of high 

concentrations (4-6 mM) to low concentrations (1-2 mM) of glucose. Glut1 (red) 

is the most predominant glucose transport receptor present in red blood cells and 

in endothelial cells and astrocytes of the BBB. Reprinted from a manuscript by 

Patching.81 

 

Recent studies have shown that Glut1 can also be targeted by ligand-decorated 

nanoparticles to elicit receptor-mediated transport. Qin et al. designed liposomes 

(lipid-based nanoparticles) conjugated to glucose molecules and showed that 

liposomes were able to cross the BBB in in vitro studies when conjugated with 
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33% of glucose on the surface, however when in vivo studies were conducted, 

there was a wide accumulation of the glucose-decorated nanoparticles in 

throughout the body at multiple time points from 15min to 24h.82 A similar study 

by Anraku et al. showed that the number glucose-decorated PEG - Poly(α,β-

aspartic acid) {PAsp} nanoparticles crossing the BBB in vivo was boosted when 

mice were subjected to glycaemic control (1 day starvation, then nanoparticle 

injection and a further 20 wt% glucose injection 30min after nanoparticle 

injection), with 25% ligand decorated of the nanoparticles having the highest 

crossing of the formulations tested (fig 1.15).76 Furthermore, reducing or 

increasing the ligand percentage (to 50% and 10% respectively) showed a 

reduction in the accumulation of nanoparticles in the brain, mirroring the 

conclusion from Battaglia et al. that a goldilocks effect can be observed where an 

optimum ligand percentage is required for optimum transcytosis.73 Both studies 

conjugated glucose onto the nanoparticles on the 6th position of glucose mirror 

other studies testing transcytosis across the BBB with glucose-conjugated 

nanoparticles83, indicating that the location where glucose is conjugated on a 

nanoparticle was important for crossing the BBB.  
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Fig. 1.15 Biodistribution of Glucose-decorated PEG-PAsp nanoparticles in mice 

under different feeding conditions. Mice were either injected with glucose-

decorated nanoparticles (free-feeding), or first starved for 1 day, then injected 

with glucose-decorated nanoparticles and then injected with 20 wt% glucose 

solution 30min after the nanoparticle injection (glycaemic-controlled). Adapted 

from a manuscript by Anraku et al.76 

 

1.3.3 In vitro BBB models 

In vitro BBB models have been used in the literature to test transcytosis of 

nanoparticles prior to doing in vivo experiments. One of the simplest in vitro BBB 

models to be used is the transwell model.84–86 A transwell model describes an 

insert placed within a well where cell lines can be co-cultured in direct contact 

with one another (on either side of the insert), or in indirect contact with one 

another (one cell line on top of the insert, and another within the well). Images of 

BBB transwell models are shown in fig 1.16. 
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Fig. 1.16 Common In Vitro BBB transwell models for transcytosis experiments. 

Transwell models can be built adopting a mono culture (brain endothelial cells 

within the insert), non-contact co-culture (brain endothelial cells within the insert, 

and astrocytes within the base of the well), contact co-culture (brain endothelial 

cells within the insert and astrocytes grown on the opposite side of the insert) or 

triple culture (brain endothelial cells and pericytes either side of the insert with 

astrocytes grown on the base of the well). Reprinted from a manuscript by Helms 

et al.87 

 

The simplest transwell model uses only one cell line (brain endothelial cells) 

within the insert whilst having media present in both the well and insert, called 

mono culture transwell models. Mono culture transwell models have previously 

been made using animal brain endothelial cells (mouse,73,88 rat89 or porcine90) or 

human brain endothelial cells.91,92 For mono culture transwell models, an 

extracellular matrix (such as collagen) may be added to the transwell to allow for 

improved cell attachment onto the transwell.93 Indeed, using a mono culture 

transwell model would allow for preliminary investigation of transcytosis of ligand-
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decorated nanoparticles; however, the BBB is constructed with additional cell 

types (such as astrocytes and pericytes), thus co-culture transwell models would 

more closely mimic the BBB. 

 

Non-contact and contact co-culture transwell models have been used to study 

transcytosis. Both models, using pericytes grown either on the base of a well (for 

non-contact) or in opposite side of the transwell (for contact), were used to show 

the pericyte’s to protect the BBB, as under oxygen deprived conditions 

permeability across the in vitro BBB was reduced in the contact co-culture model, 

compared to the non-contact model, suggesting the pericytes role in protecting 

the BBB during hypoxia.94 A contact co-culture transwell model (where mouse 

endothelial cells (bEnd3) were cultured on the top of the insert and mouse 

astrocytes (C8-D1A) were cultured on the bottom) was used by Battaglia et al. to 

show that AP2-decorated POEGMA - PDPA crossed the transwell system quickly 

with no endocytic sorting or degradation within the endothelial cells.71 

Nevertheless, even though the non-contact and contact co-culture in vitro models 

have significant benefits over the monoculture model, difficult lies in keeping both 

cell lines alive during the preparation of the model, as different cell lines may 

require different medias and conditions; this difficulty is exacerbated during a 

triple culture model. Additionally, although the in vitro models give us a way to 

mimic the BBB, experiments should then be done in vivo, as these in vivo models 

provide a more realistic scenario for crossing the BBB.  

  



  | 52 | 
 

1.4 Nanoparticles for active targeting  

1.4.1 Nanoparticles: lipid or polymer based? 

Having achieved both an understanding of several design principles for targeting 

and obtained a suitable target for the study, a suitable construct can now be 

chosen to investigate phenotypic targeting and the possibility of targeting specific 

cells. As previously dictated, that in this thesis, we would use nanoparticles for 

the study. One major advantage of using nanoparticles for targeting specific cells 

is in the chemical flexibility of synthesis, as nanoparticles can be designed with 

multiple ligands to elicit a multivalent interaction with its target (i.e., nanoparticles 

were designed with multiple RGD peptide ligands to bind to endothelial cells95). 

An additional advantage is that nanoparticles can also be used as drug delivery 

devices: once targeting is achieved, a future aim would be to use the targeting 

nanoparticles to deposit therapeutic drugs into the target cells. Therefore, both 

targeting and drug delivery properties of nanoparticles should be examined.  

 

The most used and clinically approved building blocks for nanoparticles for drug 

delivery are lipids to make lipid-based nanoparticles.96 Lipid-based nanoparticles 

are easy to self-assemble with many self-assembly methods97, biocompatible98 

and surface modification can be achieved to introduce ligands.99 One subset of 

lipid-based nanoparticles are liposomes, nanoparticles produced from the self-

assembly of phospholipids.100 Liposomes are formed due to the amphiphilic 

nature of phospholipids (i.e., molecules consisting of a hydrophobic tail and a 

hydrophilic regime) with the hydrophobic effect (the attraction of the hydrophobic 

moieties in phospholipids) as the main driving force for their self-assembly in 

water. Ligand-decorated liposomes have previously been used to target specific 

receptors on cells, such as using octreotide as a ligand on PEG - distearoyl 
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phosphatidylethanolamine {DSPE} liposomes to target somatostatin receptors on 

various cancer cells,101 or using mannose receptor-targeted liposomes to target 

dendritic cells.102 Furthermore, liposomes are already being used clinically as 

drug delivery devices for the treatment of various cancers [i.e. ovarian cancer 

(Doxil®103,104)], fungal diseases (i.e. Amphotec®) and for use as viral vaccines 

(i.e. Epaxal®),104 indicating their success to deliver drugs to their target cells. 

 

However, some difficulties arise when using lipid-based nanoparticles as drug 

carriers, such as their low colloidal stability105 leading to leakiness106 and 

therefore allows drugs to escape the confines of the delivery system before 

reaching the target. Low chemical versatility107 also makes liposomes susceptible 

to binding of opsonin proteins on its surface (opsonisation) allowing macrophages 

to detect them and thus leading to their consequential early removal from the 

body. Opsonisation can be alleviated by attaching hydrophilic polymers (such as 

using PEGylated liposomes108) to their surface, yet the full surface of a liposome 

cannot usually be covered, making opsonisation still inevitable.  

 

Polymer-based nanoparticles (produced from the self-assembly of amphiphilic 

block copolymers) and lipid-based nanoparticles may share similar properties, 

such as being able to encapsulate hydrophilic (i.e., doxorubicin HCl, a hydrophilic 

drug, encapsulated in both liposomes109 and poly([N-(2-hydroxypropyl)] 

methacrylamide)35-b-poly[2-(diisopropylamino)ethyl methacrylate]75 [PHPMA35-

b-PDPA75] pH-responsive polymersomes110) and hydrophobic cargo (i.e., 

dehydrosilymarin encapsulated within liposomes111 and small hydrophobic 

agents such as curcumin encapsulated within poly(2-methyl-2-oxazoline)-b-

poly(dimethysiloxane)-b-poly(2-methyl-2-oxazoline) (PMOXA-PDMS-PMOXA) 
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polymeric nanoparticles112). Both nanoparticle types can have their membrane 

functionalised with ligands;99,113 nevertheless, polymer-based nanoparticles  

have several advantages over using lipid-based nanoparticles. Polymer-based 

nanoparticles can be tailored to specific needs due to polymer-based 

nanoparticles being more chemically versatile, such as the ability to be pH 

sensitive, i.e., using poly(2-(diisopropylamino)ethyl methacrylate {PDPA}114,115 or 

by incorporating a benzoic imide bond into a polymer.116 Additionally, the 

chemical versatility of the polymer-based nanoparticles allows for easier surface 

modification than liposomes.117,118 Polymer-based nanoparticles are also more 

mechanically and chemically stable (polymersomes were found to be more stable 

than liposomes when stored at 25oC over 8 weeks)119 and will have a full surface 

coverage of hydrophilic polymers acting as a polymer brush to greatly reduce 

opsonisation. Polymer-based nanoparticles can adopt different morphologies, 

such as micelles, worm-like micelles and polymersomes.120 The benefits of the 

polymer-based nanoparticles compared to liposomes described above are 

illustrated in fig. 1.17, from the review article by Messager et al.121 The largest 

benefit for using polymer-based nanoparticles lies in their chemical versatility, as 

the nanoparticles can be designed specifically to tailored needs, thus we decided 

to use polymer-based nanoparticles to investigate if specific cell targeting could 

be achieved.  
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Fig. 1.17  Liposomes and Polymersome comparison. The properties of liposomes (left) 
and polymersomes (right). Reprinted from a manuscript by Messager et al.121 

 

 

1.4.2 Polyester-based nanoparticle building blocks 

The choice of polymers used when engineering polymeric nanoparticles depends 

on the functionality required. As an example, polymers such as poly(2-

(diisopropylamino)ethyl methacrylate) {PDPA} can be used due to its pH 

sensitivity122, a favourable attribute when targeting cancer cells due to their more 

acidic surrounding.123 Two major aspects to consider when choosing polymers 

for drug delivery applications are biocompatibility and biodegradability. 

 

One of the most widely used biocompatible hydrophilic polymers in medicine is 

PEG: it has been clinically approved in various forms e.g. PEGylated drugs124 

and as coating of liposomes103. PEG has also been found to extend the lifespan 

of nanoparticles in the body125,126, due to its ability to form a highly water-bound 

barrier127 making them less susceptible to  opsonisation128. A decreased 

susceptibility to opsonisation is important for a drug delivery system, as it grants 
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the vehicle stealth capabilities from their destruction by the immune system. 

Other examples of polymers which decrease opsonisation are PMPC, or poly[N-

(2-hydroxypropyl)metha-crylamide] {PHPMA}.126,129 

 

For the hydrophobic block of an amphiphilic copolymer, polyesters are most used 

due to their biodegradability and biocompatibility. Poly[-caprolactone] {PCL} and 

poly[D,L-lactide] {PDLLA} are common polyesters used for biomedical 

applications e.g. scaffolds for tissue engineering and delivery systems.130 PCL 

and PDLLA arise from the polymerisation of -caprolactone and D,L-lactide 

respectively, both monomers that are biodegradable. Poly[glycolic acid] {PGA}, 

arising from the polymerisation of the biodegradable glycolic acid monomer, is 

another polyester currently used in absorbable sutures and orthopaedic pins131. 

An emergent polyester with promising properties for biomedical applications is 

poly[-decalactone] {PDL} due to the renewability of its monomer132. The 

conjugation of any of the above hydrophobic polyesters (PCL, PDLLA, PGA or 

PDL) to the previously described biocompatible hydrophilic polymers (PEG, 

PMPC or PHPMA) will therefore give us an amphiphilic block copolymer that we 

can use as the model for phenotypic targeting. 

 

One common amphiphilic copolymer used as a building block to produce PEG-

polyester nanoparticles is PEG-PCL. PEG-PCL nanoparticles have been studied 

extensively for their applicability as a drug delivery device, with structures of both 

polymer units (PEG and PCL), and of a di-block PEG-PCL copolymer shown in 

fig1.18.133 PEG-PCL copolymers have been synthesised by ring opening 

polymerisation (ROP) of the cyclic -caprolactone monomer using either a PEG 

polymer or a methylated PEG polymer to obtain either triblock PCL-PEG-PCL 
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copolymers134,135 or diblock PEG-b-PCL respectively. Polymerisation of cyclic 

ester monomers, such as -caprolactone or lactides (to produce PDLLA), occurs 

in the presence of metallic catalysts such as Sn(Oct)2
136–139

; however, metal 

catalysts could reduce product application for in vivo and future clinical studies 

as little is known about their long-term potential toxicity.140 Organocatalysts for 

the ROP of -caprolactone, such as benzoic acid141 and diphenyl phosphate 

(DPP),142 have benefits over metallic catalysts as they have reduced toxicity and 

are cheaper.  Due to the multiple synthetic methods that could be adopted to 

create PEG-PCL, including making different length block copolymers by adjusting 

the feed ratios of -caprolactone monomers to different length PEG initiators, 

PEG-PCL was chosen as the building block for our nanoparticles for targeting 

specific cells. 

 

 

Fig. 1.18  PEG, PCL, and PEG-b-PCL copolymer structures. Adapted from a manuscript 
by Grossen et al.133  

 

1.4.3 Block copolymer self-assembly 

The driving force for an amphiphilic block-copolymer self-assembly in water is the 

hydrophobic effect. Through this effect, the copolymer would assemble in a way 

in which the hydrophobic blocks aggregate to be shielded from water. The 
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morphology of the structure assembled depends on a variety of factors; however, 

the primary reason is as a result of the inherent molecular geometry143.  

 

Specific aggregate morphologies can be targeted depending on the amphiphile 

features. Specifically, the dimensionless packing factor parameter, p, accounts 

for certain morphologies that a specific amphiphilic molecule can adopt. This 

parameter depends on the volume of the hydrophobic chain (v), the optimal area 

of the hydrophilic end group (𝑎0) and the length of the hydrophobic tail (𝑙𝑐). If p < 

1

3
, spheres are usually obtained, whereas when 

1

3
< 𝑝 <

1

2
, cylinders are obtained 

and when 𝑝 >
1

2
, bilayers and vesicles can be formed. The morphologies 

described are depicted in fig. 1.19.144 p is calculated by:  

 

 𝑝 =  
𝑣

𝑎0𝑙𝑐
 (12) 

 

 

Fig. 1.19 Amphiphilic Self-Assembled Morphologies. Various self-assembled 
structures of di-block copolymers in a block-selective solvent (i.e., hydrophilic-
selective solvent). Structures are formed dependent on the curvature and 
packing parameter. Reprinted from a manuscript by Fernyhough et al.145  

 

For block copolymers, it is difficult to accurately calculate these parameters and 

instead it is more advantageous to look at the hydrophilic-hydrophobic molar 

mass ratio of the blocks (fhydrophilic). When the ratio is high (fhydrophilic > 0.5) 
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micellar/spherical structures can be formed, whereas when the ratio is smaller 

(0.20 < fhydrophilic < 0.40), polymersomes can be formed.146  

 

Targeting specific morphologies, however, is not as simple as just synthesising a 

polymer with the correct fhydrophilic. Eisenberg et al. have shown that for a single 

polymer, poly(styrene) {PS} - b -poly(acrylic acid) {PAA}, structures from spheres 

to bilayers could be formed by just adjusting the polymer concentration.147 The 

final morphology of the aggregate is also dependent on the temperature, 

concentration, and mixing rate during formation147,148 as these affect the kinetics 

and thermodynamics of the system. Different methods of forming polymer 

aggregates have been documented using techniques like solvent switch, 

nanoprecipitation, film rehydration, and flash nanoprecipitation, and Mingotaud et 

al. have described their ability to form different morphologies.149  

 

Specifically for PEG-PCL, various self-assembly methods have been utilised in 

the literature to create PEG-PCL nanoparticles.133 Nanoprecipitation has been 

routinely used to produce PEG-PCL nanoparticles:150–152 the method involves 

dissolving the polymer, or the polymer and any drug to encapsulate within a 

nanoparticle, in a water-soluble organic solvent (such as THF or DMF), then 

adding the polymer solution dropwise to a stirring solution of water, leading to the 

formation of small polymer droplets, then the organic solvent is removed to 

produce the polymeric nanoparticles. An alternative method for PEG-PCL self-

assembly is in film rehydration:134,153 the block copolymer is dissolved in a solvent 

with a low boiling point (such as chloroform or acetone), and the solvent is 

removed slowly to create a thin polymer film, which when hydrated drives the self-

assembly of the copolymers due to the hydrophobic effect.140 For PEG-PCL, 
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further adaptations of the film rehydration method have been employed, such as 

the use of heating the copolymer past the melting point of the polymer, to create 

monodisperse PEG-PCL micelles.135 A benefit for using PEG-PCL as the building 

block for nanoparticles is the multitude of methods to produce the nanoparticles; 

however, the limitation is that usually the sizes and shapes of the nanoparticles 

differ depending on how they were formulated (i.e., PEG-PCL nanoparticles with 

mean diameters of 82.9nm, 87.8nm and 109.0nm were made using 

nanoprecipitation using acetonitrile, acetone or THF as the solvent154) thus a self-

assembly method should be chosen and stuck with when producing 

nanoparticles to ensure nanoparticles are made of the same size and shape. 

 

1.4.4 Ligand conjugation 

Ligands can be conjugated onto nanoparticles either through means of post-

polymerisation modification155 (conjugation of ligands onto free block copolymers 

prior to self-assembly), or via direct conjugated on self-assembled structures.156 

For both methods, chemical ligand conjugation techniques well established in the 

literature can be employed157, such as amide coupling using NHS coupling 

techniques158, thioester coupling using free thiols to bind onto maleimide units159 

or copper click conjugation via a 1,3 Huisgen cycloaddition between an azide and 

alkyne.160 Schematics of the three labelled conjugation techniques is shown in fig 

1.20.  
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Fig. 1.20 Conjugation of targeting ligands to PEG-PCL-based nanoparticles. 

Schematic representation of 3 ligand conjugation strategies: amide coupling, 1,3-

dipolar azide-alkyne conjugation and thioester conjugation. Reprinted from a 

manuscript by Grossen et al.133 

 

EDC/NHS coupling is a very common amide coupling ligand conjugation 

technique used widely to link ligands to molecules.161–163 When discussing 

conjugation to polymer-based nanoparticles, copolymers with an acid group on 

the hydrophilic end can react with EDC/NHS where the acid first reacts with the 

EDC chemical, then the NHS molecule reacts with the EDC-conjugated polymer 

to form the NHS-copolymer. A ligand with a nucleophilic amine group can then 

react with the NHS-conjugated copolymer to release a ligand-conjugated 

copolymer. Yongbin et al. utilised this ligand conjugation approach to create LS-

10 conjugated PEG-PCL nanoparticles.164  

 

Maleimide coupling, using thiol-containing ligands to bind onto maleimide-

conjugated polymers, has also been used to link ligands to PEG-PCL 

nanoparticles.165,166 Xin et al. have used this technique to conjugate Angiopep2 
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to PEG-PCL polymers to produce glioma targeting nanoparticles.167 One 

limitation for using maleimide coupling is the requirement to use a thiol for 

coupling, sometime blocking the ligand from being able to target the cell (such as 

in peptidic ligands, where thiol-containing amino acids will no longer be available 

to bind onto target receptors).168 Furthermore, when using a peptide as a ligand, 

the reaction is not stereospecific, as any thiol-containing amino acid could be 

used to bind onto maleimide-conjugated polymers. 

 

Conjugation of ligands to polymers can also be done through “click” chemistry: 

click reactions give high yields, are stereospecific, produce products that are 

easily isolated through non-chromatographic methods and can be conducted 

under mild conditions (i.e. low temperature and can be conducted in water)169. 

One specific reaction in this category of reactions is the copper catalyst 1,3-

dipolar cycloaddition between an azide and alkyne. A schematic of the azide-

alkyne cycloaddition, hereby named click conjugation, is seen in fig. 1.21. 

 

The flexibility of an azide-alkyne conjugation allows it to be used in a whole range 

of reactions, such as in polymerisation170 and in peptide conjugation170,171. The 

copper click conjugation allows for facile removal of the catalyst through dialysis, 

a desirable property for a click reaction in biomedical applications. Ligands and 

polymers can either be made or bought with the desired groups for a click 

conjugation, giving us a starting point for making the ligand-conjugated 

copolymers.  
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Fig. 1.21 Copper click conjugation mechanistic cycle. Early proposed mechanism of 

the copper click conjugation based on DFT calculations involving a single copper 

atm. Reprinted from a manuscript by Liang et al.172  
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1.5 Aims and objectives 

As detailed in the introduction, our major aim in this thesis is to first explore 

whether we can selectively target cells. Throughout the literature review, we have 

discussed factors required for selective targeting, a target cell for our purposes 

(brain endothelial cells), and nanoparticles (PEG-PCL nanoparticles) that we 

could employ to investigate if we could selectively target cells. Furthermore, as 

we aim to target brain endothelial cells, we could extend our research and 

investigate why and how any of the nanoparticles made for targeting can cross 

an in vitro BBB model. In summary, the aims of this thesis are: 

1. Can we selectively target brain endothelial cells? 

2. Can we control the crossing of nanoparticles across the BBB? 

 

Our objectives through this thesis are therefore: 

1. To optimise multivalent targeting towards brain endothelial cells 

2. Investigate targeting towards brain endothelial cells against other cell lines 

3. Investigate factors that influence targeting (such as ligand insertion 

parameter and number of ligands) on the crossing of the BBB 
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Chapter 2 

Nanoparticle synthesis for targeting 

brain endothelial cells 

2.1  Introduction 

Our first objective is to synthesise and characterise nanoparticles we believe that 

can bind onto brain endothelial cells. The creation of said nanoparticles will allow 

us to perform in vitro binding studies and crossing studies - the two studies will 

enable the investigation of the two research questions of the thesis.  

 

Firstly, nanoparticles need to be biocompatible for in vitro studies, ensuring 

minimal toxicity as a drug delivery platform.173,174 The nanoparticles also require 

protein anti-fouling capabilities, reducing the chances of opsonisation and 

consequential removal of any such nanoparticles from the body.175 Indeed, 

nanoparticles will not need anti-fouling capabilities for in vitro studies, as 

opsonisation can only occur in the body; nevertheless, by synthesising 

nanoparticles with these capabilities, future investigation and studies can be done 

in vivo using the same nanoparticles. Secondly, the radius of the nanoparticle 

(R), number of ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑), insertion parameter of the ligand (𝛿𝐿) and type 

of ligand12,18,21 are all variables that need to be accounted for when engineering 

nanoparticles as the variables affect phenotypic targeting. In order to account for 

every variable, polymeric nanoparticles were used in this thesis, due to the 

chemical versatility that polymeric nanoparticles provide over using liposomes.107 

 

Polymeric nanoparticles can be made from the self-assembly of amphiphilic block 

copolymers,143 thus amphiphilic block copolymers needed to be synthesised. 
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Poly(ethylene glycol) (PEG) was used for the hydrophilic block due to its protein 

anti-fouling capabilities.176 For the hydrophobic block, poly(ε-caprolactone) (PCL) 

was used as it is a biodegradable polyester and an approved excipient in many 

clinically used formulations. PCL also has a low glass transition temperature (Tg) 

of -60 oC;177 thus, above this temperature PCL is soft, rubbery, and flexible in 

nature which aids in the self-assembly of the amphiphilic block copolymer.  By 

using a PEG-PCL block copolymer as our nanoparticle building block, we can 

achieve two of the required parameters (protein anti-fouling and biocompatible) 

noted above for the nanoparticles.  

 

Initially, the syntheses of various length PEG-PCL copolymers were conducted, 

as well as their subsequent self-assembly to ascertain whether the size, shape 

and morphology of our nanoparticles can be controlled by adjusting the length of 

the PCL block. The synthesis of ligand conjugated copolymers was then 

conducted, firstly by the synthesis of N3PEG-PCL copolymers, then by 

conjugation reactions of ligands to the copolymers and lastly the quantification of 

the conjugation reactions. The combination of both the ligand conjugated PEG-

PCL copolymers and PEG-PCL copolymers was then performed to formulate 

ligand-decorated micelles ready for in-vitro binding assays and crossing assays 

to assess performance in relation to the project aims.  
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2.2 Materials and methods 

2.2.1 Materials 

Table 2.1  Materials used in chapter 2  

MATERIAL ABBREVIATION SUPPLIER 

MeO-PEG(5kDa)-OH PEG113 Iris Biotech 

HO-PEG(5kDa)-N3 N3PEG113 Iris Biotech 

HO-PEG(3kDa)-N3 N3PEG68 Iris Biotech 

HO-PEG(20)-N3 N3PEG20 Iris Biotech 

HO-PEG(8)-N3 N3PEG8 Iris Biotech 

6-O-propargyl-D-glucose [95%] Gluc Synthose 

Propargylglycine-angiopep2 PPG-AP2 Genscript 

Propargyl-Cy7 [95%] PPG-Cy7 Lumiprobe 

ε-Caprolactone [99%] CL Alfa Aesar 

Diphenyl Phosphate [99%] DPP Sigma Aldrich 

Copper (II) sulphate pentahydrate [98%] CuSO4·5H2O Sigma Aldrich 

Sodium ascorbate [98%] NaAsc Sigma Aldrich 

Sodium phosphotungstate octadecahydrate PT Sigma Aldrich 

Calcium hydride CaH2 Sigma Aldrich 

Phosphate buffered saline tablets PBS tablets Sigma Aldrich 

Chloroform-d CDCl3 Sigma Aldrich 

Dimethyl sulfoxide-d6 DMSO-d6 Sigma Aldrich 

Dimethyl sulfoxide [99%] DMSO Sigma Aldrich 

Anhydrous toluene [99%] -  Sigma Aldrich 

Sepharose 4B  - Sigma Aldrich 

Sodium hydroxide NaOH Fisher Scientific 

N,N-dimethyl formamide [99%] DMF Fisher Scientific 

Methanol [99%] MeOH Fisher Scientific 

Chloroform [99%] CHCl3 Fisher Scientific 

Dichloromethane [99%] DCM Fisher Scientific 

Tetrahydrofuran [99%] THF Fisher Scientific 

Ethanol [99%] EtOH Fisher Scientific 

Micro BCATM Protein Assay Kit - Thermo Fisher 

 

CL was stirred over CaH2 for 24 hours and then distilled prior to use to ensure no 

water is present in the CL as future syntheses are required to be under anhydrous 
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conditions. Sterile PBS was produced by dissolving one PBS tablet per 200 mL 

of deionised water then autoclaved. Sepharose 4B was sterilised by first rinsing 

with 70% EtOH 3 times then with sterile PBS 4 times prior to use. All other 

materials were used as obtained.  

 

2.2.2  Synthesis of PEG-PCL and N3PEG-PCL block copolymers  

PEG-PCL block copolymers were prepared by ring opening polymerisation 

(ROP) of CL using PEG113 as the initiator and DPP as the catalyst. For the 

synthesis of the block copolymers, the molar ratio of monomer / initiator was 

altered to obtain block copolymers which varied by the length of the PCL block. 

A typical synthesis for PEG113PCL50, altered from a previously published 

procedure142 is described as follows. PEG113 (0.925 g, 0.185 mmol) was added 

to a flame dried Schlenk flask with a magnetic stirrer bar under argon and then 

melted at 50 oC under reduced pressure for 3 hours to allow for the removal of 

any residual water on the PEG as water can act as an alternative initiator to 

PEG113.178 CL (1.056 g, 9.248 mmol), the monomer, was then added to the flask. 

DPP (0.034 g, 0.137 mmol), dissolved in anhydrous toluene (2.5mL), was then 

added to the Schlenk flask to start the reaction. The reaction solution was stirred 

at 50 oC for 6 hours under inert conditions, monitoring the progress by taking 

small aliquots out of the reaction vessel, dissolving in CDCl3, and examined using 

1H NMR. Upon the complete conversion of the monomers from CL to PCL, the 

solution was precipitated against cold MeOH three times. Using cold methanol 

allows for the polymer to precipitate out of solution, whilst keeping the DPP 

catalyst in the methanolic solution. The purified polymer was dried in a vacuum 

oven at 40 oC overnight to remove residual MeOH then stored at -20 oC until 

required. N3PEG-PCL azido block copolymers were prepared following the same 
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protocol as the synthesis for PEG-PCL, where N3PEG113, N3PEG68, N3PEG20 or 

N3PEG8 were used in place of PEG113.   

 

2.2.3  Self-Assembly of PEG-PCL nanoparticles  

PEG-PCL nanoparticles were prepared by a heated film rehydration technique. 

A typical procedure altered from a previously published procedure134 for the 

formation of a PEG113PCL52 nanoparticle solution is as follows. PEG113PCL52 

(16.40 mg, 1.5 μmol) is dissolved in CHCl3 (2.5 mL) in a 16 mL glass vial charged 

with a small stirrer bar. The solvent was slowly removed in a vacuum oven set at 

40 oC overnight to produce a thin polymer film. Once all the solvent has been 

removed, the polymer film was placed in a heating block set at 65 oC for 30 min. 

Heated H2O (3 mL, 65 oC) was then added and the reaction was kept at this 

temperature for 4 hours, stirring at 500 rpm. Subsequently the sample was cooled 

to room temperature and set to stir at 500 rpm for an additional 5 days. Upon 

completion of the self-assembly, the solution was stored at 4 oC until required.  

 

2.2.4  Synthesis of ligand-conjugated PEG-PCL copolymers 

Ligand-conjugated PEG-PCL block copolymers were prepared via copper(I)-

catalysed alkyne azide 1,3-dipolar cycloaddition of the ligands PPG-AP2, Gluc 

and PPG-Cy7, to N3PEG-PCL azido block copolymers.  

 

A typical synthesis for AP2-PEG-PCL, using N3PEG68PCL30, is described as 

follows. N3PEG68PCL30 (22.303 mg, 3.210 μmol) was added to a flame-dried and 

inert reaction Schlenk flask, purged with 3 cycles of argon evacuate-refill, 

dissolved in degassed DMF (9 mL), and bubbled through with argon gas for 30 

min at 60 oC. PPG-AP2 (10 mg, 4.174 μmol) was then dissolved in degassed H2O 
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(500 μL) and added dropwise to the reaction Schlenk flask and bubbled through 

with argon gas for a further 30 min. Meanwhile, NaAsc (3.178 mg, 16.052 μmol) 

and CuSO4·5H2O (0.802 mg, 3.210 μmol) were added to separate round-

bottomed flasks, dissolved in degassed H2O (250 μL), and bubbled through with 

argon gas for 30 min. After bubbling, the NaAsc solution is added to the reaction 

Schlenk flask, followed by the CuSO4·5H2O solution, and the reaction vessel is 

bubbled through for a further 30 min. Once bubbling is completed, the reaction is 

allowed to proceed under inert conditions and kept at 60 oC for 72 hours. Upon 

completion of the reaction, DMF (10 mL) is added to the reaction, and the solution 

was dialysed, using a 3.5 kDa molecular-weight cut-off dialysis bag, for 5 days 

against H2O, changing the solution 4 times per day. The aqueous solution is then 

lyophilised to give a light-yellow powder. The purified polymer was then stored at 

-20 oC until required. The protocol was similarly followed using N3PEG8PCL, 

N3PEG20PCL and N3PEG113PCL, maintaining the ligand/polymer molar ratio at 

1.3. The synthesis of Glucose-PEG-PCL also follows the same procedure as the 

synthesis of AP2-PEG-PCL, using only N3PEG113PCL.  

 

Production of Cy7-conjugated copolymers followed the same protocol for AP2-

PEG-PCL but with slight changes due to solubility differences between PPG-Cy7 

and PPG-AP2. PPG-Cy7 (26.78 mg, 48.16 μmol) is added together with 

N3PEG20PCL41 (91.73 mg, 16.05 μmol) and dissolved with degassed DMF (9 

mL). An additional amount of degassed H2O (500 μL) was also added alongside 

the addition of the sodium ascorbate (11.51 mg, 16.05 μmol, 250 μL) and copper 

(I) sulphate (4.01 mg, 16.05 μmol, 250 μL) solutions in H2O. The dialysis step of 

this synthesis also differs where dialysis, using a 1 kDa molecular-weight cut-off 

bag, was first done for 4-6 days against DMF before following on with 3 days 
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against H2O – extra dialysis in DMF was to ensure any free PPG-Cy7 would be 

removed during the process. The lyophilised product produced a dark green 

powder and stored at -20 oC until required. 

 

2.2.5  Self-assembly of ligand-decorated PEG-PCL nanoparticles  

Ligand-decorated nanoparticles were prepared in a similar film rehydration 

method to produce pure PEG-PCL nanoparticles, as described in 2.2.3, but the 

polymer film instead was made using pure PEG-PCL copolymers and ligand-

conjugated PEG-PCL copolymers at different molar concentrations. By spiking 

pure PEG-PCL copolymers with ligand-conjugated PEG-PCL during the self-

assembly process, nanoparticles are formed with ligands on the nanoparticles, a 

procedure previously performed to produce AP2-decorate PEG-b-PDPA 

nanoparticles.21 Film rehydration was also done with sterile Milli-Q water under a 

laminar flow hood as the ligand-decorated PEG-PCL nanoparticles were to be 

used for future in vitro cell testing. The total molar concentration is maintained at 

500 μM. For all ligand-decorated nanoparticles, Cy7-PEG20PCL60 (0.473 mg, 

0.075 mmol) was added to allow for the nanoparticles to be fluorescently tracked 

during in vitro studies. A slight change to procedure is experienced when making 

AP2-decorated nanoparticles, due to the solubility of the AP2-PEG-PCL 

copolymers – this was not exhibited with the glucose-PEG-PCL copolymers, thus 

for the glucose-decorated nanoparticles, all copolymers were dissolved in CHCl3, 

and the protocol described previously was followed. A typical procedure for the 

formation of PEG113PCL52 nanoparticles doped with 0.5 mol% AP2-PEG113PCL42 

and labelled with 5 mol% Cy7-PEG20PCL60 is as follows. PEG113PCL52 (15.773 

mg, 1.413 mmol) and Cy7-PEG20PCL60 (0.473 mg, 0.075 mmol) were dissolved 

in CHCl3 (2425 uL). AP2-PEG113PCL42 (0.138 mg, 0.012 mmol) was dissolved in 
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a 1:1 solvent mix of CHCl3:MeOH (75 μL) and added slowly to the PEG113PCL52 

and Cy7-PEG20PCL60 solution to make a mix of the three copolymers. The 

solvent was then slowly removed in a vacuum oven set at 40 oC overnight. From 

here, the previous protocol of heated film rehydration from section 2.2.3 is then 

followed again.  

 

2.2.6  Nanoparticle purification 

Ligand-decorated nanoparticles, labelled with Cy7, were subjected to further 

purification by size exclusion chromatography prior to in-vitro testing. Further 

purification was done to change the media of the nanoparticles from water to 

PBS, the media required for in vitro cell testing. Performing a SEC column also 

allows for the separation of nanoparticle structures by size (i.e., separation of 

micelles, worm-like micelles, and vesicles), if the sample was a mixture of multiple 

morphologies.179 All steps detailed below were conducted under sterile conditions 

(under a sterilised laminar flow hood and using only autoclaved glass vials, 

pipettes, and pipette tips). 

 

A flash chromatography column (1.5 cm (diameter) x 30 cm (height)) was first 

rinsed with 70% EtOH 3 times to sterilise the column. The column was then filled 

with sterile Sepharose 4B to achieve a bed volume of 40 mL, rinsed through with 

sterile PBS, the mobile phase, equal to 3 times the bed volume (120 mL) and 

then left to pack overnight. Ligand conjugated nanoparticles (2 mL, 500 μM) were 

then seeded at the top of the column, left to adsorb completely onto the column, 

and then sterile PBS was slowly added on the top to ensure the Sepharose 4B 

was not disrupted, and sterile PBS was continually added whilst the column was 

running, and fractions were being collected. Fractions were collected in a 96 well 
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plate, and a fluorescence microplate reader, absorption at 750 nm and emission 

at 773 nm, was used to obtain the fractions containing the nanoparticles. The 

absorption and emission wavelengths used for the detection of Cy7. All 

nanoparticle fractions were combined, and the fluorescence was checked against 

a calibration curve of pre-purified nanoparticles to obtain the final concentration 

of the sample. The purified nanoparticles were stored at 4 oC until required. 

 

2.2.7  Copolymer characterisation 

1H NMR spectra were recorded on a Bruker Avance Neo 500 MHz spectrometer 

at room temperature. Samples were made by dissolving 5 mg of polymer in CDCl3 

or DMSO-d6. 1H NMR was used to monitor monomer conversion over time, the 

degree of polymerisation (DP) of the monomer units and the calculated number 

average molecular weight (Mn) of the synthesised copolymers. 1H NMR was also 

used for the quantification of the click conjugation of propargyl-glucose to 

N3PEG113PCL41. 

 

Number average molecular weight (Mn), weight average molecular weight (Mw) 

and the polymer polydispersity (PDI) were calculated based on the trace of 

refractive index (RI) of gel permeation chromatography (GPC) on an Agilent 1260 

Infinity II LC system using a PLgel 5um MIXED-D 300 x 7.5 mm column. 5 mg of 

polymer was dissolved in 1 mL of the mobile phase, THF, and passed through a 

0.45 m PTFE filter. 100 μL of the sample is injected into the instrument at a flow 

rate of 1 ml/min, using THF as the mobile phase. The molecular weights were 

calculated from the elution volume of polystyrene standards with molecular 

weights between 162-45270 Da for THF. 
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Click conjugation efficiency between AP2 and the N3-PEG-PCL azido block 

copolymers was characterised using the PierceTM BCA Assay Kit.180 The BCA 

assay uses the presence of peptide bonds for the reduction of Cu2+ to Cu1+ in the 

BCA stock solution, then two molecules of bicinchoninic acid chelate onto Cu1+ 

to form a light blue complex with an absorption at 562 nm:180 the more peptide 

bonds, the stronger the absorption on a plate reader.  A typical procedure for the 

click conjugation efficiency for AP2-PEG68PCL30 is described as follows. AP2-

PEG68PCL30 (0.231 mg, 0.025 μmol) is dissolved in a 70:30 DMSO:Water solvent 

mix (1.5 mL). A serial dilution of each is done to make 7 concentrations of AP2-

PEG68PCL30 and 150 μL of each dilution is added in triplicate to a 96 well plate. 

To each well, the BCA working reagent (150 μL) is added and the plate is shaken 

for 30 seconds, followed by incubation at 37 oC for 2 hours. The absorbance at 

each concentration is read at 562 nm on a plate reader and comparted to a 

positive control (1:1:1 molar ratio of N3PEG68PCL30 : triazole : AP2). Both 

readings are negative control (1:1 molar ratio of N3PEG68PCL30 : Triazole) 

subtracted. Conjugation efficiency (CE) of the reaction was calculated by 

comparison to the positive control calibration curve.  

 

2.2.8  Nanoparticle characterisation 

Nanoparticles were characterised by using dynamic light scattering (DLS) and 

transmission electron microscopy (TEM). It is important to note that no purification 

of pure PEG-PCL nanoparticles was done prior to characterisation to study the 

initial morphology of the system without removing any structures that could be 

present. Characterisation of the ligand-decorated nanoparticles was done post 

purification, to determine whether the morphology of the nanoparticles change 

after purification, and to confirm the size and shape of the nanoparticles.  
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DLS analysis of the polymer nanoparticle formulations was done to calculate the 

polydispersity and hydrodynamic diameter of the particles.  DLS analyses were 

performed on a Malvern Zetasizer Nano ZS (Malvern Ltd. UK) using a 120-mW 

He-Ne laser set at 630 nm at a control temperature of 25oC, and the scattered 

light was measured at an angle of 173o. Polymer nanoparticle formulations were 

diluted with filtered Milli-Q water to a final concentration of 100 μM. 500 μL of the 

diluted sample is injected into a polystyrene microcuvette (Malvern) and analysed 

and then processed using Dispersion Technology Software (Malvern). 

 

The structures of the polymer nanoparticles were determined by transmission 

electron microscopy (TEM). 0.5% w/v phosphotungstic acid (PTA) solution was 

used as a negative staining agent, as the polyester-based nanoparticles have low 

electron scattering powers and thus need the deposition of heavy atoms, such as 

tungsten, to be imaged.181 To make the staining solution, 25 mg of PT was 

dissolved in 5 mL of distilled boiling water, then adjusted to pH 7 by addition of 5 

M NaOH and subsequently filtered using a 0.22 μm PTFE filter.  

 

TEM imaging was performed using a JEOL 2100 TEM imaging microscope at 

200 kV, equipped with a Gatan CCD camera. Copper grids were glow-discharged 

for 45 seconds to create a hydrophilic surface. 5 μL of a nanoparticle sample (100 

μM) was then injected on the surface of the grid and left for 1 minute to allow for 

the sample to dry and adsorb onto the grid. The grid was then dried with filter 

paper and immersed in a 20 μL drop of the PTA staining solution for 5 seconds 

to ensure the grid was not overstained - an overstained TEM grid would darken 

the grid and make it difficult to determine the sizes of the nanoparticles. The grid 

was dried again with filter paper, then dried under vacuum to remove excess 
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staining solution. The grid was prepared either on the same day, or 24 hours prior 

to imaging on the TEM. TEM images were then processed using the FIJI 

software.  
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2.3 Results and discussion 

2.3.1 PEG-PCL synthesis 

By changing the DP of PCL (𝑁𝑃𝐶𝐿) whilst maintaining the DP of PEG (𝑁𝑃𝐸𝐺) we 

can increase the hydrophobic volume of the nanoparticle to alter the shape and 

radius of the nanoparticles, parameters that influence targeting. Henceforth, 9 

PEG-PCL block copolymers with varying 𝑁𝑃𝐶𝐿 were synthesised via a metal-free 

ring opening polymerisation.  Fig 2.1 shows a scheme of the polymerisation, and 

table 2.2 shows the structural characteristics of the synthesised copolymers, 

labelled from PCL10 to PCL90. Different values of 𝑁𝑃𝐶𝐿 were obtained by altering 

the monomer-to-initiator ratio (
[𝑀]

[𝐼]
) feed per each polymerisation reaction, from 10 

to 90. Both 𝑁𝑃𝐶𝐿 and the number molecular weight (𝑀𝑛) for each polymer was 

calculated by 1H NMR in CDCl3. An example of the molecular structure and a 1H 

NMR spectra, i.e., for PCL50, is shown in fig 2.2, with the 1H NMR spectra of the 

all samples in fig S.1-9. The labelled protons in fig 2.2A (labelled from 1-6) 

correspond to the proton signals in fig 2.2B, and the DP of CL was calculated by 

comparison of the integration of peaks 2, 3 and 5 to the integration of peak 1. The 

data in table 2.2 shows that the NPCL for the copolymers matches closely to the 

[𝑀]

[𝐼]
 feed, thus concluding copolymers with specific 𝑁𝑃𝐶𝐿 could be accurately 

synthesised by just adjusting the 
[𝑀]

[𝐼]
 feed. 

 

 

Fig 2.1 Polymerisation scheme for the synthesis of PEG-PCL copolymers. ‘n’ 
notes the degree of polymerisation (DP) of the PCL hydrophobic block 
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Table 2.2  Summary of PEG-PCL block copolymers.  

POLYMER CODE INITIATOR [𝐌]

[𝐈]
 A NPCL 

B COMPOSITION Đ C MN NMR 
D 

PCL10 PEG113 10 10 PEG113PCL10 1.039 6141 

PCL20 PEG113 20 21 PEG113PCL20 1.338 7283 

PCL30 PEG113 30 34 PEG113PCL34 1.090 8881 

PCL40 PEG113 40 41 PEG113PCL41 1.205 9680 

PCL50 PEG113 50 52 PEG113PCL52 1.166 10935 

PCL60 PEG113 60 59 PEG113PCL59 1.412 11734 

PCL70 PEG113 70 73 PEG113PCL73 1.454 13332 

PCL80 PEG113 80 82 PEG113PCL82 1.384 14359 

PCL90 PEG113 90 90 PEG113PCL90 1.232 15273 

a Feed molar ratio at the beginning of the reaction, where [M] and [I] are the concentrations of the 
monomer and initiator respectively. b NPCL, calculated from 1H NMR in CDCl3. c Polydispersity of 
the polymer, calculated from GPC in THF. d Number molecular weight of the polymer calculated 
from 1H NMR in CDCl3 and GPC in THF. 
 

 

 

Fig 2.2 Characterization of PCL50. (A) Molecular structure of PCL50. The hydrophilic 
and hydrophobic sections of the amphiphilic polymer are coloured blue and red 
respectively (B) 1H-NMR spectra of PCL50 in CDCl3. The numbers on the peak 
correspond to the numbers depicted in A. ‘X’ denotes residual H2O. 
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Table 2.2 also shows that the Đ of the PEG-PCL copolymers ranged from 1.039 

to 1.368, indicating that some of the copolymers are not completely 

monodisperse. Shoulders were often recorded in the GPC traces of some of the 

block copolymers, such as in PCL50 and PCL90, as evidenced in fig 2.3. 

Shoulders in GPC traces could be explained either by residual water. Indeed, 

removal of residual water was attempted, but some residual water may have still 

been present, leading to the polymerisation of CL by water causing smaller weight 

polymers to have been produced. Alternatively, shoulders in the GPC traces 

could also be explained by transesterification:182 during the propagation step of 

the polymerisation, a growing PEG-PCL polymer chain could have instead 

reacted with another PEG-PCL polymer chain instead of the intended CL 

monomer, resulting in both smaller and larger PEG-PCL polymer chains. Smaller 

PEG-PCL polymer chains from transesterification could be seen at earlier 

retention times to and larger PEG-PCL polymer chains can be seen as shoulders 

at later retention times, indicated on fig 2.3 by the arrows.  

 

 

Fig 2.3 GPC traces, using an RI detector, of PCL90, PCL50 and PCL10. The 
presence of shoulders on PCL90, PCL50 and PCL10 are emphasised by the 
red, blue, and green arrows respectively.   
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In summary, 9 PEG-PCL block copolymers have been synthesised with PCL 

blocks of varying 𝑁𝑃𝐶𝐿 close to the 
[𝑀]

[𝐼]
 feed, whilst 𝑁𝑃𝐸𝐺 was kept constant for all 

copolymers. Indeed, of the 9 copolymers, Đ > 1.2 were seen, and in the future 

alternative synthesis methods could be adopted to try to reduce potential water 

in the system (i.e, synthesise the polymers in a glovebox, or by azeotropic 

distillation of PEG183). The purpose of synthesising multiple PEG-PCL block 

copolymers was to ascertain whether nanoparticles could be engineered with 

varying radii; therefore, the self-assembly of the copolymers should be done next. 

 

2.3.2 PEG-PCL self-assembly 

Firstly, a method for the self-assembly of the 9 synthesised copolymers, PCL10-

90, was investigated to determine morphologies produced from their assemblies 

and if the size can be controlled by changing 𝑁𝑃𝐶𝐿. Various methods for forming 

nanoparticles can be used for the self-assembly of PEG-PCL block copolymers 

such as nanoprecipitation, solvent switch, and film rehydration. Film rehydration 

was chosen as the suitable method as it includes no solvent-exchange 

purification via dialysis that would alter the concentration of the solution: 

concentration is another key variable that needs to be known for phenotypic 

targeting. PCL50 was used to optimise a self-assembly method that could then 

be applied to the other copolymers. 

 

Initially, a suitable temperature needed to be identified for the self-assembly for 

PCL50. Previous studies have shown that high temperatures may be required the 

self-assembly of copolymers containing PCL134,142,184, such as the self-assembly 

of polysarcosine (PSar)-PCL-Psar triblock copolymers at 65 oC and 90 oC to form 

either micelles, rods, or giant polymersomes142 and even the self-assembly of 
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different concentrations of PEG5000-b-PCL4100 at 65 oC to from structures based 

on the concentration of the sample.184 As self-assembly was done at 65 oC for 

various PCL-containing copolymers, I decided to test if it would be suitable for my 

synthesised PEG-PCL copolymers.  

 

To identify the optimum temperature for self-assembly, a temperature-dependent 

film rehydration study was done on PCL50: a PCL50 thin film was prepared as 

described in the materials and methods section then hydrated at 25oC to a 

concentration of 500 μM. An aliquot of the sample was taken, diluted to 100 μM, 

and DLS measurements were taken at 5 oC temperature intervals. The initial 

sample was stirred for 4 hours, and then heated up to 65 oC, with images being 

taken of the nanoparticle solutions at 5 oC intervals, shown in fig 2.4A. As shown 

by the images in fig 2.4A, the nanoparticle solution appears very opaque at lower 

temperatures (25 - 45oC) compared to appearing more translucent at higher 

temperatures (50 - 65oC). The DLS correlograms taken over the range of 

temperatures were split and to the lower temperature (25 - 45oC) correlograms in 

fig 2.4B and higher temperature (50 - 65oC) correlograms in fig 2.4C. The 

correlograms in fig 2.4B show that the correlation coefficient decays (decreases 

quickly over time) roughly between 500 - 1000 μs, indicating the presence of 

larger particles due to slower diffusion of the particles. The correlation coefficient 

fluctuates between 10,000 - 1,000,000 μs, pointed out by the black arrows, 

indicates non-random motion of the particles: this motion is most likely explained 

by sedimentation of the solution which could explain why the solutions at low 

temperatures appear very opaque. In comparison, in fig 2.4C the correlogram at 

50oC shows that the correlation coefficient still decays between 500 - 1000 μs, 

but there is a reduction of fluctuation at the delay times between 10,000 -100,000 
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μs and no fluctuation between 100,000 – 1,000,000 μs, indicating the reduction 

of sedimentation. Upon increasing the temperature to 55oC, the coefficient decay 

now starts between 1 and 10 μs, demonstrating that the particles are now smaller 

and diffuse faster; additionally, the region that correlation coefficient fluctuations 

occur has shifted to around 1,000 μs, explained by further reduction of 

sedimentation. Further increasing the temperature to 60oC and, subsequently, 

65oC removes all the fluctuation of correlation coefficient after 1000 μs, signifying 

that the solution is colloidally stable and free of sedimentation at these higher 

temperatures. The results shown in fig 2.4 confirm that indeed the temperature 

affects the self-assembly of the copolymer, and that the optimum temperature for 

the self-assembly is likely between 60 and 65 oC, and thus 65 oC has been shown 

to be optimal for the self-assembly.  

 

 



  | 83 | 
 

 

Fig 2.4 Temperature-dependent self-assembly of PCL50. (A) Images of nanoparticles 
taken at different temperatures during self-assembly. (B) DLS correlograms 
taken of the nanoparticle solution from 25 - 45 oC. (C) DLS correlograms taken 
of the nanoparticle solution from 50 - 65 oC. The shaded regions of the 
correlograms are ±SD (n=10) The black arrows indicate correlation coefficient 
fluctuations past 1000 us.  
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Indeed, PCL50 nanoparticles produced and analysed at 65 oC have been shown 

to be colloidally stable, however the sample needed to be analysed back again 

at room temperature to see if the sample will still be colloidally stable after 

production and subsequent storage at 4 oC. To investigate whether PCL50 

nanoparticles can still be colloidally stable after cooling, another PCL50 

nanoparticle solution was formulated: a new PCL50 thin film was prepared as 

described in the materials and methods section, and now hydrated at 65 oC and 

stirred for 4 hours, then cooled to room temperature and stirred for a further 5 

days. The sample was then stored at 4 oC overnight prior to DLS analysis, to 

ascertain whether the sample would still be stable after storage. DLS analysis 

was done on this new heat-treated PCL50 solution at 25 oC and the correlograms, 

intensity and number graphs are shown in fig 2.5, labelled A, B and C 

respectively. The correlogram shows that the correlation coefficient starts to 

decay between 1 and 10 μs, and that there is no fluctuation in correlation 

coefficient after roughly 1100 μs, meaning only random motion was observed 

within the sample and thus the sample was colloidally stable. The intensity and 

number graphs show monomodal peaks, indicating that the sample is 

monodisperse. It is likely that upon cooling down below the melting point of PCL, 

the PCL hydrophobic blocks start to crystallise, thus maintaining the size and 

shape of the PEG-PCL nanoparticles made at high temperature. The results in 

fig 2.5 confirm that stable nanoparticles using PCL50 can be made by hydrating 

at 65 oC and remain stable upon cooling to room temperature and even after 

storage at 4 oC. 
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Fig 2.5 DLS Analysis of PCL50 at 25 oC after self-assembly at 65 oC. The correlogram 
(A), intensity (B) and size (C) graphs of PCL50  

 

The method for self-assembly was optimised using PCL50. Prior to testing the 

self-assembly method on the other polymers, an investigation was then done to 

check the reproducibility of the self-assembly method. Three new nanoparticle 

samples using PCL50 were prepared by the heated film rehydration method 

described above, all aiming for the same final concentration, with the DLS results 

and a representative TEM picture of each sample shown in fig 2.6. Analysis of 
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the TEM images and DLS results shows that the samples were like one another 

in size, thus showing reproducibility of the nanoparticle preparation method 

designed. 

 

Fig 2.6 DLS and TEM analysis of 3 independent PCL50 samples at 25 oC after self-
assembly at 65 oC. In the DLS analysis, the colours represent the sizes of the 
nanoparticles by number, volume, or intensity (blue, green, and red respectively). 
The scale bars of the TEM images are 100 nm. 

 

 

therefore, an investigation of the self-assembly of the other copolymers was 

undertaken to investigate the extent to which the self-assembly method is 

generalisable.  Additionally, the self-assembly of the other copolymers will allow 

us to determine if we can alter both the size and morphology of our nanoparticles 

by only modifying the length of the PCL block. The self-assemblies of PCL10 to 

PCL90 were conducted and TEM was used to ascertain the size and structures 

of the nanoparticles. TEM instead of DLS was used for the purpose of structure 
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analysis as DLS assumes a hydrodynamic diameter hence will not be reliable if 

the structures are not spherical.185 

 

Nanoparticle formulations made using either PCL10 or PCL20 were analysed 

using TEM, and two images of each sample are shown in fig 2.7 and fig 2.8 

respectively. For PCL10, several rigid rod-like structures, having thickness of 20 

nm. We speculate that during the crystallisation of the small PCL block, long 

cylindrical structures can form, thus explaining why rigid rod-like structures can 

be seen for PCL10 nanoparticles. For PCL20, several smaller rod-like structures, 

having again a thickness of 20 nm, were found, however these are less rigid than 

the rod-like structures present in the PCL10 nanoparticle solution. Small spherical 

micelles, i.e., within the dotted red box, were also found throughout the TEM grid. 

Compared to PCL10, PCL20 copolymers have a larger hydrophobic section and 

the self-assembly is governed more by the hydrophobic effect, and thus spherical 

micelles can start to form. In this case, by increasing the block length of PCL for 

the copolymer, the morphology of the structures formed changes.  

 

 

Fig 2.7 Self-Assembled Structures of PCL10. TEM images of PCL10 self-assembled 
nanoparticles. Scale bar = 200 nm   
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Fig 2.8 Self-Assembled Structures of PCL20. TEM images of PCL20 self-assembled 
nanoparticles. Scale bar = 200 nm  

 

Next, nanoparticle formulations were made using PCL30, PCL40, PCL50 and 

PCL60 and TEM analysis was done to assess the morphology of the 

nanoparticles. Two TEM images for each of the PCL30, PCL40, PCL50 and 

PCL60 nanoparticles are shown in fig 2.9, fig 2.10, fig 2.11 and fig 2.12 

respectively. The TEM images show that the nanoparticles made by the four 

copolymers all share the same spherical morphology, akin to micelles, adopted 

the some of the PCL20 nanoparticle. No more rod-like structures were found in 

any of the sample, indicating that the spherical structure is the most stable 

structure for these copolymers when self-assembled.  

 

 

Fig 2.9 Self-Assembled Structures of PCL30. TEM images of PCL30 self-assembled 
nanoparticles. Scale bar = 200 nm   
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Fig 2.10 Self-Assembled Structures of PCL40. TEM images of PCL40 self-assembled 
nanoparticles. Scale bar = 200 nm   

 

 

Fig 2.11 Self-Assembled Structures of PCL50. TEM images of PCL50 self-assembled 
nanoparticles. Scale bar = 200 nm   

 

 

Fig 2.12 Self-Assembled Structures of PCL60. TEM images of PCL60 self-assembled 
nanoparticles. Scale bar = 200 nm   

 

Nanoparticles were subsequently made with PCL70 and PCL80 and analysed by 

TEM, with images seen in fig 2.13 and fig 2.14. Spherical micelles were seen in 

both PCL70 and PCL80, akin to the structures seen in fig 2.9-fig 2.12. In addition 



  | 90 | 
 

to micelles, long rod-like structures (i.e, worm-like micelles) were also observed. 

By increasing the PCL block length, the volume occupied by the PCL hydrophobic 

block in the nanoparticles increases. As discussed in the previous chapter, the 

increase in volume of the hydrophobic block of a copolymer changes the packing 

factor of the copolymer when self-assembled and therefore favouring rod-like 

structures over spherical structures.143 

 

 

Fig 2.13 Self-Assembled Structures of PCL70. TEM images of PCL70 self-assembled 
nanoparticles. Scale bar = 200 nm   

 

 

Fig 2.14 Self-Assembled Structures of PCL80. TEM images of PCL10 self-assembled 
nanoparticles. Scale bar = 200 nm   

 

PCL90 nanoparticles were then formulated and analysed to check the 

morphology of the nanoparticles formed. Two TEM images are shown in fig 2.15. 

Only spherical structures were seen, yet the sizes of the structures are quite 
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varied as both larger ~200 nm diameter nanoparticles, indicating vesicular 

structures, and smaller ~50 nm diameter micelles were observed. 𝑁𝑃𝐶𝐿 for PCL90 

in larger than that of the other copolymers, thus the volume of the hydrophobic 

block in PCL90 particles is larger than the other copolymers. Upon analysis of all 

the nanoparticle formulations made and their TEM images shown fig 2.7 to fig 

2.15, we therefore conclude that we can control the specific morphology that the 

PEG-PCL nanoparticles adopt by altering the PCL block length.  

 

 

Fig 2.15 Self-Assembled Structures of PCL90. TEM images of PCL10 self-assembled 
nanoparticles. Scale bar = 200 nm   

 

Size analysis of the PCL30-60 and PCL90 nanoparticles was completed, by 

manual measurement of the nanoparticles from the TEM images, to determine 

whether the size of the nanoparticles could be controlled by changing the PCL 

block length. A histogram of the manually measured diameters of nanoparticles 

made using PCL30-60 and PCL90 is shown in fig 2.16, with the raw data of the 

measured nanoparticles in table 2.3. A non-linear regression gaussian curve for 

each sample was overlayed on top of the histogram to guide the eye. The 

histogram shows that the mean diameters of the nanoparticles increase as the 

length of the PCL block increases (one-way ANOVA: **** P < 0.0001) and that 
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there is a significant difference in size between the samples, concluding that the 

size of our nanoparticles can be controlled by changing the PCL block length. 

 

 

Fig 2.16 Histogram of diameters measured for PCL30, PCL40, PCL50, PCL60 and 
PCL90 nanoparticles. Non-linear regression gaussian curves were calculated 
and displayed to guide the eye comparison of the samples. **** p < 0.0001 in a 
one-way ANOVA test. 

 

Table 2.3  Summary of self-assembled sizes of PCL30-PCL60 and PCL90 

nanoparticles.  

SELF-ASSEMBLED NPS  

OF BELOW COPOLYMER 
DIAMETER (NM) STD. DEV (NM) N 

PCL30 22.77 4.041 130 

PCL40 28.47 5.915 200 

PCL50 33.27 11.37 400 

PCL60 45.20 12.52 203 

PCL90 74.07 27.78 150 

N is the number of nanoparticles manually measured using FIJI 
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Having confirmed that both morphology and size of the nanoparticles could be 

controlled by the PCL block length, we therefore need to choose which copolymer 

to use further for testing phenotypic targeting. PCL30-PCL60 all made 

nanoparticles with a spherical micellar structure, whereas PCL90 nanoparticles 

were vesicles, thus we can either make nanoparticles for targeting using micelles 

of vesicles. Vesicles have an advantage over micelles as drug delivery vehicles 

as they enable the encapsulation of hydrophilic drugs alongside hydrophobic 

drugs; however, the vesicle structure allows the hydrophilic PEG side to be inside 

and outside of the nanoparticle. As the ligand is going to be conjugated on the 

hydrophilic side to allow for the ligand to bind onto receptors, a micellar structure 

was chosen instead of a vesicular structure for targeting testing, as during the 

self-assembly of vesicles, the ligand could be placed inside the nanoparticle 

instead of on the surface: by using micelles only, we enforce that all the ligands 

will be on the outside of the nanoparticle. As PCL50 was used for the method 

development of the temperature-assisted self-assembly, and forms micellar 

structures of low polydispersity, we therefore decided to use PCL50 as the major 

bulk of the nanoparticles for targeting. 

 

2.3.3  Ligand-conjugated PEG-PCL synthesis 

As the radius of the nanoparticles can be controlled, ligand-conjugated PEG-PCL 

copolymers now need to be synthesised. Ligands are required on our 

nanoparticles to actively target specific receptors on the target cell. subsequent 

Spiking of these copolymers with the bulk PEG-PCL during self-assembly, herein 

decided as PCL50, will allow us to produce ligand-decorated nanoparticles for 

phenotypic targeting. Several parameters need to be considered when producing 

the ligand-conjugated PEG-PCL copolymers for the nanoparticles, namely 𝛿𝐿 (the 
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insertion parameter of the ligand within the PEG brush) and the type of ligand. 𝛿𝐿 

can be calculated on the nanoparticle as the ratio of the PEG tether length of the 

ligand-conjugated PEG-PCL to the PEG length of PCL50, herein described as 

the PEG brush of the nanoparticle. The PEG brush was kept constant as PEG113 

was the only initiator used to synthesise pure PEG-PCL copolymers; therefore, 

ligand-conjugated PEG-PCL copolymers should be created with varying NPEG. 

Secondly, the type of ligand can be changed if we make reactive PEG-PCL 

copolymers of various NPEG, then conjugate the ligand we want to it. In 

conclusion, the first step of making the ligand-conjugated PEG-PCL copolymers 

should be to synthesise PEG-PCL copolymers of varying NPEG with a reactive 

group for ligand conjugation.  

 

For the nanoparticles for phenotypic targeting, ligands would be needed on either 

the surface of the nanoparticle or embedded within the hydrophilic side of the 

nanoparticle, thus PEG-PCL copolymers should be synthesised with a reactive 

group on the PEG block. An azide group (N3) was chosen to be the reactive group 

as it can react with alkyne groups for the bioconjugation of ligands. To this end, 

four N3PEG-PCL copolymers - N3PEG8PCL, N3PEG20PCL, N3PEG68PCL and 

N3PEG113PCL - were synthesised following the same protocol as the synthesis 

for the PEG-PCL copolymers but instead using N3PEG initiators of  

𝑁𝑃𝐸𝐺 = 8, 20, 68 and 113 respectively. A summary of the structural characteristics 

of the N3PEG-PCL copolymers is seen in table 2.4. 
[M]

[I]
 for each reaction was kept 

at 50 for the polymerisation reactions: it was earlier decided to initially use PCL50 

as the main component of the phenotypic nanoparticles, thus the target 𝑁𝑃𝐶𝐿 of 

the N3PEG-PCL copolymers was kept the same as that of PCL50. Both the 𝑁𝑃𝐶𝐿 

and Mn for each copolymer were calculated by 1H NMR in CDCl3, with an example 
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of the molecular structure and a 1H NMR spectra, i.e., for N3PEG113PCL, shown 

in fig 2.17. The labelled protons in fig 2.17A (labelled from 1-5) correspond to the 

proton signals in fig 2.17B, and the DP of CL was calculated by comparison of 

the integration of peaks 2, 3 and 5 to the integration of peak 1. As seen in table 

2.4, the obtained 𝑁𝑃𝐶𝐿 was relatively close to the 
[M]

[I]
 feed for the polymerisation 

reactions indicating an accurate and controlled synthesis; indeed, for one of the 

copolymers, N3PEG68PCL, there is a noticeable difference between the NPCL 

and the 
[M]

[I]
 feed, 30 compared to 50, which could have occurred due to a weighing 

error, as the large difference was not seen in the other three N3PEG-PCL 

copolymers. Additionally, table 2.4 shows that the copolymers have Đ < 1.2, 

indicating monodisperse copolymers were synthesised. Having completed the 

synthesis of the N3PEG-PCL copolymers, ligand conjugation can now be 

undertaken for the future formulation of ligand-conjugated PEG-PCL 

nanoparticles for targeting brain endothelial cells. 

 

Table 2.4  Summary of N3PEG-PCL block copolymers.  

POLYMER CODE INITIATOR [𝐌]

[𝐈]
 A NPCL

 B COMPOSITION Đ C MN NMR 
D MN GPC 

D 

N3PEG8PCL N3PEG8 50 49 N3PEG8PCL49 1.243 5988 5637 

N3PEG20PCL N3PEG20 50 42 N3PEG20PCL42 1.125 7769 7014 

N3PEG68PCL N3PEG68 50 30 N3PEG68PCL30 1.166 6424 8639 

N3PEG113PCL N3PEG113 50 41 N3PEG113PCL41 1.140 9680 9781 

a Feed molar ratio at the beginning of the reaction, where [M] and [I] are the concentrations of the 
monomer and initiator respectively. b NPCL at the end of the reaction, calculated from 1H NMR in 
CDCl3. c Polydispersity of the polymer, calculated from GPC in THF. d Number molecular weight 
of the polymer, calculated from both 1H NMR in CDCl3 and GPC in THF. 
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Fig 2.17 Characterization of N3PEG68PCL. (A) Molecular structure of N3PEG113PCL. 
The hydrophilic and hydrophobic sections of the amphiphilic polymer are 
coloured blue and red respectively (B) 1H-NMR spectra of N3PEG113PCL in 
CDCl3. The numbers on the peak correspond to the numbers depicted in A. ‘X’ 
denotes residual H2O. 

 

Next, ligand-conjugated PEG-PCL copolymers needed to be synthesised with the 

ability to target receptors on brain endothelial cells. As described in chapter 1, 

LRP-1 and GLUT1 are receptors present on brain endothelial cells, which can be 

targeted by the AP2 and Glucose ligands respectively; therefore, conjugation of 

these two ligands should be done on the synthesised N3PEG-PCL copolymers. 

A scheme of the conjugations done is shown in fig 2.18, using copper-catalysed 

1,3-dipolar cycloaddition. Fig 2.18 shows that for AP2, click conjugation was done 
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on three N3PEG-PCL copolymers (namely N3PEG113PCL, N3PEG68PCL and 

N3PEG8PCL) to synthesise AP2-conjugated PEG-PCL copolymers (coded 

AP2_PEG113, AP2_PEG68 and AP2_PEG8 respectively): the three named 

N3PEG-PCL copolymers were chosen for conjugation due to their differences in 

NPEG, thus enabling the testing of different 𝛿𝐿 when designing the AP2-conjugated 

PEG-PCL nanoparticles. Similarly, fig 2.18 shows that for Gluc, conjugation was 

done on N3PEG113PCL: the propargyl-glucose used has the propargyl group at 

the C6 position of the glucose as binding to GLUT1 is believed to incorporate the 

OH groups on the C1, C3 and C4 positions.76 In addition to the ligands, Cy7 was 

conjugated onto N3PEG20 as future in-vitro binding experiments will require the 

nanoparticles to be fluorescently labelled to be tracked. A summary of the 

structural characteristics of the 5 ligand-conjugated PEG-PCL copolymers is 

described in table 2.5.  

 

 

Fig 2.18 Click reaction scheme for the synthesis of ligand-conjugated PEG-PCL 
copolymers. Syntheses of 3 AP2-PEG-PCL, 1 Gluc-PEG-PCL and 1 Cy7-PEG-
PCL copolymers are depicted. The AP2 amino acid sequence is also displayed 
with the propargylglycine connected to the N terminus. 
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Table 2.5 Summary of ligand-conjugated PEG-PCL copolymers.  

POLYMER CODE LIGAND 

(L) 

INITIATOR (I) COMPOSITION Đ B MN GPC 
B CONJUGATION 

EFFICIENCY (%) C 

AP2_PEG113 AP2 N3PEG113 AP2-PEG113PCL41 NA NA 59.1 (± 5.7) 

AP2_PEG68 AP2 N3PEG68 AP2-PEG68PCL30 NA NA 87.0 (± 12.2) 

AP2_PEG8 AP2 N3PEG8 AP2-PEG8PCL49 NA NA 79.3 (± 12.4) 

Gluc_PEG113 Gluc N3PEG113 Gluc-PEG113PCL41 NA NA 59.0 

Cy7_PEG20 Cy7 N3PEG20 Cy7-PEG20PCL60 1.295 10776 NA 

a Feed molar ratio at the beginning of the reaction, where [L] and [I] are the concentrations of the 
ligand and initiator respectively b Polydispersity (Đ and Number molecular weight (Mn) of the 
copolymers, calculated from GPC in THF. The parameters were only obtained for Cy7-PEG20 
due to solubility issues of the other copolymers. c Conjugation efficiency calculated via BCA assay 
(for AP2) or 1H NMR in d6-DMSO (for Gluc). The number in the brackets corresponds is ±SD.  

 

As seen in table 2.5, for AP2_PEG113, AP2_PEG68 and AP2_PEG8 were 

synthesised, and the click reaction quantified. There are, however, some 

discrepancies to the data shown in table 2.5. GPC analysis was not possible as 

the AP and Glucose conjugated polymers were unable to dissolve in THF for the 

GPC, and our instrument was not equipped to run DMF and LiBr as the eluent: 

future studies could confirm the polydispersity and Mn of the polymers by using 

GPC with DMF and LiBr as the eluent, as the polymers can dissolve well in DMF. 

Additionally, due to only a small amount of the Cy7-PEG-PCL being made (~20 

mg), and with the vast amount that would be required to use for cell studies, NMR 

was not done to calculate for conjugation efficiency. Future studies would involve 

the production of a larger batch of Cy7-PEG-PCL, so that conjugation efficiency 

could be obtained.  

 

Click conjugation for AP2 was quantified using a BCA assay, as AP2 is a peptide-

based ligand. The BCA assay was first done on positive controls, PC113, PC68, 
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and PC8, solutions containing 1 : 1 : 1 molar ratios of free AP2 : N3PEG113, 

N3PEG68 or N3PEG8 : triazole respectively, at different concentrations and 

calibration curves were formed. The BCA assay was then conducted on the AP2-

conjugated PEG-PCL copolymers at the same concentrations then compared to 

the corresponding positive control i.e., AP2_PEG113 to PC113 to calculate the 

conjugation efficiency. The absorbance curves and a graph showing the 

calculated conjugation efficiencies are shown in fig 2.19. The graph in fig 2.19B 

shows that the click conjugations occurred successfully, with conjugation 

efficiencies of 59.1 ± 5.7 for AP2_PEG113, 87.0 ± 12.2 for AP2_PEG68 and 

79.3 ± 12.4 for AP2_PEG8. Lower conjugation of the AP2 occurred using 

N3PEG113 indicating a lower reactivity for the copolymer to AP2: the increased 

NPEG for N3PEG113 could likely lower the reactivity of the copolymer as the N3 

reactive site could get crowding by the PEG, increasing steric hindrance around 

the reactive site.  
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Fig. 2.19  Conjugation Efficiency of Click Reactions for AP2-conjugated copolymers. 
(A) Absorbance curves, read at 562 nm, from the BCA assay for the positive 
controls (PC113, PC68 and PC8) and AP2_PEG113, AP2_PEG68 and 
AP2_PEG8. Errors bars are ±SD, n=4 readings per concentration. (B) Graph 
showing the conjugation efficiencies of the click reactions for AP2_PEG113, 
AP2_PEG68 and AP2_PEG8, with the efficiency written above the bars. Error 
bars are ±SD, n=7 as conjugation efficiency was calculated at 7 concentrations.  

 

 

Also shown in table 2.5 is the conjugation efficiency of Gluc_PEG113 which, 

unlike the AP2-conjugated PEG-PCL copolymers, has no peptide bonds thus 1H 

NMR analysis was used to quantify the conjugation. 1H NMR analysis was done 

on N3PEG113 and Gluc_PEG113 in d6-DMSO and their 1H NMR spectra are 
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stacked on top of one another, shown in fig 2.20. Fig 2.20 also shows the 

molecular structures of N3PEG113 and Gluc_PEG113 with the peaks on the 

spectra corresponding to the numbered protons on the structures. As evidenced 

by the 1H NMR spectra, the peaks for the PCL block were maintained, thus when 

setting the integration of peak 5 for both copolymers, the quantification of the click 

reaction was calculated by the integration of peak 6. Peak 6 denotes the proton 

at the triazole ring post-cycloaddition reaction, however instead of an expected 

singlet peak, a doublet was found. The doublet is likely because the cycloaddition 

between the azide and the propargyl was done at a high temperature (60 oC) 

allowing a huisgen 1,3-dipolar cycloaddition to occur instead of the copper-

catalysed azide-alkyne cycloaddition, thus a 1:1 mixture of stereoisomers could 

have been formulated, giving rise to two sharp peaks at peak 6. Nevertheless, 

the hydroxyl groups at C1, C3 and C4 have remained free to bind onto the GLUT1 

receptor, so binding of this glucose-conjugated PEG-PCL to GLUT1 should still 

be maintained. Integration of the doublet peak 6 was 0.59, thereby indicating a 

59.0% conjugation efficiency for the synthesis of Gluc_PEG113.  
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Fig. 2.20  Conjugation Efficiency of Click Reaction for glucose-conjugated polymer. 
Stacked 1H NMR spectra of (A) Gluc-PEG113 and (B) N3PEG113PCL in d6-
DMSO. Boxed area signifies the presence and absence of a triazole proton peak 
for Gluc-PEG113 and N3PEG113PCL respectively. The numbers on the peaks 
correspond to the numbers depicted in the structures next to the spectra. ‘X’ 
denotes residual water and ‘ ’ denotes the DMSO solvent peak.  

 

2.3.4 Angiopep2 decorated PEG-PCL micelles 

As discussed earlier for the type of ligand, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, and 𝛿𝐿 are variables to account 

for when engineering the ligand-decorated nanoparticles. AP2-decorated 

nanoparticles were first formulated: 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 was adjusted by altering the quantity 

of the AP2 conjugated PEG-PCL copolymer mixed with PCL50 during the self-

assembly of the nanoparticles and 𝛿𝐿 was accounted for by changing which AP2-

conjugated PEG-PCL copolymer is used during self-assembly. For the purposes 

of the thesis, micelles were chosen to be the preferred structure for testing 

phenotypic targeting as using micelles ensures that any ligand will be present on 

the outside of the nanoparticle, either embedded within the PEG113 brush  

(𝛿𝐿 < 1) or on the surface of the PEG113 brush (𝛿𝐿 < 1). Micelles could also have 
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been made with PCL30, PCL40 or PCL60 as the major component to test the 

effect of R in phenotypic targeting, but for simplicities sake it was decided to first 

test the effects of 𝑛𝐿 and 𝛿𝐿 for phenotypic targeting, and in the future test the 

effect of the radius of the nanoparticle. Cy7_PEG20 was also used in the self-

assembly of AP2-decorated nanoparticles to track the nanoparticles by 

fluorescence in future in vitro studies. A diagram of an AP2-decorated PEG-PCL 

nanoparticle is shown in fig 2.21, summarising the above details. 

 

 

Fig 2.21 Schematic of an AP2-decorated PEG-PCL micelles. Micelles were engineered 
predominantly with PCL50 with small molar fractions of Cy7_PEG20 and AP2-
conjugated PEG-PCL copolymers. 𝛿𝐿depicts how embedded the AP2 ligand is 
within the PEG113 brush, calculated as the ratio between the length of PEG113 
and the tether length of the AP2-conjugated PEG-PCL copolymer. 

 

18 AP2-decorated PEG-PCL micelle solutions were formulated using only PCL50 

as the bulk component, Cy7_PEG20 to give the micelle fluorescence and either 

AP2_PEG113, AP2_PEG68 or AP2_PEG8 to decorate the micelle with AP2. 

Nanoparticle solutions of 500 uM were made and then purified using the method 

described in the materials and methods section. Purification was done to mainly 

transfer the solution media from water to PBS as the nanoparticles were to be 
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used for following in vitro cell studies. A summary of the 18 nanoparticle solutions 

is given in table 2.6. As noted in table 2.6, the molar fraction of Cy7_PEG20 in 

the nanoparticle formulations, 𝛸𝐶𝑦7, was maintained at 5%, to keep the Cy7 

content per nanoparticle constant.  

 

Different 𝑁𝐿 of AP2 per nanoparticles was obtained by changing the molar 

percentage, 𝛸𝐴𝑃2, of AP2-conjugated PEG-PCL (AP2_PEG113, AP2_PEG68, or 

AP2_PEG8) in each nanoparticle formulation. 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 was estimated for each 

nanoparticle solution by using the following equation:  

 

 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 𝑁𝑎𝑔𝑔 × 𝛸𝐴𝑃2 

 

(13) 

where 𝑁𝑎𝑔𝑔 is the number of aggregation of the nanoparticle (the number of 

polymer strands in each nanoparticle). Furthermore, the estimation assumes that 

each nanoparticle has the same number of ligands. We assume that 𝑁𝑎𝑔𝑔 will be 

the same for all the AP2-decorated nanoparticle formulations and will be same 

for those nanoparticles made only using PCL50 (as PCL50 is the bulk copolymer 

for all AP2-decorated nanoparticle solutions)., 𝑁𝑎𝑔𝑔 was estimated at 395 using 

the following equation: 

 

 
𝑁𝑎𝑔𝑔 =

𝑉𝐶𝑜𝑟𝑒

𝑉𝑃𝑜𝑙𝑦𝑚𝑒𝑟
 

(14) 

 

where 𝑉𝐶𝑜𝑟𝑒 is the hydrophobic core volume of the PCL50 nanoparticle and 

𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is the volume of one PCL block of PCL50 in the hydrophobic core. 𝑉𝐶𝑜𝑟𝑒 

was calculated by:  
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𝑉𝐶𝑜𝑟𝑒(𝑛𝑚3) =

4

3
𝜋(𝑎𝑃𝐶𝐿 × 𝑁𝑃𝐶𝐿(𝑃𝐶𝐿50)𝑣𝑃𝐶𝐿) 

 

(15) 

where 𝑎𝑃𝐶𝐿 is the calculated length of a PCL monomer unit (0.875 nm), 

𝑁𝑃𝐶𝐿(𝑃𝐶𝐿50) is the 𝑁𝑃𝐶𝐿 of PCL50 (52) and 𝑣𝑃𝐶𝐿 is the flory exponent for the PCL 

block of nanoparticles. 0.6 was chosen for 𝑣𝑃𝐶𝐿 as PCL is in an unfavoured 

solvent when in PBS and will shrink in the bad solvent. 𝑉𝑃𝑜𝑙𝑦𝑚𝑒𝑟 was calculated 

by: 

 

 
𝑉𝑃𝑜𝑙𝑦𝑚𝑒𝑟(𝑛𝑚3) =

𝑀𝑤
𝑃𝐶𝐿(𝑃𝐶𝐿50) × 𝑁𝑃𝐶𝐿(𝑃𝐶𝐿50)

𝑁𝐴 × 𝜌(𝑃𝐶𝐿)
 

 

(16) 

where 𝑀𝑤
𝑃𝐶𝐿(𝑃𝐶𝐿50) is the molecular weight of the PCL block of PCL50 (114 g 

mol-1), 𝑁𝐴 is Avogadro’s constant and 𝜌(𝑃𝐶𝐿) is the density of PCL (1.13 × 1021 g 

nm-3).  

 

3 different 𝛿𝐿 were obtained by using either AP2_PEG113, AP2_PEG68 and 

AP2_PEG8 in the self-assembly process. The following equation, based on the 

calculation for a polymer chain length,186 was used to calculate 𝛿𝐿: 

 

 
⟨𝛿𝐿⟩ =

𝑎𝑃𝐸𝐺𝑁𝑃𝐸𝐺(𝐴𝑃_𝑃𝐸𝐺)𝑣𝑃𝐸𝐺

𝑎𝑃𝐸𝐺𝑁𝑃𝐸𝐺(𝑃𝐶𝐿50)𝑣𝑃𝐸𝐺
=

𝑁𝑃𝐸𝐺(𝐴𝑃_𝑃𝐸𝐺)𝑣𝑃𝐸𝐺

𝑁𝑃𝐸𝐺(𝑃𝐶𝐿50)𝑣𝑃𝐸𝐺
 

 

(17) 

where 𝑎𝑃𝐸𝐺 is the length of a PEG monomer (0.320 nm), 𝑁𝑃𝐸𝐺(𝐴𝑃_𝑃𝐸𝐺) and 

𝑁𝑃𝐸𝐺(𝑃𝐶𝐿50) are the NPEG of the AP2-conjugated PEG-PCL used and PCL50 
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respectively, and 𝑣 is the Flory exponent for PEG of the nanoparticle in PBS. 𝑣 

was calculated using the following equations: 

 

 
𝑣𝑃𝐸𝐺 =

ln(𝐴𝑃𝐸𝐺[𝑃𝐶𝐿50]) − ln (𝑎𝑃𝐸𝐺) 

ln (𝑁𝑃𝐸𝐺 )
 

(18) 

 

 𝐴𝑃𝐸𝐺[𝑃𝐶𝐿50] = 〈𝑅𝐺〉  −  𝑎𝑃𝐶𝐿𝑁𝑃𝐶𝐿(𝑃𝐶𝐿50)𝑣𝑃𝐶𝐿 (19) 

  

where 𝐴𝑃𝐸𝐺[𝑃𝐶𝐿50] is the PEG length of PCL50 and 〈𝑅𝐺〉 is the radius of PCL50 

nanoparticles obtained by TEM, which was observed to be 16.64 nm, with the 

diameter of the nanoparticles shown in table 2.3.  

 

The nanoparticles were coded based on both the 𝑛𝐿 and 𝛿𝐿 of the nanoparticle 

solutions, i.e., AP2-1-2 were nanoparticles formulated with PCL50, Cy7_PEG20 

and AP2_PEG113 – thus having a 𝛿𝐿 = 1 – at  𝑛𝐿 = 2. The table 2.6 also 

separates the nanoparticles solutions into 4 sets of nanoparticles, differentiated 

by the AP2-conjugated PEG-PCL copolymer used in the self-assembly. Three 

sets hereby labelled the AP2_1, AP2_0.70 and AP2_0.16 sets differ in the 𝛿𝐿 of 

AP2 between sets and differ in the 𝑛𝐿 of AP2 within the sets, with a control set 

hereby labelled Ctrl set being made with no AP2 present, were then to be 

analysed to determine if the nanoparticles can be used to test phenotypic 

targeting.  
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Table 2.6 Summary of AP2-conjugated PEG-PCL nanoparticles. 

NANOPARTICLE 

CODE 

AP2-

CONJUGATED 

PEG-PCL A 

𝑵𝑳𝒊𝒈𝒂𝒏𝒅 𝜲𝑨𝑷𝟐
B 𝜲𝑪𝒚𝟕

C 𝜹𝑳
C 

Ctrl_1 NA 0 0 5 0 

Ctrl_2 NA 0 0 5 0 

Ctrl_3 NA 0 0 5 0 

AP2_1_2 AP2_PEG113 2 0.5 5 1 

AP2_1_4 AP2_PEG113 4 1 5 1 

AP2_1_8 AP2_PEG113 8 2 5 1 

AP2_1_20 AP2_PEG113 20 5 5 1 

AP2_1_40 AP2_PEG113 40 10 5 1 

AP2_0.70_2 AP2_PEG68 2 0.5 5 0.70 

AP2_0.70_4 AP2_PEG68 4 1 5 0.70 

AP2_0.70_8 AP2_PEG68 8 2 5 0.70 

AP2_0.70_20 AP2_PEG68 20 5 5 0.70 

AP2_0.70_40 AP2_PEG68 40 10 5 0.70 

AP2_0.16_2 AP2_PEG8 2 0.5 5 0.16 

AP2_0.16_4 AP2_PEG8 4 1 5 0.16 

AP2_0.16_8 AP2_PEG8 8 2 5 0.16 

AP2_0.16_20 AP2_PEG8 20 5 5 0.16 

AP2_0.16_40 AP2_PEG8 40 10 5 0.16 

a AP2-conjugated PEG-PCL used for the assembly of the nanoparticle. AP2-conjugated PEG-
PCL polymer codes depicted here are found in Table 2.5. b, c Molar percentage (%) of AP2-
conjugated PEG-PCL and Cy7_PEG20 respectively. d Ligand insertion parameter of AP2. 
 

 

The Ctrl set was formulated only containing PCL50 and Cy7_PEG20 to produce 

fluorescently tagged nanoparticles with no AP2 ligands. The control set was 

made to determine whether the inclusion of 5 mol% Cy7_PEG20 alter the 

morphology or size of nanoparticles made with PCL50. The control set was also 
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formulated as in future in vitro studies, the control set would be used as the 

negative control when testing the effect 𝛿𝐿 and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 of AP2 has on phenotypic 

binding. DLS and TEM analysis was first done on the control nanoparticle set, 

Ctrl_1, Ctrl_2 and Ctrl_3, with the TEM images and DLS intensity and 

correlograms shown in fig 2.21. The TEM images show that spherical micelles 

were found in all 3 samples, akin to the morphologies and size of nanoparticles 

made using only PCL50 in fig 2.11. The intensity graph in fig 2.21B also shows 

that all three samples shared the same intensity profile, indicating that the three 

control samples all shared the same size. The DLS results in fig 2.21B also match 

the intensity and correlograms seen in fig 2.5. The results in fig 2.22 conclude 

that the inclusion of Cy7_PEG20 had no effect on the size and shape of PCL50 

nanoparticles.  
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Fig 2.22 Structure and size characterisation of nanoparticles of the Ctrl set. (A) TEM 
images of control samples. Scale bar = 200nm. (B) DLS intensity and 
correlogram graphs of the control micelles.   

 

 

Analysis of the AP2_1, AP2_0.70 and AP2_0.16 sets was then done to confirm 

the shape and size of these nanoparticles. TEM images of the nanoparticles of 
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the AP2_1, AP2_0.70 and AP2_0.16 set are shown in fig 2.23, fig 2.24 and fig 

2.25 respectively. A diagram is given in each figure to help distinguish the 

different 𝛿𝐿 for AP2 between the sets. The TEM images in fig 2.23 – 2.25 show 

that all the nanoparticles formed were spherical and that the sizes of the 

nanoparticles are the same as those of the Ctrl set, therefore the introduction of 

AP2-conjugated PEG-PCL copolymers during the self-assembly had no effect on 

the size and morphology the nanoparticles could form. Changing the mol% of 

AP2-conjugated PEG-PCL copolymer also had no effect on the size and shape 

of the nanoparticles, as evidenced by comparison of the TEM images within each 

set.  
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Fig 2.23 Structure characterisation of nanoparticles of the AP2_1 set. (A) 
Schematic of the designed nanoparticles for set AP2_1 (B) TEM images of 
AP2_1 set of micelles. Scale bar = 200nm. 

 



  | 112 | 
 

 

Fig 2.24 Structure characterisation of nanoparticles of the AP2_0.70 set. (A) 
Schematic of the designed nanoparticles for set AP2_1 (B) TEM images of 
AP2_0.70 set of micelles. Scale bar = 200nm. 
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Fig 2.25 Structure characterisation of nanoparticles of the AP2_0.16 set. (A) 
Schematic of the designed nanoparticles for set AP2_1 (B) TEM images of 
AP2_0.11 nanoparticles. Scale bar = 200nm. 
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2.3.5 Glucose decorated PEG-PCL micelles 

The type of ligand used is another factor for phenotypic targeting, therefore Gluc-

decorated nanoparticles were synthesised. In comparison to the AP2-decorated 

nanoparticles, the gluc-decorated nanoparticles will test 𝑁𝐿𝑖𝑔𝑎𝑛𝑑for phenotypic 

targeting: the ligand-receptor binding energy between glucose and GLUT1 is low 

(where 𝐾𝑀 = 6.5𝑚𝑀187). As glucose to GLUT1 binding energy is low, an 

assumption is that embedding it within the nanoparticle hydrophilic PEG chains 

would increase the steric hindrance to the point where binding could no longer 

occur. Previous studies, such as targeting and uptake studies of glucose-

conjugated nanoparticles on the RG-2 glioma cell line188 and the transport of 

glucose-decorated micelles across the BBB76 have also used glucose on the 

surface of the nanoparticles; therefore, it was decided to first test glucose only 

using 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 as the variable. Like the AP2-decorated nanoparticles, PCL50 will 

be used as the major component and 5 mol% Cy7_PEG20 will be used during 

the self-assembly. A diagram of a gluc-decorated nanoparticle to be engineered 

is shown in fig 2.26. 
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Fig 2.26 Schematic of an AP2-decorated PEG-PCL micelles. Nanoparticles are 
engineered predominantly with PCL50 with small molar fractions of Cy7_PEG20 
and Gluc_PEG113. 𝛿𝐿depicts how embedded the Gluc ligand is within the PEG113 
brush, calculated as the ratio between the length of PEG113 and the tether length 
of Gluc_PEG113. 

 

6 Gluc-conjugated nanoparticle formulations were made varying in 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 of 

glucose, and a summary of the nanoparticles and the variables being tested is 

shown in table 2.7. Nanoparticles with different 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 of glucose was obtained 

by changing the 𝛸𝐺𝑙𝑢𝑐 during self-assembly. 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 was again calculated using 

the equations in 2.3.4. Compared to 𝛸𝐴𝑃2, nanoparticles with a higher 𝛸𝐺𝑙𝑢𝑐 

formed, from 5-50%, to mimic the 𝛸𝐺𝑙𝑢𝑐 of glucose-decorated nanoparticles used 

by the Katoaka group and their BBB crossing studies.76 𝛿𝐿 for the gluc ligand on 

each nanoparticle sample is equal to 1 as the gluc-conjugated PEG-PCL used 

has 𝑁𝑃𝐸𝐺 = 113, akin to that of PCL50. TEM images of each sample were taken 

and are shown in fig 2.26. As seen in the images, spherical structures were seen 

for each sample. Non-spherical structures were also seen in some of the 

samples, such as in Gluc_1_15 and Gluc_1_50, however these structures were 

only found in a few sections of the grid and the predominant structure was still of 

a spherical micelle. The structures seen in fig 2.27 are the same as those found 
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in fig 2.11 and 2.22-2.25, therefore the introduction of gluc-conjugated PEG-PCL 

did not alter the sizes and shapes of the nanoparticles formed.  

 

Table 2.7 Summary of Glucose-conjugated PEG-PCL nanoparticles.  

NANOPARTICLE 

CODE 

GLUC-

CONJUGATED 

PEG-PCL A 

𝑵𝑳𝒊𝒈𝒂𝒏𝒅 𝜲𝑮𝒍𝒖𝒄 (%) B 𝜲𝑪𝒚𝟕 (%) C 𝜹𝑳
D 

Gluc_1_20 Gluc_PEG113 20 5 5 1 

Gluc_1_39 Gluc_PEG113 39 10 5 1 

Gluc_1_59 Gluc_PEG113 59 15 5 1 

Gluc_1_79 Gluc_PEG113 79 20 5 1 

Gluc_1_99 Gluc_PEG113 99 25 5 1 

Gluc_1_197 Gluc_PEG113 197 50 5 1 

a Gluc-conjugated PEG-PCL used for the assembly of the nanoparticle. Gluc-conjugated PEG-
PCL polymer codes depicted here are found in Table 2.5. b ,c Molar fractions (%) of Gluc_PEG113 
and Cy7_PEG20 respectively. d Ligand insertion parameter of Gluc. 
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Fig 2.27 Structure characterisation of nanoparticles of the Gluc set. (A) Schematic 
of the designed nanoparticles for set Gluc (B) TEM images of AP2_0.11 
nanoparticles. Scale bar = 200nm. 

 

2.4 Conclusions  

The first step in answering our research questions was to synthesise and develop 

nanoparticles with the ability to target receptors on the brain endothelial cells. In 

this chapter, we have described the formulation of ligand-decorated nanoparticles 

that differ in three variables that influence targeting: 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 (number of ligands), 

𝛿𝐿 (ligand insertion parameter - for AP2) and type of ligand (AP2 or Glucose). We 

can therefore first optimise targeting to brain endothelial cells using these 

variables, and then further investigate if selective targeting of brain endothelial 

cells can be achieved to answer our first research question. We can next use 

these nanoparticles in in vitro crossing assays to assess the influence of 𝛿𝐿 in 

transcytosis to answer our second research question.  
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Several shortcomings arose from the results. Firstly, the synthesised PEG-PCL 

copolymers have a varying range of polydispersities, Đ: in the future, several 

alterations in the synthesis procedure (such as azeotropic distillation of the PEG 

initiator) may prove to optimise the purity of the synthesised products and make 

the polydispersities of the copolymers narrower. Furthermore, the results also 

assume that during the production of the ligand-decorated nanoparticles, the 

distribution of the ligands is consistently uniform, with each nanoparticle having 

an equal number of ligands - further work examining the distribution of the ligands 

on the nanoparticle may prove beneficial, particularly in linking experimental data 

and any future computational study.  
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Chapter 3 

Targeting brain endothelial cells 

 

3.1  Introduction  

In this chapter, we focus on the first research question of the thesis: can we 

selectively target brain endothelial cells? To answer the research question, we 

must first optimise multivalent targeting towards brain endothelial cells. We can 

then investigate binding to brain endothelial cells against other brain-derived cells 

to see if we can phenotypically target the specific brain endothelial cell phenotype 

(density of multiple receptors).  

 

For phenotypic targeting (which builds on the principles of superselectivity and 

range-selectivity) the fraction of bound nanoparticles on a receptor-decorated 

surface (𝜃) relies heavily on the single site partition function describing a bound 

nanoparticle (𝑞). 𝑞 was calculated in equation (10), where 𝑞 =  𝑣 exp(−𝛽𝐹𝑡𝑜𝑡).17,21 

𝑣 is the binding volume of the nanoparticle at the adsorption site, 𝛽 is 
1

𝑘𝐵𝑇
 (𝑘𝐵 is 

the Boltzmann constant and T is temperature) and 𝐹𝑡𝑜𝑡 is the total free energy of 

binding between the nanoparticle and the target cell. 𝐹𝑡𝑜𝑡 is the combination of 

both attractive and repulsive forces to binding, relying on the number of ligands 

on a nanoparticle (𝑁𝐿𝑖𝑔𝑎𝑛𝑑), the insertion parameter of the ligand (𝛿𝐿), the free 

energy of binding between a ligand and receptor (𝑓𝐵) and  the number of receptors 

on the surface (𝑁𝑅)  
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In chapter 2, ligand-decorated nanoparticles were formulated, varying 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, 𝛿𝐿 

and the type of ligand (using either AP2 or Gluc to bind onto LRP-1 or Glut1 

receptors on brain endothelial cells respectively). With the synthesised ligand-

decorated nanoparticles, investigation on the effects of 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, 𝛿𝐿 and the type 

of ligand on targeting can be undertaken. An investigation of the effects of the 

variables will allow us to optimise our targeting brain endothelial cells prior to 

testing if we can selectively target brain endothelial cells.  

 

In this study, we use mouse brain endothelial cells (bEnd3) as our brain 

endothelial cell line for testing: bEnd3 has been used in the literature in both 

targeting experiments18,21 and crossing experiments71,189. By using bEnd3 cells 

for targeting, we can therefore relate the results to future crossing assays using 

bEnd3 to create our in vitro BBB model. The other two cell lines chosen for the 

investigation include mouse astrocytes (C8-D1A) and human glioblastoma  

(T98G). Both cell lines were chosen for comparison with bEnd3 as they are both 

also brain-isolated cell lines, with C8-D1A as astrocytes being cells as part of the 

BBB, and T98G glioblastoma as an aggressive brain cancer cell type.  

 

In this chapter, a cytotoxicity assay was first performed to investigate whether the 

synthesised ligand-decorated PEG-PCL nanoparticles were toxic to bEnd3, C8-

D1A and T98G. Receptor expressions of LRP-1 and GLU1 for each line were 

analysed by Western blot to ascertain whether the three cell lines differ in 

receptor densities. Binding assays were then done on bEnd3 to investigate the 

effect of 𝑁𝐿 and 𝛿𝐿 on binding. Further binding studies were performed on C8-

D1A and T98G to investigate the effect of 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 and to verify if any 

nanoparticle formulation bound strongly to bEnd3 and not to the other cells. 
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Finally, the glycocalyx of each cell line was investigated to examine the effect of 

𝛿𝑅 on binding, and subsequent binding assays on glycocalyx-shed bEnd3 was 

undertaken to see if the effect of glycocalyx shedding on the binding to bEnd3. 
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3.2  Materials and Methods 

3.2.1  Materials 

Table 3.1  Materials used in chapter 3 

MATERIAL ABBREVIATION SUPPLIER 

bEnd3 (mouse endothelial cells) bEnd3 ATCC 

C8-D1A (mouse astrocytes) C8-D1A ATCC 

T98G (human glioma cells) T98G ATCC 

Dulbecco’s modified eagle’s medium DMEM ATCC 

Eagle’s minimum essential medium EMEM ATCC 

Fetal bovine serum FBS Sigma Aldrich 

Penicillin/streptomycin PS Sigma Aldrich 

Dulbecco’s phosphate buffered 

saline 

dPBS Sigma Aldrich 

Trypsin-EDTA (0.25%), phenol red Tryp Thermo Fisher 

Trypan blue TryB Sigma Aldrich 

RIPA buffer RIPA Sigma Aldrich 

Protease inhibitor cocktail PI Sigma Aldrich 

Bio-Rad protein assay kit - Bio-rad 

Bovine serum albumin BSA Bio-rad 

Laemmli 4x concentrate - Bio-rad 

2-Mercaptoethanol - Sigma Aldrich 

Acrylamide/Bis-acrylamide 30% Acrylamide/bis Sigma Aldrich 

Tris Base Tris Sigma Aldrich 

Hydrochloric acid HCl Sigma Aldrich 

Sodium dodecyl sulfate SDS Sigma Aldrich 

Distilled water dH2O Sigma Aldrich 

Ammonium persulphate APS Sigma Aldrich 

Tetramethylethylenediamine TEMED Thermo Fisher 

Glycine - Sigma Aldrich 
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Methanol MeOH Fisher Scientific 

Tris-buffered saline TBS 10x Sigma Aldrich 

Tween® 20 detergent Tween Sigma Aldrich 

Milk - Sigma Aldrich 

Recombinant Anti-LRP1 antibody 1o LRP-1 Abcam 

Glut1 Antibody 1o GLUT1 Novus biologicals 

GADPH Mouse McAb 1o GADPH Protein Tech 

Goat anti-Rabbit IgG (H+L) 

Secondary Antibody, DyLightTM 800 

4x PEG 

Anti-Rabbit Invitrogen 

Goat anti-Mouse IgG (H+L) 

Secondary Antibody, DyLightTM 800 

4x PEG 

Anti-Mouse Invitrogen 

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide 

MTT Thermo Fisher 

Dimethyl sulfoxide DMSO Fisher Scientific 

Hoechst 34580 Hoechst Fisher Scientific 

Fluorescein isothiocyanate labelled 

lectin from Lycopersicon esculentum 

FTIC-lectin Sigma Aldrich 

Paraformaldehyde PFA Sigma Aldrich 

Recombinant heparinase I Hep-I R&D Systems 

Recombinant heparinase II Hep-II R&D Systems 

Recombinant heparinase III Hep-III R&D Systems 

ELISA KIT for Low Density 

Lipoprotein Receptor Related 

Protein 1 (LRP-1) 

- Cloud-Clone Corp. 
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The following solutions were made in house.  

1.5M Tris-HCl-8.8 (150 mL) - Tris (27.23 g) was dissolved in dH2O (80 mL). The 

pH was adjusted to 8.8 with 6M HCl, then dH2O was added to reach the final 

volume (150 mL).  

0.5M Tris-HCl-6.8 (100 mL) - Tris (6.00 g) was dissolved in dH2O (60 mL). The 

pH was adjusted to 6.87 with 6M HCl, then dH2O was added to reach the final 

volume (100 mL).  

TBST (1000 mL) - TBS 10x (100 mL) and Tween (1 mL) was added to dH2O (900 

mL) and stirred for 30 min.  

 

Ligand-decorated nanoparticles used in this chapter were described tables 2.6 

and 2.7 and discussed as sets of nanoparticles for ease. In brief, the Ctrl set 

includes the nanoparticle formulations where 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0 (AP2 or Gluc), the 

AP2_1, AP2_0.70 and AP2_0.16 sets house AP2-decorated nanoparticle 

formulations (where 𝛿𝐿 = 1, 0.70 and 0.16 respectively), and Gluc_1 set 

described the Gluc-decorated nanoparticle formulations (where 𝛿𝐿 = 1).  

 

3.2.2 Cell Culture 

bEnd3, C8-D1A and T98G cells were stored in 90:10 FBS:DMSO in a liquid 

nitrogen vapour container until required. Cells were thawed by removing them 

from the liquid nitrogen vapour storage and gently agitated in a 37 oC water bath 

for 1-2 min. Cells were then transferred to a T75 flask with media (10 mL), pre-

warmed in a 37 oC water bath, and incubated at 37 oC for 24 hours. Media chosen 

for defrosting, and for all subsequent experiments, was as follows: 
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Table 3.2  Media used for cell culture and subsequent experiments on each cell line 

CELL LINE MEDIA SUPPLIMENT 

bEnd3 DMEM 10% (v/v) FBS 

1% (v/v) PS 

C8-D1A DMEM 10% (v/v) FBS 

1% (v/v) PS 

T98G EMEM 10% (v/v) FBS 

1% (v/v) PS 

 

After 24 hours, cells were treated by media removal, dPBS (5 mL) wash, and new 

media (10 mL) addition. Cells were then maintained and kept incubated at 37 oC. 

Every 2-3 days, the cells were fed by old media removal, dPBS (5 mL) wash, and 

new media (10 mL) addition.  

 

Cell subculture was routinely performed when cell confluency (percentage of 

adhered cells on the surface of the T75 flask) reached >80%. Confluency was 

monitored daily using an optical microscope. All reagents required for subculture 

were first warmed using a water bath set at 37 oC for 30 min. Upon reaching 

optimum cell confluency, the culture media was removed, the cells were washed 

with dPBS (5 mL) and then the cells were incubated with TRYP (3 mL) at 37 oC 

for 3 min. Trypsin is a proteolytic enzyme that breaks down the proteins that 

enable cells to adhere to the flask surface.190 The flask was then inspected under 

an optical microscope to see if full detachment of all cells was obtained, and then 

fresh media (7 mL) was then added to deactivate trypsin. Trypsin deactivation 

was required after cell detachment as ongoing proteolysis could lead to cell 

damage. The cell suspension was transferred to a 15 mL falcon tube and 

centrifuged at 1200 RPM for 5 min, then the supernatant was discarded to obtain 

a cell pellet. The cell pellet was then resuspended in 2 mL of media, and 10 μL 
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of this suspension was added to 10 μL of Trypan blue for cell counting using a 

Bio-Rad Automated Cell Counter.  

 

Depending on which assay followed, different cellular concentrations were plated:   

[1] Cells (1 × 106 cells, 1 mL media) were subcultured in T75 flasks with fresh 

media (14 mL) for further experiments. The passages number were registered 

indicating the number of times the cells have been subcultured.  

[2] Cells (1 × 106 cells, 1 mL media) were transferred into 1 mL Eppendorf tubes, 

centrifuged at 1200 RPM for 5 min, and supernatant was discarded. The pellet 

was washed via resuspension in dPBS (1 mL), centrifugation at 1200 RPM for 5 

min and subsequent supernatant removal. The washed pellet, containing 1 × 106 

cells, was stored in a Mr. FrostyTM freezing container at -80C.    

[3] Cells were seeded into either clear or black 96 well plates (1 × 104cells, 100 

μL media per well), clear 12 well plates (5 × 104 cells, 1 mL media per well) or 

clear 6 well plates (1 × 106 cells, 2 mL media) for future experiments.  For all 

future experiments, bEnd3, C8-D1A and T98G cells were used from passage 26-

30, passage 2-7 and passage 3-11 respectively. A narrow passage range for 

each cell line was chosen as a cell line’s characteristics is affected over time.191 

 

3.2.3 Cell viability assay after nanoparticle incubation 

Cell metabolic activity (for bEnd3, C8-D1A and T98G) was determined after 

nanoparticle incubation using the MTT assay to investigate the cytotoxicity of the 

nanoparticles. For drug delivery, the nanoparticles should not be cytotoxic to the 

target cells. The assay is based on metabolic activity of the cells by the reduction 

of MTT to formazan by the NADPH-dependent oxidoreductase enzymes present 

in viable cells. The formazan crystals can then be dissolved adding 100uL of 
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DMSO and the absorption of the resulting solution is measured at 570 nm using 

a plate reader. A MTT assay looking at the cytotoxicity of a nanoparticle 

formulation is described as follows. Cells (1 × 104cells in 100 μL media) were 

seeded on a clear 96 well plate, as described in 3.2.2, and incubated at 37 oC for 

24 hours. Media was aspirated out of the cells and a nanoparticle formulation (20 

μM in 100 μL media) was added to the cells and incubated at 37 oC for 1 hour, 

the timeframe used in previous binding studies.21 After 1 hour, nanoparticles were 

removed from the cells, an MTT solution (0.5 mg mL-1 MTT in 100 μL in media) 

was added to each well and the cells were further incubated for a further 2 hours. 

The MTT solutions were then carefully removed from the cells and DMSO (100 

μL) was added to each well to dissolve the formed formazan crystals. The 

absorbance of the wells was then read at 570 nm. Cell viability was then 

calculated using the following:  

 

 
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝐴𝑛

𝐴𝑚
× 100 

 

(20) 

where 𝐴𝑛 and 𝐴𝑚 were the absorbances from nanoparticle treated wells and 

negative control (media only) treated wells respectively. The MTT assay was 

done in duplicate and 3 individual times (n=3) per cell line, with each individual 

time using a different passage number for the cell line.  

 

3.2.4 Protein extraction and lysate preparation  

Protein extraction from bEnd3, C8-D1A and T98G cells was done by cell lysis 

(the breaking down of the cell membrane) to produce lysates (fluids containing 

the contents from cell lysis). An example of the production of a bEnd3 lysate is 

described as follows. RIPA (98 μL) and PI (2 μL) were added to bEnd3 cell pellets 
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– obtained from 3.2.2 – and incubated in ice for 30 min. RIPA induces efficient 

cell lysis and the solubilisation of the proteins of the cells. PI was used to prevent 

proteolysis of the proteins. After incubation, the sample was slowly passed 

through a small needle 5 times via a 1 mL syringe to aid cell lysis. The sample 

was then centrifuged at 13300 RPM for 20 min at 4 oC, and the supernatant, 

hence the bEnd3 lysate, was retained. C8-D1A and T98G lysates were obtained 

following the exact method described above using C8-D1A and T98G cell pellets.  

 

Protein quantification of each lysate was obtained using the Coomassie® Brilliant 

Blue G-250 dye included in the Bio-Rad protein assay kit. Coomassie® Brilliant 

Blue G-250 binds onto basic amino acids in proteins which produces a protein-

dye complex with a maximum absorbance at 595 nm. An example of the 

quantification of a bEnd3 lysate is described as follows. bEnd3 lysate (2 μL) was 

added to water (48 μL), and 10 μL of the solution was added to a 96 well plate. 

The Bradford assay reagent (200 μL), formulated as per the manufacturer’s 

instructions, was added to each well and left for 5 min. The absorbance of the 

well was then read at 595 nm. Total protein content of the lysate was calculated 

using a BSA calibration curve (from 0.250-0.004 mg mL-1). Quantification of 

protein content per lysate was done in triplicate.  

 

3.2.5 Protein expression  

Protein expression of LRP-1 and GLUT1 for bEnd3, C8-D1A and T98G was 

assessed by the western blot assay to compare the LRP-1 and GLUT1 receptor 

densities of each cell line. For the western blot assay, the following steps were 

done in sequence: 
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3.2.5.1 Lysate preparation 

Lysates were prepared by adding 25 μL of a laemmli solution (9:1 Laemmli 4x 

Concentrate: 2-mercaptoethanol) to 100 μL of each lysate and heated for 5 min 

at 95 oC. The laemmli 4x concentrate solution contains glycerol, LDS, and 

bromophenol blue. The laemmli solution was added to denature and unfold the 

proteins – LDS disturbed the hydrogen bonds, hydrophobic interaction, and ionic 

interactions within the proteins, whereas 2-mercaptoethanol cleaved the 

disulphide bonds – and the sample was heated to allow LDS to bind onto the 

protein giving the protein a net negative charge, allowing their separation by 

molecular weight when performing sodium dodecyl sulphate–polyacrylamide gel 

electrophoresis (SDS-PAGE).  

 

3.2.5.2 SDS-PAGE polyacrylamide gel casting 

The polyacrylamide gel required for SDS-PAGE was cast in-house 24 hours prior 

to SDS-PAGE. The gel was made following a previously published protocol.192 

The gel for SDS-PAGE consisted of two sections, the stacking gel (where the 

sample will be loaded) and the resolving gel (where proteins will be separated 

based on molecular weight). The stacking gel was made by mixing 30% 

Acrylamide/bis (1.98 mL), 0.5M Tris-HCl-6.8 (3.78 mL, pH 6.8), 10% SDS (150 

μL), dH2O (9 mL) and 10% APS (75 μL), whereas the resolving gel was made by 

mixing 30% Acrylamide/bis (6 mL), 1.5M Tris-HCl-8.8 (3.75 mL, pH 8.8), 10% 

SDS (150 μL), dH2O (5.03 mL), and 10% APS (75 μL). To cast the gel for SDS-

PAGE, TEMED (7.5 μL) was added to the resolving gel and the resulting resolving 

gel mixture was poured into the cast and left for 60 minutes. TEMED and APS 

were used as free radical catalysts for the free radical polymerisation between 

acrylamide and bis-acrylamide: APS was used as the free radical initiator and 
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TEMED accelerated the rate of free radical formation from APS. Bis-acrylamide 

was used during the polymerisation as a cross-linker of the polymer chains. After 

the resolving gel had set, a comb was placed on top of the gel, TEMED (15 μL) 

was added to the stacking gel and the resulting stacking gel poured onto the 

comb and left for 60 minutes again for the polymerisation of acrylamide and bis-

acrylamide in the stacking gel to occur. Once the gel had set, the comb was 

removed creating wells in the gel for samples to be loaded for SDS-PAGE. The 

gel was stored at 4 oC until required.  

 

3.2.5.3 SDS-PAGE  

An electrophoresis setup was then established using the in-house cast 

polyacrylamide gels with the running buffer - 25 mM Tris base, 190 mM glycine, 

0.1% SDS, pH-adjusted to 8.3 using HCl. Lysates (20 μg total protein) of each 

cell line (bEnd3, C8-D1A and T98G) were loaded into the stacking gel wells. A 

precision plus protein dual colour standard (2 μL) was also added into a stacking 

gel well as a ladder to give a scale for the molecular weight of proteins. The 

glycerol present in the prepared lysates increased the density of the samples so 

that the sample fell to the bottom of the wells, and the bromophenol blue helped 

visualise the samples within the wells.  

 

Electrophoresis was performed to separate proteins based on molecular weight. 

After loading the samples into the gel, electrophoresis was performed at 80 V for 

30 min, then 120 V for an additional 90 min.  During electrophoresis, an electric 

field is produced, and the negatively charged denatured proteins move down the 

gel towards the positive electrode. During the initial 30 min at 80 V, the samples 

move down the stacking gel, which was at a pH of 6.8: at this pH, glycine from 
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the running buffer held a neutral charge and moved down the gel slowly, whereas 

chloride ions moved quickly down the gel, consequently trapping all the proteins 

between the two and concentrating the proteins into a narrow band on the gel. 

During the 90 min at 120 V, samples moved down the resolving gel, which was 

at a pH of 8.8: at this pH, glycine from the running buffer now held a negative 

charge and migrate faster than the proteins, hence separating the proteins, with 

smaller proteins running down the gel faster than larger proteins due to being 

able to pass through the pores within the polyacrylamide gel more easily. The 

bromophenol blue ran the fastest due to its small size, thus the electrophoresis 

could be monitored and stopped before the bromophenol blue reached the 

bottom of the gel.  

 

3.2.5.4 Protein transfer  

Once the proteins from each cell lysate were separated based on molecular 

weight, electrophoretic transfer was conducted to move the proteins from the gel 

to an Immun-Blot® polyvinylidene fluoride (PVDF) membrane. Protein transfer 

was necessary to make proteins accessible to antibody detection on a 

membrane. The protein-containing gel was stacked on top of the membrane and 

placed in an electrophoretic chamber with the membrane towards the positive 

electrode side and the chamber was filled with the transfer buffer - 25 mM Tris 

base, 190 mM glycine, 20% methanol and pH-adjusted to 8.3 using HCl. 

Electrophoretic transfer was then conducted at 50 V for 30 min, then 100 V for 2 

hours to allow the proteins to move from the gel to the membrane, following the 

same principle that the negatively charged proteins move towards the positive 

electrode. To confirm that the proteins have been transferred successfully, the 

membranes were stained with Ponceau S for 1 min. Ponceau S rapidly and 
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reversibly binds to both the positively charged and non-polar regions of proteins, 

evidenced by red bands on the membrane. The membranes were further washed 

with dH2O to remove the excess of ponceau.  

 

3.2.5.5 Blocking 

After protein transfer onto the membrane, the membrane was incubated and 

slowly agitating in 5% milk in TBST for 1 hour. Incubation in milk was the process 

of blocking: proteins in the milk bind onto the membrane where the target proteins 

from the protein transfer have not attached, reducing the chances for antibodies 

to bind onto the membrane non-specifically during the next step during antibody 

incubation. 

 

3.2.5.6  Antibody incubation 

Once the membrane containing the transferred proteins from the lysates of 

bEnd3, C8-D1A and T98G from SDS-PAGE has been blocked, the membrane 

could then be incubated with antibodies to first quantify the expression of either 

LRP-1 or GLUT1, then GADPH. GADPH expression was quantified as the 

GADPH protein is expressed highly in almost all tissues and was used for protein 

normalisation (i.e., to obtain LRP-1/GADPH or GLUT1/GADPH for each cell 

line).193 Antibody incubation for quantifying LRP-1 followed by GADPH 

expression is described as follows. After blocking, the membrane was incubated 

with the LRP-1 primary (1o) antibody, 1o-LRP-1 (2 μL), in 1% milk in TBST (10 

mL) and gently agitated for 12 hours at 4 oC. A rabbit monoclonal antibody for 

LRP-1 was chosen as it binds to both mouse LRP-1 (in bEnd3 and C8-D1A) and 

human LRP-1 (in T98G) on the membrane. After 1o-LRP-1 incubation, the 

membrane was washed with TBST buffer 3 times and incubated with a secondary 
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(2o) antibody, goat anti-Rabbit (1 μL) in 1% milk in TBST (10 mL) and incubated 

for 2 hours at room temperature. anti-Rabbit was used to bind onto the bound 1o-

LRP-1 on the membrane, as the host species used to produce 1o-LRP-1 was a 

rabbit. The membrane was then washed again 3 times and then imaged using an 

Odyssey CLx imager. The imager scans at an excitation wavelength of 783 nm 

and emission wavelength of 797 nm, corresponding to the DyLightTM 800 

conjugated onto the anti-Rabbit antibody. The bands corresponding to the LRP-

1 protein was then found on the image, and the intensity of the band was obtained 

using FiJi, with the intensity of the band corresponding to its expression. After 

LRP-1 expression, the membrane was washed with TBST buffer 3 times and then 

incubated with the GADPH 1o antibody, 1o-GADPH (2 μL) in 1% milk in TBST (10 

mL) and gently agitated for 2 hours at room temperature. 1o-GADPH was used 

as it binds to both mouse and human GADPH. After incubation, the membrane 

was washed again with TBST buffer 3 times and incubated with the 2o antibody, 

anti-Mouse (1 μL) in 1% milk in TBST (10 mL), incubated for 2 hours, washed 

again and then imaged. anti-Mouse was used as host species of 1o GADPH was 

a mouse, and was conjugated to DyLightTM 800, akin to that of anti-Rabbit thus 

could be seen using the same Odyssey CLx imager.  

 

Antibody incubation to quantify GLUT1 followed by GADPH expression follows 

the same procedure as above, but using the GLUT1 1o antibody, 1o-GLUT1 

(which can bind to both mouse and human GLUT1) and anti-Rabbit (as the host 

species of 1o-GLUT1 is a rabbit) 
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3.2.6  Binding assays  

Binding assays were performed on bEnd3, C8-D1A and T98G cells using 

previously synthesised PEG-PCL nanoparticles from chapter 2. A binding assay 

looking at the how many nanoparticles of different formulations bound on cells is 

described as follows. Cells (bEnd3, C8-D1A or T98G) were seeded on a black 96 

well plate (1 × 104cells with 100 μL media per well) and incubated at humified 

chamber at 37 oC for 12 hours.  Media was then removed and nanoparticle 

formulations (20 μM, 100 μL in media) were added to the cells and incubated at 

37 oC for 1 hour. After incubation, the nanoparticle formulations were carefully 

aspirated out and transferred to a separate black 96 well plate. The concentration 

of the nanoparticle formulations after cell incubation was calculated via 

fluorescence measurements. The fluorescence was read using a TECAN Spark® 

microplate reader, using an excitation wavelength of 750 nm and emission 

wavelength of 779 nm corresponding to the excitation and emission wavelengths 

for the Cy7 fluorophore that was tagged on all synthesised PEG-PCL 

nanoparticles described in 2.3.4 and 2.3.5. Percentage of nanoparticles bound 

(NB%) onto the bEnd3 cells was then calculated using: 

 

 
𝑁𝐵% = 100 − (

[𝑁𝑃]𝑅

[𝑁𝑃]0
× 100) 

(21) 

 

where [𝑁𝑃]0 and [𝑁𝑃]𝑅 were the concentrations of the nanoparticle solution 

initially added to the cells (20 uM) and the concentration of the nanoparticle 

solution aspirated out of the wells after 1 hour incubation in cells. The 

nanoparticle concentration to add to cells was chosen to match the same 

concentration that had previously been used for PMPC-PDPA nanoparticles in 

cell binding studies within the Battaglia group.21 Only one concentration was 
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chosen for this preliminary study; however, as superselectivity also depends on 

the concentration of nanoparticles administered to the cells (see equation (5) from 

the theory of superselectivity), future studies could be done using concentration 

as a variable. [𝑁𝑃]𝑅 was calculated using a calibration curve of the nanoparticle 

formulation (varying between 0.31 - 40.00 uM in 100 uL media). The gain – the 

amplification of the fluorescence readings – for the analysis was set at a constant 

108 for all binding assays, obtained when creating a calibration curve of the 

nanoparticle solutions. NB (%) was then converted to the number of nanoparticles 

bound per cell by: 

 

 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙
=

𝑁𝐵% × 𝑛(𝑁𝑃𝑠)  ×
𝑁𝐴

𝑁𝑎𝑔𝑔

#(𝑐𝑒𝑙𝑙𝑠)
 

 

(22) 

where 𝑛(𝑁𝑃𝑠) is the number of mols of the nanoparticle solution incubated on the 

cells, 𝑁𝐴 is Avogadro’s number, 𝑁𝑎𝑔𝑔 is the number of aggregation for the 

nanoparticles and #(𝑐𝑒𝑙𝑙𝑠) is the number of cells initially seeded for the binding 

study. For all calculations, 𝑛(𝑁𝑃𝑠) = 2 × 10−9, 𝑁𝑎𝑔𝑔 = 395 (estimated in chapter 

2) and #(𝑐𝑒𝑙𝑙𝑠) = 10,000.  

 

The currently described method was established from previous experiments, 

where calculation of the nanoparticles bound was calculated instead by 

measuring the fluorescence of the wells with the nanoparticle-treated cells within 

(hence measuring the concentration of nanoparticles left in the well after 

aspiration of the nanoparticle solutions), herein described as the initial method. 

The results from the initial method showed very few nanoparticles and when 

compared with the newer method described above (herein dubbed revised 



  | 136 | 
 

binding method, where the concentration of nanoparticles bound was calculated 

from the aspirated nanoparticle solution), there was a significant difference in the 

number of nanoparticles bound for both binding methods. The difference in the 

methods can be seen in fig A.27. Therefore the revised binding method was then 

used.  

 

3.2.7 Lectin assay  

A lectin assay was performed on bEnd3, C8-D1A and T98G cells to determine 

the glycocalyx concentration of each cell line. Cells (bEnd3, C8-D1A or T98G) 

were seeded on a 12 well plate (5 × 104 cells in 1 mL media per well) as described 

in 3.2.2 and incubated at 37 oC in humified chamber overnight. Media was then 

removed, and FTIC-lectin diluted in dPBS (1 mL) was added to the cells at 

different concentrations (0 – 10 ug/mL) and incubated at 37 oC for 30 min. Lectin 

binds onto N-acetyglucosamine (GlcNAc) present on the glycocalyx of cells, and 

the FTIC was used as a fluorescent tag to monitor how much lectin was bound 

on the cells. After 30 minutes, cells were washed with dPBS twice and left in 

dPBS (1 mL). A cell scrapper was used to remove the cells from surface of the 

wells. The cells were then centrifuged at 1200 RPM and the cell pellet was 

resuspended in 2% PFA in dPBS. PFA was used to fix the cells and preserve the 

cell structure. The bind specificity of the FTIC-labelled lectin in the cells was 

assessed by Flow Cytometry.  

 

3.2.8 Glycocalyx shedding  

The glycocalyx of bEnd3 cells was shed by incubation with a heparinase cocktail, 

consisting of heparinase I, II and III. Heparinases are enzymes that cleave 

heparin sulfate chains in the glycocalyx, thus decreasing the glycocalyx content. 
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A major component of the glycocalyx is heparan sulphate, and its more sulphated 

form heparin. Heparinase I recognises more sulphated regions of the glycocalyx 

and has a greater activity to heparin, heparinase II digests both heparin and 

heparan sulphate, and heparinase III is more active on heparan sulphate.  

 

3.2.8.1 Glycocalyx-shed binding assay and lectin assay  

A binding assay and lectin assay were done on glycocalyx-shed bEnd3 cells. The 

protocols for the binding assay and lectin assay follow the same protocols found 

in 3.2.5 and 3.2.6 with a prior additional step. bEnd3 cells were first subjected to 

the heparinase cocktail (0.03 ug/mL for each of Hep I, Hep II and Hep III in dPBS, 

100 μL) and incubated at 37 oC for 2 hours. After incubation, the supernatant was 

retained and stored at -80 oC for future ELISA experiments, and the cells were 

washed twice with dPBS. The binding protocol (described in 3.2.5) and lectin 

assay (described in 3.2.6) were then conducted on the hep-treated cells.   

 

3.2.8.2 Glycocalyx-shed western blot  

A western blot of glycocalyx-shed bEnd3 cells was done to investigate LRP-1 

expression after glycocalyx shedding. bEnd3 cells were first seeded in a clear 6 

well plate (1 × 106 cells, 1 mL media per well) and incubated at 37 oC overnight. 

Media was then replaced with the heparinase cocktail (0.03 ug/mL for each of 

Hep I, Hep II and Hep III in dPBS, 1 mL) and incubated at 37 oC for 2 hours. The 

heparinase cocktail was removed, the cells were washed twice with dPBS, and 

then RIPA (90 μL) and PI (10 μL) were added to the cells and scratched with a 

cell scrapper. The resulting solution was then passed through a small needle 5 

times via a 1 mL syringe to aid cell lysis, centrifuged at 13300 RPM for 20 min at 

4 oC, and then the supernatant, hence the hep-treated bEnd3 lysate, was retained 
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and the protein content quantified (as described in 3.2.4). The western blot 

protocol was then followed as described in 3.2.5.  

 

3.2.8.3 LRP-1 ELISA post- glycocalyx-shedding  

The supernatant from 3.2.7.1 was analysed by ELISA to determine if there was 

any LRP-1 protein floating in the supernatant post- glycocalyx shedding. The 

supernatant retained after glycocalyx-shedding was first diluted in a dilution of 1:5 

to create samples for the ELISA kit for Low Density Lipoprotein Receptor Related 

Protein 1 (LRP-1) from Cloud-Clone Corp.  The ELISA kit from Cloud-Clone Corp 

incorporates the use of a sandwich enzyme immunoassay: the plate provided is 

coated with a capture antibody for free LRP-1. Upon complexation with free LRP-

1, an additional labelled-antibody is added to bind onto a different location on the 

LRP-1. A substrate is then added to react with the labelled antibody, and then a 

further chemical reaction is done to create a reaction product that can be 

quantified by a microplate reader. 

 

A brief description of the ELISA protocol is as follows. Supernatants (2 𝜇L) 

following the glycocalyx-shedding of bEnd3 cells from 3.2.7.1 was first diluted 

with dPBS (98 𝜇L). The diluted supernatants were then added to the pre-coated 

96-well strip plate, alongside diluted standards, and blanks from the kit, and 

incubated for 2 hours at 37 oC. The solutions were then removed from each well, 

and 100 uL of the provided detection reagent A working solution was added to 

each well, and the plate was incubated a further 1 hour at 37 oC. The solutions 

were aspirated from each well and washed with 350 uL of the provided wash 

solution, followed by an addition of 100 uL of detection reagent B and subsequent 

incubation for 30 min at 37 oC. The plate was aspirated and then washed a further 
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5 times. The substrate solution (90 uL) was then added to each well, incubated 

for 10-20 min at 37 oC protected from light. The stop solution (50 uL) was then 

added to each well, and then immediate run at the microplate reader set at 450 

nm. The absorbance given from the sample wells was then cross-referenced with 

a standard calibration curve and the concentration of free LRP-1 in the 

supernatants was calculated.  

 

3.2.9  Statistical analysis 

The results are shown either as the mean ± standard deviation (SD) or as the 

mean ± standard error of the mean (SEM). Statistical analyses were obtained 

using unpaired t-tests, one-way ANOVA tests (with a post hoc Tukey’s multiple 

comparison test) or two-way ANOVA tests (with either a post hoc Tukey’s multiple 

comparison test for comparison between data sets or a post hoc Dunnett’s 

multiple comparison test for comparison of data sets to a control). In all 

subsequent figures, n refers to the number of independent experiments 

performed (i.e., n = 3 denotes 3 independent experiments were conducted) 
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3.3  Results and Discussion 

3.3.1  Evaluation of cell toxicity of nanoparticles on bEnd3, C8-D1A and 

T98G  

Prior to any in vitro binding studies being done, the cell toxicity of the synthesised 

ligand-decorated PEG-PCL nanoparticles to be used was investigated by an MTT 

assay. Formulations should not induce side effects of cytotoxic effects to the 

target cells which could alter the physical characterisations of the cells (i.e., their 

receptor density) as these characterisations should be maintained constant 

during cell studies. Previous reports have already assessed that PEG-PCL 

nanoparticles have had non-toxic effects have towards several cell lines, e.g., 

brain capillary endothelial cells (BCEC) and glioblastoma (U87 MG);167 however, 

it is important to still determine whether the synthesised PEG-PCL nanoparticles 

will also exhibit non-toxic effects to the chosen cell lines for this project.   

 

bEnd3, C8-D1A and T98G were incubated for 1 hour with different AP2- and gluc- 

decorated PEG-PCL nanoparticle formulations (Ctrl_3, AP2_1_40, 

AP2_0.70_40, AP2_0.16_40, Gluc_1_197) to test if there was any cytotoxic 

material leftover from the synthesis of PCL50 or Cy7_PEG20 (i.e., CuSO4·5H2O, 

which has been shown to have a cytotoxic effect on multiple cell lines, such as 

the human adrenocortical carcinoma cell line194) and from the self-assembly 

process (i.e., CHCl3, which has been shown to be cytotoxic to multiple cell lines, 

such as A-549195). Gluc_1_50, AP2_1_10, AP2_0.70_10 and AP2_0.16_10 

samples were chosen to test the cytotoxicity of the synthesised ligand-conjugated 

copolymers as they had the largest mol concentration of Gluc_PEG113, 

AP2_PEG113, AP2_PEG68 and AP2_PEG8 respectively: if there is no 

significant difference between these nanoparticle samples to the media negative 
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control, it will be assumed that there will be no significant difference of 

nanoparticles with lower molar concentrations of the ligand-conjugated 

copolymers.  

 

The cell viabilities of bEnd3, C8-D1A and T98G after incubation with the above 

chosen nanoparticle formulations are presented in figure in Fig 3.1. We observed 

no significant difference in the cytotoxicity of the nanoparticle formulations when 

compared to the untreated cells (two-way ANOVA (Cell Line): ns P > 0.05,  

two-way ANOVA (Formulation): ns P > 0.05) on all three cell lines, indicating that 

the addition of ligand-decorated polymers to the nanoparticle had no effect on the 

cytotoxicity. A sample is deemed toxic for in vitro studies if cell viability is reduced 

to <70%:196 the mean viability of the cells after nanoparticle incubation was >80%, 

indicating no cytotoxic effects to the cells in vitro were found and that in vitro 

assays can performed using the nanoparticles without worry of cell death. 
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Fig 3.1 Cell viability assessed by MTT Assay in bEnd3, C8-D1A and T98G treated 
with PEG-PCL nanoparticles. Cells were incubated with 5 nanoparticle 
formulations (Ctrl_3, Gluc_1_197, AP2_1_40, AP2_0.70_40, AP2_0.16_40) at 
20 μM concentration for 1 hour and the cell viability was obtained by the MTT 
assay.  Two-way ANOVA was used for the statistical analysis (ns: P > 0.05 

between the cell lines, ns: P > 0.05 between the formulation,) alongside a post 
hoc Dunnett’s multiple comparison test (ns: P > 0.05 for all formulations when 
compared to Ctrl_3). Each bar represents the mean ± SEM (n=3).    

 

3.3.2  LRP-1 and Glut1 expression of bEnd3, C8-D1A and T98G 

Having established beyond a reasonable doubt that the ligand-decorated PEG-

PCL nanoparticles do not present cytotoxic effects to the bEnd3, C8-D1A and 

T98G, the receptor expression for each cell was investigated by western blot. The 

number of receptors (𝑁𝑅𝑒𝑐𝑒𝑝𝑒𝑡𝑜𝑟) was described an important factor for 

targeting;12,21,27 therefore, investigating the LRP-1 and GLUT1 receptor 

expression for each cell line will give us an estimate to the difference in 𝑁𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟 

between the three cell lines.  
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Firstly, we characterize the relative expression of LRP-1 for each of cell line, 

bEnd3, C8-D1A or T98G. The western blot to test for LRP-1 expression was done 

with lysates of each cell line on the same blot to compare the differences in 

relative LRP-1 expression, hence receptor density, between each cell line. A 

graph plotting the intensity of the LRP-1 band normalised with the intensity of the 

corresponding GADPH band (i.e., LRP-1/GADPH intensity), and the 

corresponding blot for LRP-1 protein band (at 85 kDa) and GADPH (at 37 kDa) 

are shown in fig 3.2A and fig 3.2B respectively. LRP-1 expression was found to 

be the higher in C8-D1A compared to bEnd3 and T98G whilst there was no 

difference between bEnd3 and T98G (post-hoc Tukey’s multiple comparison: **** 

P ≤ 0.0001, ns P> 0.05). The results therefore indicate that when looking at 

receptor density between the three cell lines, relatively C8-D1A has a higher  

LRP-1 receptor density than both bEnd3 and T98G.  
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Fig 3.2  LRP-1 expression in C8-D1A, bEnd3 and T98G by western blot. (A) Relative 
expression of LRP-1 in all three cell lines determined by densitometry analysis 
relative to GAPDH. One-way ANOVA was used for the statistical analysis 
alongside a post hoc Tukey’s multiple comparison test (**** P ≤ 0.0001;  

ns P > 0.05). Each bar represents the mean ± SD (n=3). (B) Immunoblotting for 
the expression of LRP-1 and GAPDH (loading control) in the three cell lines. 
Intensity of the bands are calculated using imaging software (Fiji) and the 
intensity for LRP-1 was normalised to the intensity of GADPH to get the relative 
LRP-1 expression for the cell lines.  

 

A second western blot analysed GLUT1 and GADPH expression on the three cell 

lines. As shown in Fig. 3.3a, GLUT1 receptor expression is distinctly expressed 

between the three cell lines (post-hoc Tukey’s multiple comparison: **** P ≤ 

0.0001, ** P ≤ 0.001, * P ≤ 0.05). Notably, T98G cell line presents a lower relative 

expression of GLUT1 as compared to C8-D1A and bEnd3 as shown in Fig. 3.3b, 

while bEnd3 expressed higher expression compared to C8-D1A. The implication 

of these results is that all three cell lines have significantly different GLUT1 

receptor densities, thus we hypothesise that selective targeting can be achieved 

between the cell lines. 
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Fig 3.3 GLUT1 expression in C8-D1A, bEnd3 and T98G by western blot. (A) Relative 
expression of GLUT1 in all three cell lines determined by densitometry analysis 
relative to GAPDH. One-way ANOVA was used for the statistical analysis 
alongside a post hoc Tukey’s multiple comparison test (**** P ≤ 0.0001;  

** P ≤ 0.001; * P ≤ 0.05). Each bar represents the mean ± SD (n=3). (B) 
Immunoblotting for the expression of GLUT1 and GAPDH (loading control) in the 
three cell lines. Intensity of the bands are calculated using imaging software (Fiji) 
and the intensity for GLUT1 was normalised to the intensity of GADPH to get the 
relative GLUT1 expression for the cell lines 

 

The combination of the results of fig 3.2 and fig 3.3 indicate that the cells differ in 

receptor density profile. Indeed, bEnd3 and T98G are shown to have relatively 

similar LRP-1 receptor profile; nevertheless, they both express a significantly 

different receptor density for Glut1. Using the findings of the above results, a 

schematic was drawn up of the three cell lines in fig 3.4, showing the cell 

phenotype incorporating only 2 receptor types LRP-1 and Glut1. Indeed, we have 

previously said that phenotype incorporates the receptor density of multiple 

receptor types - in fact, bEnd3, C8-D1A and T98G do not only express LRP-1 

and Glut1, but express multiple other receptors; however, as we are only testing 

binding to LRP-1 and Glut1 receptors, using AP2 or Glucose respectively, we first 
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looked at binding to the cell phenotypes based only on two receptors. Future work 

should therefore look at alternative ligand-receptor binding pairs and incorporate 

the pairs in future phenotypic targeting studies.  

 

 

Fig 3.4  Schematic of the three cell line phenotypes. The three cell lines, C8-D1A (in 
green), bEnd3 (in red)  and T98G (in blue), and their phenotypes (based only on 
LRP-1 and Glut1) are depicted here. LRP-1 (purple circle receptors) receptor 
density was highest for C8-D1A and the same for bEnd3 and T98G. Glut1 (Green 
square receptors) receptor density was highest for bEnd3 and lowest for T98G, 
with C8-D1A having a density between the two cell lines. 

 

3.3.3 Optimising binding towards bEnd3  

Binding studies were next performed using the synthesised ligand-conjugated 

nanoparticles in chapter 2 to first investigate the influence of 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, 𝛿𝐿 and type 

of ligand on binding. An investigation of the influence of the three variables will 

allow us to optimise binding to bEnd3 prior to ascertaining if we can selectively 

target bEnd3 without targeting C8-D1A and T98G. To assess the influence of the 

variables, binding profiles were obtained between nanoparticles and target cells. 

Herein, we describe a “binding profile” as a profile investigating the effect that the 

number of ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑) that ligand-decorated nanoparticles have to the 



  | 147 | 
 

binding of the nanoparticles to specific receptors expressed in target cells, 

keeping 𝛿𝐿 and the type of ligand constant.  

 

Initially, binding profiles using the AP2_1 and Ctrl sets of nanoparticles (where 

𝛿𝐿 = 1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40,  and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0 respectively) to target bEnd3 were 

performed to investigate the effect of 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 on binding to bEnd3. Previous 

studies have shown that binding towards bEnd3 using AP2-decorated 

polymersomes increases sharply at a certain 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 and then a plateau is 

reached (where we hypothesise that all binding sites on bEnd3 are fully occupied) 

akin to superselective behaviour;12 therefore, we hypothesise a similar binding 

profile to superselective behaviour when testing the AP2_1 set. A schematic of 

the initial hypothesis of how the binding of the nanoparticles to the bEnd3 cells is 

shown in fig 3.5. The schematic was drawn up from data of the computation work 

by Tian et al., showing the LRP-1 receptor stretched out within the glycocalyx, 

and the scales made computationally.18 The schematic shows that we 

hypothesise that the AP2 ligand on the surface of the nanoparticle can interact 

with the LRP-1 receptor that is stretched. Additionally, we also hypothesise that 

the size of the nanoparticle will allow for multiple receptors to be bound onto by 

one nanoparticle, allowing for a superselective regime to be exhibited. 

Additionally, a schematic of what we expected to see from this experiment is 

shown in fig 3.6. We expected to see this type of result as we hypothesised that 

the AP2_1 set of nanoparticles would exhibit a superselective behaviour.  
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Fig 3.5 Hypothesised binding schematic of AP2-decorated nanoparticle on the 
surface of the bEnd3 cell. Based on computational experiments by Tian et al.,18 
the receptor would be stretched out and the tip of the receptor could interact with 
the AP2 ligand. Additionally, we hypothesise that the size of the nanoparticle is 
large enough to bind on to multiple receptors. 

 

 

Fig 3.6 Expected binding profile of AP2_1 set of nanoparticles targeting bEnd3. 
Expected binding profile is that of a superselective regime.   

 

Figure 3.7 shows the binding assay results, where 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 denotes the control-

subtracted 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙
 (with the control being the 

𝑁𝑃𝑠

𝑐𝑒𝑙𝑙
 obtained when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0, i.e., the 

Ctrl set): subtraction of the control removes any binding to the cells caused by 

passive targeting. The binding profile shows that as 𝑁𝐿 increases, more ligand-
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decorated nanoparticles bind onto the bEnd3 cells, as evidenced by the sharp 

increase in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 4 and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 8 (post-hoc Dunnett’s multiple 

comparison: **** P ≤ 0.0001). However, by further increasing 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, we noticed 

a reduction in the number of nanoparticles binding onto the bEnd3 cells, 

evidenced by the drop in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 − 40. These results indicate that 

a superselective behaviour was not obtained, contradicting the hypothesis and 

the expected outcome of the binding profile shown in fig 3.6 of these 

nanoparticles towards bEnd3.  

 

 

Fig 3.7 Binding profile of AP2_1 set of nanoparticles targeting bEnd3. bEnd3 cells 
were incubated for 1h with nanoparticles (20 μM) from the AP2_1 set (𝛿𝐿 =
1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Plotted is the 

calculated control-subtracted NPs/cell. Each point represents the mean ± SEM 

(n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the 

statistical analysis alongside a post-hoc Dunnett’s multiple comparison test (**** 
P ≤ 0.0001).  

 

Contrary to expectations, these findings demonstrate behaviour expected in 

range selectivity, not superselectivity, as evidenced by the drop in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 as 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 
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increases. Range selectivity dictates that a strong binding could occur within a 

finite range of 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 (or 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟),21 an observation seen in fig 3.7. We theorise 

that another previously unaccounted steric repulsive force is present, giving rise 

to the range selective behaviour. One possible cause of the steric repulsive force 

is ligand-ligand repulsion between the nanoparticles, herein labelled as 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

.  

 

We consider that 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 occurs between nanoparticles prior to binding to the target 

receptor. 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 would also depend on 𝑁𝐿𝑖𝑔𝑎𝑛𝑑: as 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 increases, more ligand-

ligand repulsion between the nanoparticles occurs, explaining why 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 drops in 

fig 3.7 between 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 8 and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40. With this hypothesised repulsive 

force, we can therefore alter the equation for total free energy of binding (𝐹𝑡𝑜𝑡) 

between nanoparticles to target cells to: 

 

 𝐹𝑡𝑜𝑡 = 𝐹𝑎𝑡𝑡 + 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ + 𝐹𝑟𝑒𝑝

𝑔𝑙𝑦
+ 𝐹𝑟𝑒𝑝

𝑙𝑖𝑔
 (23) 

 

where 𝐹𝑎𝑡𝑡 is the attractive free energy of binding (from multivalent ligand-

receptor interactions between a nanoparticle and the cell), 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ is the steric 

repulsive interaction exhibited when the receptor has to embed itself in a polymer 

brush to bind onto a ligand and 𝐹𝑟𝑒𝑝
𝑔𝑙𝑦

 is the steric repulsive interaction when the 

nanoparticle inserts itself to the cell past the glycocalyx. For binding to occur, the 

magnitude of 𝐹𝑎𝑡𝑡 must exceed the magnitude of 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ + 𝐹𝑟𝑒𝑝

𝑔𝑙𝑦
+ 𝐹𝑟𝑒𝑝

𝑙𝑖𝑔
. A 

schematic of the proposed theory and the energies related to the binding are 

shown in fig 3.8.  
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Fig 3.8 Schematic of the binding of AP2-decorated nanoparticles to bEnd3 cells. 
The schematic details the binding of spherical AP2-decorated nanoparticles (red, 
blue, and green for the hydrophobic core, hydrophilic polymer brush, and AP2 
ligand respectively) to the LRP-1 receptor (green) on the glycocalyx-decorated 
(red tendrils) surface of the bEnd3 cell. The free energy terms, and how they 
relate to the binding, are depicted in the schematic evidenced by the numbered 

labels, where (1) 𝐹𝑎𝑡𝑡 is the attractive free energy of binding, (2) 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ is the 

steric repulsive interaction induced when the receptor embeds itself within the 

nanoparticle polymer brush, (3) 𝐹𝑟𝑒𝑝
𝑔𝑙𝑦

 is the steric repulsive interaction arising 

between the nanoparticle and the glycocalyx and (4) 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 is the theorised ligand-

ligand repulsion between nanoparticles.  

 

The theory presented for 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 was founded when using AP2-decorated 

nanoparticles with 𝛿𝐿 = 1 and was shown to depend on 𝑁𝐿𝑖𝑔𝑎𝑛𝑑; therefore,  to 

assess whether 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 also depended on 𝛿𝐿 , binding assays using AP2_0.70 and 

AP2_0.16 sets of nanoparticles (𝛿𝐿 = 0.70, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40 and  

𝛿𝐿 = 0.16,  𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40 respectively) were undertaken. We hypothesised that 

𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 should decrease as 𝛿𝐿 decreases: if the ligand is hidden within a polymer 

brush (i.e., 𝛿𝐿 < 1), the polymer brush could reduce the ligand-ligand interaction. 

The results of the binding assays using the AP2_0.70, AP2_0.16 and Ctrl sets of 

nanoparticles are shown in fig 3.9 and fig 3.10 respectively, normalised to 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙
 of 

the Ctrl set. 
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The binding profile in fig 3.9 shows that, when 𝛿𝐿 = 0.70, there was only an 

increase in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 when 𝑁𝐿 = 40 (post-hoc Dunnett’s multiple comparison:  

** P ≤ 0.001) in bEnd3 cells, while at lower 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 there were no significant 

differences observed to the control (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0).  Regarding these results, we 

postulate that indeed 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 decreases as 𝛿𝐿 decreases from 1 to 0.70, yet still large 

enough to exhibit a strong steric repulsion towards binding. As the ligand is within 

the polymer brush, 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ ≠ 0. Thus, 𝐹𝑡𝑜𝑡 for 𝛿𝐿 = 0.70 will now have contributions 

from both 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 and 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ, explaining why a much higher 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 was needed for 

𝐹𝑎𝑡𝑡 to overcome the strong repulsion factors exhibited.  

 

 

Fig 3.9 Binding profile of AP2_0.70 set of nanoparticles targeting bEnd3. bEnd3 
cells were incubated for 1h with nanoparticles (20 μM) from the AP2_1 set (𝛿𝐿 =
0.70, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Plotted is the 

calculated control-subtracted NPs/cell. Each point represents the mean ± SEM 

(n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the 

statistical analysis alongside a post-hoc Dunnett’s multiple comparison test (** P 
≤ 0.001).  
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Embedding AP2 deeper within the polymer brush, i.e., 𝛿𝐿 = 0.16 shows a further 

change in the binding profile of AP2-decorated nanoparticles to bEnd3. The 

binding profile in fig 3.10 shows more nanoparticles bound onto bEnd3 as 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 

increased, evidenced by the increase in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 4, and a further 

increase when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 (post-hoc Dunnett’s multiple comparison: **** P ≤ 

0.0001, * P ≤ 0.05). We assume that at some point after 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 > 40, 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 will 

drop again as 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ increases as 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 increases. A plausible explanation to 

the differences observed in binding profiles between 𝛿𝐿 = 0.70 (fig 3.9) and 𝛿𝐿 =

0.16 (fig 3.10) is due to the changes in both 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 and 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ. By embedding the 

ligand further in a polymer brush, 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ increases as the receptor must push 

through further into a polymer brush to bind to the ligand. We also assume that 

embedding the ligand into the brush (to 𝛿𝐿 = 0.16) drastically lowers 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

, as the 

PEG molecules of the polymer can act as a barrier by hiding the AP2 molecules. 

Therefore, for 𝛿𝐿 = 0.16, 𝐹𝑡𝑜𝑡 will have an increased contribution from 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ, but 

a much lower contribution from 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

, explaining why a lower 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 was needed 

for 𝐹𝑎𝑡𝑡 to overcome the steric repulsive forces, causing a surge in the number of 

nanoparticles binding to bEnd3. 
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Fig 3.10 Binding profile of AP2_0.16 set of nanoparticles targeting bEnd3. bEnd3 
cells were incubated for 1h with nanoparticles (20 μM) from the AP2_1 set (𝛿𝐿 =
0.17, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Plotted is the 

calculated control-subtracted NPs/cell. In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑.Each point 

represents the mean ± SEM (n=3). A one-way ANOVA was used for the statistical 
analysis alongside a post-hoc Dunnett’s multiple comparison test (* P ≤ 0.05, 

**** P ≤ 0.0001). 

 

We also examined whether targeting a different receptor with another ligand 

influenced the binding profile to bEnd3. A binding assay using the Gluc_1 (𝛿𝐿 =

1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 − 197), and Ctrl (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) sets of nanoparticles was 

performed on bEnd3 cells. As 𝛿𝐿 = 1 for the Gluc_1 set, we should expect to 

observe a binding profile targeting bEnd3 akin to that using AP2_1 in fig 3.7 if 

𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 was not specific only to AP2. The binding profile in fig 3.11 shows that by 

using a small amount of Gluc ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20), nanoparticles bind strongly 

to the GLUT1 receptors expressed on bEnd3 cells, evidence by the sharp 

increase of 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 (post-hoc Dunnett’s multiple comparison: **** (P ≤ 0.001)). We 

also observed no change in the number of nanoparticles binding to bEnd3 when 

further increasing 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 (post-hoc Tukey’s multiple comparison: ns (P > 0.05)). 
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Therefore, we found that all available sites for binding onto the cells were filled 

and that the cells were fully saturated with nanoparticles (indicative of 

superselective binding), evidenced by the plateau of 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 in relation to 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. 

The results in fig 3.11 suggest that a shorter range of ligands (0 < 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 ≤ 20) 

should be investigated to better understand at what 𝑁𝐿 the steep change increase 

of 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 towards bEnd3 cells occurred. As superselectivity was observed, 

matching the initial hypothesise posed when testing AP2_1, and that 𝐹𝑟𝑒𝑝
𝑏𝑟𝑢𝑠ℎ ≈ 0 

(as 𝛿𝐿 = 1), we hypothesise that no additional steric effect (like 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 when using 

AP2 as a ligand) was placed on the binding system, hence why we achieved 

superselectivity.  
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Fig 3.11 Binding profile of Gluc_1 set of nanoparticles targeting bEnd3. bEnd3 cells 
were incubated for 1h with nanoparticles (20 μM) from the Gluc_1 set (𝛿𝐿 =
0.17, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 − 197) and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Plotted is the 

calculated control-subtracted NPs/cell. Each point represents the mean ± SEM 

(n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the 

statistical analysis alongside a post-hoc Dunnett’s multiple comparison test (** P 
≤ 0.001) and a post-hoc Tukey’s multiple comparison test (ns P > 0.05).  

 

No additional steric effect was observed when using the Gluc-decorated 

nanoparticles. One possibility for the observation could be due to the change of 

ligand: glucose is a small molecule, compared to the AP2, a long peptide which 

has charged parts across the ligand. AP2 has many charged amino acids 

(threonine (T), tyrosine (Y), glycine (G) and asparagine (N)), and the peptide has 

previously been shown to have a net charge of +2,197 thus as the ligands have a 

net charge, electrostatic repulsion could occur between Angiopep2-decorated 

nanoparticles. Glucose, on the other hand, is uncharged, hence when using the 

Gluc set of nanoparticles, 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

 was negligible. Alternatively, another possibility is 

that glucose is a small ligand, whereas AP2 is a large ligand - as the size of the 

glucose ligand is small, ligand repulsion may be minimal when compared to AP2.  
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Overall, the investigation was performed to optimise multivalent targeting towards 

brain endothelial cells. To this end, we have shown that binding indeed is 

influenced by 𝑁𝐿, 𝛿𝐿 and the type of ligand and have postulated the existence of 

a new steric force, 𝐹𝑟𝑒𝑝
𝑙𝑖𝑔

, we had previously not accounted for. For all values of 𝛿𝐿, 

we found nanoparticles that were able to bind strongly to the target cell 

(evidenced by a large 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
) and thus have shown that we can achieve strong 

binding to  brain endothelial cells with any of the three 𝛿𝐿 by changing the number 

of ligands.  

 

3.3.4 Indiscriminate targeting between bEnd3, C8-D1A and T98G 

We next performed binding studies on all three cells lines using the AP2 and Gluc 

decorated nanoparticles. Fig 3.4 showed a schematic of the cell phenotypes and 

indicated that they were different to one another: we hypothesise that we can 

target bEnd3 without C8-D1A or T98G as the cells have different receptor 

densities.  

 

Figure 3.12 shows the binding profiles obtained using (A) AP2_1, (B) AP2_0.70, 

(C) AP2_0.16 and (D) Gluc_1 sets of nanoparticles on C8-D1A, T98G and bEnd3. 

We assumed that the binding profiles in bEnd3 and T98G could be the same due 

to LRP-1 expression seen in fig 3.3. C8-D1A had the highest relative LRP-1 

receptor density compared to both bEnd3 and T98G, thus we expected that the 

binding profiles using the AP2_1, AP2_0.70 and AP2_0.16 would be different for 

C8-D1A compared to bEnd3, with more nanoparticles binding onto C8-D1A when 

using a lower 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 of AP2. Our results showed an equivalent binding profile on  

C8-D1A compared to T98G and bEnd3 (Two-Way ANOVA (Cell Line): ns (P > 
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0.05)). The binding profiles therefore suggest that 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 had no influence on 

the number of nanoparticles binding onto the cells when using AP2 as the ligand.  

 

On the other hand, the GLUT1 expression is distinct in all three cell lines, with 

bEnd3 presenting the highest expression, followed by C8-D1A and then T98G. 

Therefore, we hypothesise that nanoparticles will need a higher 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 of Gluc 

to fully saturate the receptors in C8-D1A, and an even higher 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 of Gluc to 

T98G. Binding assays on C8-D1A and T98G using the Glu-decorated 

nanoparticles will allow us to test this hypothesis, and the influence of 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 

on binding. Furthermore, no differences were observed in the binding profile 

between the three cell lines (Two-Way ANOVA (Cell Line): ns (P > 0.05)) when 

using Glu-decorated nanoparticles (Figure 3.12D). We therefore did not observe 

any difference between the three cell lines, contracting our hypothesis when 

using this set of nanoparticles. However, as previously mentioned, we do not 

know when the “sweet spot” in binding towards bEnd3 occurred (i.e., at what 𝑁𝐿 

did binding start to sharply increase for bEnd3), so further investigation should be 

done using Glu-decorated nanoparticles with 0 < 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 ≤ 20 to conclude the 

effect 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 for Glut1 has on binding.   
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Fig 3.12 Binding profiles of AP2- and Gluc- decorated nanoparticles targeting 
bEnd3, C8-D1A and T98G. Cells were incubated for 1h with either nanoparticles 

(20 μM) from the (A) AP2_1 (𝛿𝐿 = 1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40), (B) AP2_0.70 (𝛿𝐿 =

0.70, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40), (C) AP2_0.16 (𝛿𝐿 = 1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) or (D) Gluc_1 

(𝛿𝐿 = 1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 − 197) sets of nanoparticles and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) 

as a control. Plotted is the calculated control-subtracted NPs/cell. Each point 

represents the mean ± SEM (n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A two-way 

ANOVA was used for the statistical analysis alongside a post-hoc Tukey’s 
multiple comparison test (ns P > 0.05). 

 

We postulate that 𝑁𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 had no influence on nanoparticle binding when using 

AP2 could be due to the LRP-1 receptor itself and the glycocalyx of the target 

cell. Firstly, throughout the above experiments, we have had an assumption that 

each receptor is one binding site (which can be evidenced by the schematic 

shown in fig 3.5, where one AP2 ligand could bind only to the tip of an LRP-1 

receptor, thus making LRP-1 only have one binding site): in fact, if receptors have 

multiple binding sites instead, multiple nanoparticles would be able to bind onto 

a single receptor, instead of multiple receptors being bound onto by a single  
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ligand-decorated nanoparticle via the multivalent effect. LRP-1 itself is a large 

receptor of 515 kDa, containing four clusters of compliment-type repeat units 

(CR), often referred to as ligand-binding repeats.198,199 A recent molecular 

docking-based strategy was undertaken, which shows that angiopep2 can bind 

onto CR56 in cluster II and CR17 in cluster III of the LRP-1 receptor,200 proving 

that multiple binding sites for Angiopep-2 decorated nanoparticles are present on 

a single LRP-1 receptor. We herein postulate that multiple of the synthesised 

nanoparticles can bind onto one single LRP-1 receptor, as the synthesised 

nanoparticles are very small compared to the size of the receptor. An altered 

schematic of the LRP-1 receptor,198 with the four clusters of binding repeats and 

multiple nanoparticles binding onto a single LRP-1 receptor are shown in fig 3.13. 

Within the figure, we also note the new scale factor of the diagram. We previously 

postulated that the nanoparticles could bind onto multiple receptors; however, 

looking at the literature size of the LRP-1 versus the size of our tested 

nanoparticles, it is more likely that the receptor could vastly outsize our 

nanoparticles. We also hypothesise that the grafting of the glycocalyx on the 

surface of the target cell is low enough that nanoparticles can bind onto the LRP-

1 receptor at multiple locations even within the glycocalyx as our nanoparticles 

are small. 
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Fig 3.13 Schematic of the proposed binding phenomenon on a fully stretched LRP-
1 receptor, with nanoparticles binding on various binding sites. The 
receptor houses four clusters of complement-type repeats (CRs), depicted by the 
regions of red hexagons. Nanoparticles are shown that could bind onto the 
clustered regions.  

 

Regardless on the number of binding sites on LRP-1, we should still see a 

difference in binding profiles between each cell line, as the number of receptors 

(and therefore the number of binding sites) is different. As C8-D1A still has the 

largest number of receptors, we should expect it to have the highest number of 

binding sites possible, thus the binding profile towards C8-D1A would still be 

different to bEnd3 and T98G. We therefore hypothesise that the three cell lines 

did have a different number of receptors but held the same number of binding 

sites. One possible explanation for why the number of binding sites is the same 

between each cell line would be the glycocalyx: if the glycocalyx is very dense, 
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receptors may be more sterically hindered thus reducing the number of binding 

sites per receptor. We should therefore investigate the glycocalyx density of each 

cell line to investigate our hypothesis that the number of binding sites between 

the cell lines were the same and due to the glycocalyx.    

 

3.3.5 Effect of the glycocalyx on binding  

The glycocalyx of bEnd3, C8-D1A and T98G were investigated using a lectin 

assay. As shown in fig 3.14, our results showed that there was indeed a 

significant difference in 𝜌𝑅 between each cell line (Two-Way ANOVA (Cell Line): 

**** P ≤ 0.0001). A non-linear regression, based on a Hill slope, was plotted and 

the dissociation constant (KD) was calculated for each cell line to lectin: KD 

(bEnd3) = 0.2733, KD (T98G) = 0.6102, and KD (C8-D1A) = 2.150. A low KD 

implies a high association constant (KA), equating to a high sugar content as less 

lectins were required for binding. These results suggest that bEnd3 possess 

higher sugar content (i.e. [GlcNAc] 1,3-N-acetylglucosamine), and in turn likely 

the highest 𝜌𝐺, followed by T98G and C8-D1A.  
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Fig 3.14 Lectin Assay on bEnd3, C8-D1A and T98G cells. Each point represents the 
mean ± SEM (n=3 for bEnd3, n=4 for C8-D1A and T98G). Two-way ANOVA was 
used for the statistical analysis (****: P ≤ 0.0001).  

 

We hypothesised that the three cell lines held the same number of binding sites. 

Focusing on binding towards LRP-1, the results in fig 3.3 suggests that C8-D1A 

has the highest density of LRP-1 receptors, with bEnd3 having the lowest, 

whereas fig 3.14 suggests that C8-D1A has the lowest glycocalyx concentration, 

with bEnd3 having the highest. From the results of fig 3.3 and fig 3.14, we 

speculate that having a highly dense glycocalyx may increase the number of 

binding sites on the receptor, whereas a low density glycocalyx reduces then 

number of binding sites. Having a high density glycocalyx, and hence having 

glycocalyx strands possibly grafted much closer to each other, could allow the 

LRP-1 to fully stretch, allowing many binding sites to be exposed to very small 

nanoparticles, whereas a low density glycocalyx could allow the LRP-1 to 

collapse (akin to a polymer grafted on a surface), reducing the number of binding 

sites. A schematic illustrating the conformation change of the receptor based on 
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the glycocalyx density is outlined in fig 3.15. Our speculation would therefore 

explain why we had no difference in binding profile between the three cell lines, 

even if the number of receptors between the three were different.  

 

 

Fig 3.15 Schematic of LRP-1 conformation based on glycocalyx density. Having a 
denser glycocalyx can stretch the LRP-1 receptor, exposing more binding sites 
for small nanoparticles, whereas a less dense glycocalyx could cause the 
receptor to change conformation and could block certain binding sites, indicated 
by the X marks on the LRP-1 receptor 

 

One problem with our justification on the grafting of the glycocalyx, and thus our 

proposed LRP-1 conformation based on the glycocalyx density, is that we have 

not accounted for the shape of the cells. Indeed, in fig 3.14, we calculated density 

of the glycocalyx based on the number of cells; however, astrocytes, glioma and 

endothelial cells do not share the same size and shape. As the cell types are 

different sizes, the glycocalyx sugar content should be looked at and compared 

to the sizes of the cells in future studies: if the sugar contents divided by the cell 

surfaces of each cell type is equivalent, we could deduce that the grafting of the 

glycocalyx and conformation of the receptors on the different cell types could be 

the same, and that another factor may be responsible for why the binding profiles 

were the same for the three cell lines, despite their differences in number of  

LRP-1 receptors.  
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Additionally, it is difficult to judge the conformation of the receptor based on the 

glycocalyx density without further tests. Cellular imaging could be done to actually 

examine the grafting of the glycocalyx on the cells and the distances between the 

base of the glycocalyx strands: additionally, cellular imaging of the cells in 

question would allow us to gain a more thorough scale between the receptor size 

and the glycocalyx size (from the tip of the glycocalyx to the base of the cell 

membrane). 

 

Nevertheless, to investigate our hypothesis that the glycocalyx could affect the 

number of binding sites on the LRP-1 receptor, we mimic the shedding of the 

glycocalyx on the cells by treated the cells with heparinases, and then perform a 

binding assay on the hep-treated cells. By reducing the glycocalyx density, we 

hypothesise that binding sites on the LRP-1 decreases.  

 

Prior to doing any binding assays, a lectin assay was done comparing  

hep-treated bEnd3 cells and untreated bEnd3 cells to investigate whether 

heparinase-treatment reduced 𝜌𝑅, as showed in fig 3.16. Our results show that 

there is a significant difference between untreated and hep-treated bEnd3 cells 

(paired t-test: * P < 0.05), indicating that 𝜌𝑅 is different after the shedding of 

glycocalyx with heparinase cocktail in bEnd3. A non-linear regression, based on 

a Hill slope, was plotted and KD (Hep Treated) was calculated. KD (Hep-Treated 

bEnd3) = 0.6537, higher than KD (bEnd3) = 0.2733, indicating that the glycocalyx 

density was indeed reduced with hep treatment due to the newly absent [GlcNAc] 

1,3-N-acetylglucosamine in the surface of hep-treated bEnd3. 
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Fig 3.16 Lectin Assay on untreated and Hep-treated bEnd3 cells. Each point 
represents the mean ± SEM (n=5). Non-linear regression curves were plotted for 
the two treatments (R2 > 0.95 for untreated and hep-treated bEnd3 cells)  

 

Binding assays of the AP2_1, AP2_0.70 and AP2_0.16 (where 𝛿𝐿 = 1, 0.70, 0.16 

respectively) sets of nanoparticles on glycocalyx-shed bEnd3 cells were next 

conducted, with the results shown in fig 3.17A-C respectively. The binding profiles 

obtained using the same nanoparticle sets on the untreated bEnd3 cells (fig 3.7 

and fig 3.9-10) were replotted in fig 3.17 and compared to hep-treated bEnd3 

cells to investigate how different the binding profiles were between untreated and 

hep-treated bEnd3 cells. We hypothesise that the binding profiles for binding 

towards hep-treated bEnd3 cells would show that nanoparticles would require a 

higher 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 to have a peak in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
, as we speculated that a reduced glycocalyx 

density would mean that fewer binding sites would be available for binding (due 

to the receptor conformation change).  

 

The results show that when using AP2-decorated nanoparticles with 𝛿𝐿 = 1, the 

only significant difference in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 towards hep-treated and untreated bEnd3 cells 
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occurred when 𝑁𝐿 = 40, where a larger 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 was observed when binding towards 

hep-treated bEnd3 cells. The above result contradicts our hypothesis as there 

was no significant difference in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 4 and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 8, where the 

peak in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 occurred in untreated bEnd3 cells, indicating that we observe a 

similar trend in binding between hep-treated and untreated bEnd3 cells. A similar 

observation was found when using AP2-decorated nanoparticles with 𝛿𝐿 = 0.70, 

where there were no significant differences observed in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 within the tested 

range of 0 < 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 < 40. When using AP2-decorated nanoparticles with  

𝛿𝐿 = 0.16, we observed a significant difference in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 and 

𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40, the 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 range where the peak in 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 occurred for untreated 

bEnd3 cells, but 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
 was lower on hep-treated bEnd3 cells: to investigate our 

hypotheses with these results, however, we would have needed to test 

nanoparticles with a higher 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 to investigate if a binding peak occurred at 

higher 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 
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Fig 3.17 Binding profiles of AP2-decorated nanoparticles to either glycocalyx-shed 
or untreated bEnd3 cells. Binding profiles using (A) AP2_1 (B) AP2_0.70 and 
(C) AP2_0.16 sets of nanoparticles. Each point represents the mean ± SEM 
(n=3). One-way ANOVA was used for the statistical analysis alongside a post-
hoc Bonferroni’s multiple comparison test (**: P<0.005, ***: P<0.001 for binding 

towards Hep I-III+ treated cells). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑.The Ctrl set was 

used for the NL = 0 control.   
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One limitation of the experiment conducted on the hep-treated bEnd3 cells is that 

the error bars obtained were very large: the standard error of the mean (SEM) of 

each data point was much larger in the hep-treated bEnd3 cells compared to the 

untreated bEnd3 cells (i.e., when testing nanoparticles where 𝛿𝐿 = 1,  

𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40, the SEM of 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙𝐿
(x107) was 72.1 for untreated bEnd3 and 187.058 

for hep-treated bEnd3 cells). We therefore obtained much more varied data for 

binding to the hep-treated bEnd3 cells compared to the untreated bEnd3 cells.  

 

To investigate why we obtained more varied data when binding to hep-treated 

bEnd3, an investigation was undertaken to assess whether the glycocalyx 

shedding interfered with the LRP-1 receptors. In fig 3.16 and fig 3.17, we 

assumed that the number of receptors on the hep-treated cells were the same 

and thus could try to compare binding between untreated and hep-treated cells. 

A western blot was done to compare LRP-1 expression between untreated and 

hep-treated bEnd3 cells, with the results shown in fig 3.18. As seen in the figure, 

by treating the bEnd3 cells with heparinase I-III, there was a downregulation 

(reduction in the expression of the protein) of LRP-1 of the bEnd3 cells, meaning 

we have fewer receptors for binding. As the receptor density changes during 

heparinase treatment, we should therefore look at the results in fig 3.17 with a bit 

of scepticism, as the experiment assumed that the receptor density remained 

equal.  
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Fig 3.18 Effect of heparinases treatment on LRP-1 expression in bEnd3 cells (A) 
Immunoblotting for LRP-1 expression and GAPDH (loading control) in bEnd3 
treated with heparinases cocktail after 2hours.  (B) Densitometry analysis of  
LRP-1 relative to GAPDH in untreated and hep-treated bEnd3. An unpaired t-test 
was used for the statistical analysis (P ≤ 0.0001). Each bar represents the mean 
± SD (n=3).  

 

An ELISA on the serum leftover after heparinase treatment on the bEnd3 cells 

was also done to investigate what the heparinase treatment did to the LRP-1 

receptors. Fig 3.19 shows the results of the ELISA, showing a marked increase 

in free LRP-1 within the serum after heparinase treatment. By having free LRP-1 

in the serum, it shows that the heparinase treatment may have also shed some 

LRP-1 receptors, and not just downregulated the receptors. Furthermore, as 

shown in fig 3.19, there was a large variance in the LRP-1 soluble concentration 

in the serum after heparinase treatment, showing there was little control on how 

many LRP-1 receptors were shed during the heparinase treatment. We therefore 

conclude that a newer experimental method for glycocalyx shedding should be 

obtained before continuing further investigation on the effect of the glycocalyx on 

binding. 
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Fig 3.19 LRP-1 soluble levels in untreated and Hep I/II/III treated bEnd3 cells by 
ELISA. The bEnd3 were treated with heparinases cocktail and LRP-1 soluble 
levels were detected in supernatant after 2h of the treatment. An unpaired t-test 
was used for the statistical analysis (* P ≤ 0.05). Each bar represents the mean 
± SD (n=5)   
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3.4 Conclusions  

In this chapter, we explored whether we could selectively target endothelial cells. 

We first optimised multivalent targeting towards bEnd3, showing that we could 

modulate binding towards bEnd3 by embedding the ligand deeper into a polymer 

brush (reducing 𝛿𝐿), and we also postulated the presence of new steric potential 

term that can be explored. However, when testing the nanoparticles on binding 

towards bEnd3, C8-D1A and T98G, we were unable to achieve selective 

targeting towards the endothelial cells using the parameters tested.  

 

Nevertheless, through this thesis, we have investigated why we were unable to 

selectively target endothelial cells. We first postulated that the number of 

receptors did not affect binding due to the size of the LRP-1 receptor and it having 

multiple binding sites: we further hypothesise that the glycocalyx could deform 

the LRP-1 receptor, where a dense glycocalyx could allow the receptor to fully 

expand and have the binding sites available for binding by small nanoparticles, 

whereas the less dense glycocalyx could allow the receptor to collapse and 

reduce the number of binding sites. We further tested a method of glycocalyx 

shedding and binding to glycocalyx-shed bEnd3; however, the large variance in 

the data obtained, both from binding and from the free soluble LRP-1, suggests 

that the method needs to be further optimised. These investigations give way for 

new avenues of research, where computational work could be done to investigate 

LRP-1 morphology based on the glycocalyx and a new methodology for 

glycocalyx shedding can be created and optimised. 

 

There were several shortcomings witnessed throughout this investigation. One of 

the shortcomings was in the design of the glucose-decorated nanoparticles. We 
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were not able to see a difference in binding when comparing nanoparticles with 

varying 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, leading us to hypothesise that nanoparticle with much fewer 

ligands could be tested as a complete coverage of all the binding sites on the 

cells could have been achieved already with just the small number of ligands 

tested. Furthermore, in order to answer the research question, we only tested 

nanoparticles with 1 type of ligand towards binding to the target cell phenotypes, 

when we have previously suggested that nanoparticles with multiple ligands 

targeting multiple receptors would be advantageous in phenotypic targeting: 

future work should therefore include the combination of both glucose and AP2 as 

ligands on a nanoparticle, and further still the addition of more ligands that can 

target receptors on brain endothelial cells.  
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Chapter 4 

In vitro BBB crossing of  

AP2-decorated nanoparticles  

4.1  Introduction 

In this chapter, we focus on the second research question of the thesis: can we 

control the crossing of nanoparticles across the BBB using sterics? To answer 

the research question, we must there use previously synthesised AP2-decorated 

nanoparticles for crossing studies. Answering this question would further our 

understanding of crossing the BBB, allowing us to learn more about how deliver 

medicines to the brain. 

 

The BBB is a highly impermeable wall, built mainly by brain endothelial cells 

housing stable tight junctions (protein architectures connecting the endothelial 

cells). Previous research has shown that crossing of the BBB can occur via 

receptor-mediated transcytosis, both using LRP-1 and Glut1 as the receptors. 

One way to test for transport of nanoparticles past the BBB is by using an in vitro 

BBB model. In vitro BBB models have previously been with a monolayer of 

endothelial cells grown in a transwell®, whilst media is present both below and 

above the cell layer to mimic the BBB. Further studies have also explored a more 

complex in vitro BBB model, where both brain endothelial cells and pericytes 

were cocultured together, more closely mimicking the BBB. For this project, we 

opted for a simpler in vitro BBB model, with bEnd3 grown on a transwell® and no 

coculturing of additional cells, for a preliminary study of transcytosis. Future work 

should include using a more complex in vitro BBB model, and furthermore can 
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include in vivo experiments to see if the nanoparticles can cross an animal BBB 

and accumulate within the brain. 

 

In chapter 3, we were able to optimise targeting towards bEnd3, showing that 

embedding the ligand into a polymer brush influenced the binding of 

nanoparticles onto the target cell, and concluded that nanoparticles with specific 

variables of 𝑁𝐿 or 𝛿𝐿 could yield a high targeting to bEnd3 (namely, when 𝛿𝐿 =

1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 4 − 8, 𝛿𝐿 = 0.7, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40 and 𝛿𝐿 = 0.16, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 − 40). We 

herein investigate the crossing of all the synthesised nanoparticles across an in 

vitro BBB model, comparing the crossing results to the binding results found 

previously to investigate the link between binding to the target cells and crossing 

of the BBB. Previous results have shown that 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, and thus the avidity of the 

nanoparticle, plays a major role in the transcytosis of nanoparticles across the 

BBB.201 We therefore hypothesise that 𝛿𝐿 should also affect the transcytosis of 

nanoparticles across the BBB, as 𝛿𝐿 affects the avidity of the nanoparticle to bind 

onto the target receptors. 

 

In this chapter, a cytotoxicity assay was again performed to investigate whether 

the synthesised ligand-decorated PEG-PCL nanoparticles were toxic to bEnd3. 

Receptor expressions of LRP-1 on both unpolarised bEnd3 and polarised bEnd3 

was analysed by Western blot to ascertain if LRP--1 expression changed. 

Previously synthesised AP2-decorated nanoparticles were next tested on in vitro 

BBB models to test the effect of (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 or 𝛿𝐿) on the permeability of the 

nanoparticles.   
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4.2  Materials and methods 

4.2.1  Materials 

Many of the materials used in chapter 3 are also used in this chapter, in addition 

to collagen type 1 solution from rat tail (Sigma Aldrich). Ligand-decorated 

nanoparticles used in this chapter were described table 2.5 and discussed as 

sets of nanoparticles for ease. In brief, the Ctrl set includes the nanoparticle 

formulations with no ligands, the AP2_1, AP2_0.70 and AP2_0.16 sets house 

AP2-decorated nanoparticle formulations where 𝛿𝐿 = 1, 0.70 and 0.16 

respectively.  

 

4.2.2 Cell culture  

bEnd3 cells were defrosted as described in 3.2.2. Media for bEnd3 was again 

DMEM supplemented with 10% (v/v) FBS and 1% (v/v) PS.  

 

Cell subculture followed the same procedure described in 3.2.2 with one addition. 

Briefly, cell subculture was routinely performed every 2-3 days by washing the 

cells with dPBS (5 mL), incubation of the bEnd3 cells with TRYP (3 mL) at 37 oC 

for 3 min, then addition of fresh media (7 mL) followed by centrifuging the cell 

suspension at 1200 RPM for 5 min, supernatant removal, resuspension of the 

pellet and then cell counting. Different cellular concentrations were then plated: 

[1] Cells (1 × 106 cells, 1 mL media) were seeded in T75 flasks with fresh media 

(14 mL) for cell subculture. The passages number were registered indicating the 

number of times the cells have been sub cultured (as described in 3.2.2). 

[2] Cells (2.5 × 104 cells, 500 μL media) were seeded on collagen-treated 12 mm 

Transwell® inserts (1.12 cm2 cell growth area, 0.4 μm pore size) placed within a 

clear 12 well plate containing media (1 mL) per well and incubated at 37 oC for 
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crossing experiments. Transwell® inserts were collagen-treated first by 

incubation of a 1:10 diluted Collagen type I solution from rat tail in dH2O (300 μL) 

at 4 oC overnight and secondly by carefully washing the inserts with dH2O two 

times.  

 

4.2.3 Cell viability assay of bEnd3 after nanoparticle incubation 

Cell metabolic activity was again determined via the MTT assay to investigate the 

cytotoxicity of the nanoparticles. The MTT assay was performed again for bEnd3, 

following the same protocol outlined in section 3.2.3 but altering the nanoparticle 

incubation time to 4 hours, the timeframe used in previous in vitro BBB crossing 

assays.73 

 

4.2.4 In vitro BBB model 

An in vitro BBB model, comprising a polarised confluent bEnd3 monolayer, was 

obtained for protein expression analysis of polarised bEnd3 and for permeability 

assays. A previously published protocol was followed to obtain a polarised bEnd3 

monolayer.73 Briefly, cells (2.5 × 104 cells, 500 μL media) were seeded on 

collagen-treated 12 mm Transwell® inserts within a clear 12 well plate containing 

media (1 mL) per well as a reservoir and incubated at 37 oC, as described in 

4.2.2. Seeding the bEnd3 cells on collagen-treated inserts allows for polarization 

of bEnd3 cells enabling the reorganisation of the cells to adhere to one-another 

via tight junctions,202 thereby mimicking the structure endothelial cells adopt at 

the BBB. After three days, the media within the inserts was replaced with fresh 

media, and the reservoir media was replaced with an altered media containing 

only DMEM supplemented with 1% (v/v) PS (i.e., serum-free media) and further 

incubated at 37 oC for another three days. Growth of the bEnd3 cells with serum-



  | 178 | 
 

free media in the basolateral side of the bEnd3 monolayer has been shown to 

produce a suitable model for the BBB, closely mimicking primary cultures of BBB 

endothelial cells. At day 6 optical microscopy was done to confirm confluency of 

the polarised bEnd3 cells. After day 6, protein analysis and permeability assays 

were conducted as depicted below.  

 

4.2.4.1 Protein expression of polarised bEnd3  

LRP-1 expression of polarised bEnd3 was obtained to ascertain whether 

polarisation of bEnd3 altered LRP-1 content.  LRP-1 expression of polarised 

bEnd3 cells were obtained by western blot. Briefly, polarised bEnd3 cells were 

washed twice with PBS, and RIPA (98 μL) and PI (2 μL) were added directly onto 

the polarised bEnd3 cells grown on the transwell inserts and left on ice for 1 hour. 

Cells were then collected, centrifuged and the protein content of the polarised 

bEnd3 lysate was quantified, following the protocol outlined in 3.2.4. A western 

blot was then performed using both the polarised and unpolarised bEnd3 lysates, 

following the protocol outlined in 3.2.5. 

 

4.2.4.2 Permeability assay of AP2-decorated nanoparticles 

To investigate the rate of transport of ligand-decorated nanoparticles across the 

polarised bEnd3 monolayer, a permeability assay was performed on the in vitro 

BBB model, following a previously published protocol.73 Media on top of the 

polarised bEnd3 monolayer was replaced with AP2-decorated nanoparticles (20 

μM, 400 μL in media), the altered media in the reservoir of the transwell 

membrane was replaced with fresh media (600 μL) and the nanoparticle-treated 

polarised bEnd3 cells were then incubated at 37 oC for 4 hours, with aliquots (200 

μL) collected from the reservoir every 30 mins, and fresh media (200 μL) to 
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replace the volume. The concentration of nanoparticles in each aliquot obtained 

were then calculated via fluorescence measurements, following the same method 

used in 3.2.5. Briefly, fluorescence was read using a TECAN Spark® microplate 

reader, using an excitation wavelength of 750 nm and emission wavelength of 

779 nm (for the Cy7 label on the nanoparticles) and the concentration of the 

sample was calculated using a calibration curve of the nanoparticle formulations 

(varying between 0.31 - 40.00 uM in 100 uL media). The gain was set again at 

130 for all crossing experiments. The following equation was then used to 

calculate the apparent permeability coefficient, 𝑃𝑎𝑝𝑝, for each tested nanoparticle 

formulation:  

 

 
𝑃𝑎𝑝𝑝 =

1

𝐶0𝐴

𝑑𝑄

𝑑𝑇
 

(24) 

 

where 𝐶0 is the initial cargo concentration of nanoparticles on top of the polarised 

bEnd3 monolayer (3.05 × 1010 𝑁𝑃𝑠 𝑢𝐿−1), A is the total surface area of the 

transwell membrane (1.12 cm2) and 
𝑑𝑄

𝑑𝑇
 is the transport rate of nanoparticles 

across the membrane (in number of nanoparticles crossed per second).203 
𝑑𝑄

𝑑𝑇
 was 

calculated using the aliquots obtained at 30 min intervals, assuming 

nanoparticles that crossed were equally dispersed within the reservoir media in 

the basal side of the bEnd3 cells.  

 

To investigate the influence of only the number of ligands (𝑁𝐿) and the insertion 

parameter of the ligand in a polymer brush (𝛿𝐿), 𝑃𝑎𝑝𝑝
0  (the 𝑃𝑎𝑝𝑝 obtained for the 

Ctrl set, where 𝑁𝐿 = 0) was subtracted from all calculated 𝑃𝑎𝑝𝑝 for the other 

nanoparticle formulations to obtain 𝑃𝑎𝑝𝑝
∗ , subtracting any effect of passive 
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transport across the in vitro BBB model. A schematic detailing the in vitro BBB 

model, alongside nanoparticles present in the media during the transcytosis 

experiment, is shown in fig 4.1. 

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig 4.1 In vitro BBB schematic for permeability assays. A confluent polarised bEnd3 

cell monolayer was made at the bottom of a transwell to mimic the BBB. 
Nanoparticles are shown in the schematic to show how we postulate the 
nanoparticles would cross the BBB. 

 

 

4.2.5  Statistical Analysis 

The results are shown either as the mean ± standard deviation (SED) or as the 

mean ± standard error of the mean (SEM). Statistical analyses were obtained 

using unpaired t-tests and one-way ANOVA tests (with a post hoc Dunnett’s 

multiple comparison test to compare data sets to a control). In all subsequent 

figures, n refers to the number of independent experiments performed (i.e., n = 3 

denotes 3 independent experiments were conducted) 

 

  

Confluent, 
polarized 

bEnd3 cells 
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4.3  Results and discussion 

4.3.1 Evaluation of cell toxicity of AP2-decorated nanoparticles on bEnd3  

Prior to any crossing studies of AP2-decorated nanoparticles across the in vitro 

BBB model for the last objective of this thesis, the cell toxicity of the nanoparticles 

to bEnd3 was investigated via an MTT assay. Indeed, in 3.3.1, we showed that 

our synthesised ligand-decorated nanoparticles had no cytotoxic effect on bEnd3; 

however, the incubation time tested previously was set only for binding 

incubation, and for the crossing assay, nanoparticles were to be incubated for 4 

hours. An MTT assay, increasing incubation time of AP-decorated nanoparticles 

to bEnd3 to 4 hours, was therefore performed to investigate whether the 

increased incubation time could cause any harm to the bEnd3 cells. 

 

The same nanoparticle formulations used previously (Ctrl_3, AP2_1_40, 

AP2_0.70_40, and AP2_0.16_40) were investigated again for the MTT assay. 

Ctrl_3 was used to test nanoparticles with no ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0). AP2_1_40, 

AP2_0.70_40 and AP2_0.17_40 samples were used to test nanoparticles 

housing the highest number of AP2 ligands (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40) and to examine the 

different synthesised ligand-conjugated copolymers AP2_PEG113, AP2_PEG68 

and AP2_PEG8 respectively. The cell viabilities of bEnd3 after a 4-hour 

incubation with the chosen nanoparticle formulations are presented in fig 4.2. We 

observed no significant difference in cytotoxicity of the nanoparticle formulations 

towards bEnd3 (post-hoc Dunnett’s multiple comparison: ns P> 0.05). As 

described previously, a sample is deemed toxic for in vitro studies if cell viability 

is reduced to <70%:196 the mean viability of the cells after nanoparticle incubation 

was again >80%, indicating no cytotoxic effects to the cells in vitro were found at 
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the new incubation time and that the in vitro crossing assay can performed using 

the nanoparticles at the 4-hour incubation. 

 

 

Fig 4.2 Cell viability assessed by MTT Assay in bEnd3 with AP-decorated PEG-PCL 
nanoparticles. Cells were incubated with 4 nanoparticle formulations (Ctrl_3, 
AP2_1_40, AP2_0.70_40, AP2_0.16_40) at 20 μM concentration for 4 hours and 
the cell viability was obtained by the MTT assay.  One-way ANOVA was used for 
the statistical analysis alongside a post hoc Dunnett’s multiple comparison test 
(ns: P > 0.05 for all formulations when compared to media). Each bar represents 
the mean ± SEM (n=3).   

 

 

4.3.2 LRP-1 expression between polarised and unpolarised bEnd3  

LRP-1 expression was then obtained for polarised bEnd3 cells. Previous studies 

have shown that the polarization of cells could change the protein expression, 

hence receptor expression, of cells;204 therefore, it was decided to investigate 

whether LRP-1 expression is different for polarised and unpolarised cells. If LRP-

1 expression is the same after polarization, the binding results for AP2 conjugated 

nanoparticles could be used and compared to any crossing studies. A western 
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blot was therefore done, with lysates of unpolarised and polarised cells placed 

side by side, with the results shown in fig 4.3. The graph shows that there was no 

significant difference in LRP-1 /GADPH expression between the polarised and 

unpolarised bEnd3 cells, hence we can therefore assume we can compare the 

binding results seen in chapter 3 to future crossing studies. 

 

 

Fig 4.3 LRP-1 expression in bEnd3 and polarised bEnd3 by western blot. Relative 
expression of LRP-1 between unpolarised (2D) and polarised (3D) bEnd3 cells 
was determined by densitometry analysis relative to GADPH. One-way ANOVA 
was used for the statistical analysis alongside a post hoc Tukey’s multiple 
comparison test (ns: P > 0.05). 

 

 

4.3.3 Steric modulated transcytosis and endocytosis of AP2-decorated 

nanoparticles  

Having concluded that the AP2-decorated nanoparticles were not toxic to bEnd3 

after a 4-hour incubation, and that the LRP-1 expression stayed constant after 

the polarization of bEnd3 cells, the permeability of the nanoparticles on an in vitro 

BBB model were then investigated. AP2-decorated nanoparticles have been 

shown to permeate across the BBB via receptor-mediated transcytosis. 



  | 184 | 
 

Transcytosis involves binding of nanoparticles to the BBB, endocytosis of 

nanoparticles into the bEnd3 cells, trafficking of nanoparticles across BBB, 

exocytosis to the opposite side of the cells then unbinding from the receptors to 

deposit nanoparticles inside the brain. Previous studies have shown that there is 

a specific sweet spot of 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 for transcytosis, where having too few ligands will 

not allow for the formation of ligand/receptor bonds that last long enough for 

nanoparticles to be trafficked across the BBB, whilst having too many ligands 

lowers the ability of the nanoparticles to be detached once across the BBB 

indicating the effect avidity plays on transcytosis.73,201 We therefore hypothesise 

that, in addition to 𝑁𝐿𝑖𝑔𝑎𝑛𝑑, 𝛿𝐿 should also affect transcytosis across the BBB, as 

in chapter 3 we see that embedding the AP2 ligand within a polymer brush alters 

the binding of the nanoparticle to the target cell.  

 

A crossing assay was performed using the AP2_1 set of nanoparticles (𝛿𝐿 = 1, 

𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) to first investigate the effect 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 had on permeability across 

the in vitro BBB model, whilst keeping 𝛿𝐿 = 1 (i.e., ligand on the surface of the 

nanoparticle), with the results shown in fig 4.4. The results show that we do not 

observe a sweet spot for permeability as we see no peak in apparent permeability 

at 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 4 and 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 8, where a peak in the number of nanoparticles 

being bound was previous found for this set of particles in fig 3.5. The result 

coincides greatly with research by Wiley et al., where they observed that particles 

with a high avidity towards their target receptor (in this case the Transferrin 

receptor) indeed bound onto the BBB but demonstrated reduced accumulation in 

the brain parenchyma relative to nanoparticles with reduced avidity.201 

Interestingly, we show that apparent permeability of the nanoparticles, compared 

to the control where 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0,  is negative when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40 (post-hoc 
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Dunnett’s multiple comparison: **** P ≤ 0.0001). We hypothesise that at 

𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40, the rate of unbinding from the receptors is low when nanoparticles 

have a high number of ligands, leading to their accumulation within the brain 

endothelial cell layer of the BBB, and thus the negative apparent permeability. A 

schematic of the proposed process when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40 is seen in fig 4.5, with a 

zoomed in image of the proposed process in fig 4.6. The results of the experiment 

therefore show that we have found a nanoparticle formulation with specific 

parameters to stay embedded within the BBB giving us a method for transporting 

any medicines into the BBB if required.  

 

 

 

Fig 4.4 Control-subtracted permeability of the AP2_1 set of nanoparticles across 
an in vitro BBB model. Polarised bEnd3 cells were incubated for 4h with 
nanoparticles (20 μM) from the AP2_1 set (𝛿𝐿 = 1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) and the Ctrl 

set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Each bar represents the mean ± SEM (n=3). In the 

diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the statistical analysis 

alongside a post-hoc Dunnett’s multiple comparison test (**** P ≤ 0.0001). 
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Fig 4.5 Schematics of endocytosis of AP2-decorated nanoparticles (𝜹𝑳 = 𝟏, 𝑵𝑳 =
𝟒𝟎) in an in vitro BBB model. The schematic shows that nanoparticles could 
either not bind onto LRP-1 receptors for receptor-mediated transcytosis or did 
bind but may have stayed within the BBB. As the rate of unbinding of the 
nanoparticles did not allow the nanoparticles to get through the BBB, and thus 
have nanoparticles stay within the brain endothelial cell layer 

 

 

Fig 4.6 Zoomed in schematic of the transcytosis of the AP2-decorated 
nanoparticles (𝜹𝑳 = 𝟏, 𝑵𝑳 = 𝟒𝟎) in an in vitro BBB model. Nanoparticles 
bound onto the receptors and nanoparticles can be endocytosed into the cell; 
however, the nanoparticles are unable to be exocytosed within the schematic.  

 

A crossing assay was then performed using the AP2_0.70 set of nanoparticles 

(𝛿𝐿 = 0.70, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) to see the effect of embedding the ligand into the 

nanoparticle PEG polymer brush has on permeability across the BBB model. The 

results are shown in fig 4.7. The graph in fig 4.7 shows that there was a 
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statistically significant positive apparent permeability when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 8 for  

𝛿𝐿 = 0.70: this result again does not match the binding results found in fig 3.7 

(which showed the more nanoparticles were bound on bEnd3 when 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 40 

for 𝛿𝐿 = 0.70). The result again matches the results from Wiley et al., as by 

embedding the ligand within the brush, we reduced the binding avidity of the 

nanoparticle, and thus transcytosis could be seen.201 The results therefore show 

that embedding the ligand within a polymer brush has an effect in the permeability 

across the BBB, as the avidity of the nanoparticle decreases with the insertion of 

the ligand within a polymer brush.  

 

Fig 4.7 Control-subtracted permeability of the AP2_0.70 set of nanoparticles 
across an in vitro BBB model. Polarised bEnd3 cells were incubated for 4h 

with nanoparticles (20 μM) from the AP2_0.70 set (𝛿𝐿 = 0.70, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) 

and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Each bar represents the mean ± SEM 

(n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the 

statistical analysis alongside a post-hoc Dunnett’s multiple comparison test (* P 
≤ 0.05). 

 

A study was conducted to see the effect of further embedding the ligand into the 

polymer brush on apparent permeability of the nanoparticles. The results of the 

permeability assay using the AP2_0.16 set of nanoparticles (𝛿𝐿 = 0.16,  

𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) in shown in fig 4.8. When comparing the crossing results in fig 
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4.6 to the binding results in fig 3.8, we again see no correlation between the two 

as more nanoparticles of 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 20 − 40, 𝛿𝐿 = 0.16 bound to bEnd3 (fig 3.8) 

whilst there was no difference in apparent permeability across the 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 range 

(fig 4.7). We assume that, when the ligand is embedded in the nanoparticle brush, 

we shut off the interaction with the in vitro BBB model.  

 

 

Fig 4.8 Control-subtracted permeability of the AP2_0.16 set of nanoparticles 
across an in vitro BBB model. Polarised bEnd3 cells were incubated for 4h 

with nanoparticles (20 μM) from the AP2_0.70 set (𝛿𝐿 = 0.16, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) 

and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Each bar represents the mean ± SEM 

(n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the 

statistical analysis alongside a post-hoc Dunnett’s multiple comparison test (ns 
P > 0.05). 

 

We have shown through the results that permeability can be adjusted by adjusting 

the sterics of the nanoparticle. However, the permeability of the nanoparticles is 

very low when compared to previously investigated AP2-decorated nanoparticles 

in literature. The maximum 𝑃𝑎𝑝𝑝
∗  we were able to obtain with a formulation was 

~0.2 nm s-1, whereas other AP2-decorate nanoparticles obtained 𝑃𝑎𝑝𝑝
∗  up to  

6 nm s-1,73 showing that even if the data obtained was significant, the permeability 

was still very low compared to previous AP2-decorated nanoparticles. We herein 
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hypothesise that the size of the nanoparticles may affect the crossing of the 

nanoparticles. The nanoparticles used to obtain a 𝑃𝑎𝑝𝑝
∗  of up to 6 nm s-1 were ~100 

nm in diameter, much larger than the nanoparticles tested in this thesis 

(~33.27nm): in the literature, small transferrin-decorated nanoparticles of 20 nm 

were unable to breach into the brain parenchyma, whereas larger transferrin-

decorated nanoparticles (45 and 80 nm) were able to cross the BBB and 

accumulate in the brain.201 Further investigation should be conducted, altering 

the size of the nanoparticles, to see whether the size of nanoparticles can 

influence the crossing of AP2-decorated nanoparticles.  
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4.4  Conclusions 

The second research question was explored in this chapter, where we investigate 

whether the crossing of nanoparticles across an in vitro BBB model could be 

controlled using sterics. We show that by embedding the ligand into a polymer 

brush, increasing the sterics induced with a ligand binds onto a receptor, we can 

control the crossing of the nanoparticles: we see that when the ligand is on the 

surface of the nanoparticle (𝛿𝐿 = 1), we were able to obtain a formulation that 

stayed endocytosed within the BBB model, and that when we embedded the 

ligand, (𝛿𝐿 = 0.70), we obtained a formulation able to travel across the BBB 

model. We further show that we could shut off interaction for crossing the BBB 

by embedding the ligand too far into a polymer brush. Indeed, we tested only a 

finite number of ligand insertion and ligand number; however, the results 

displayed herein gives us a starting point for further investigation on the influence 

of sterics on the crossing of nanoparticles across the BBB, when using LRP-1 as 

a ligand. 

 

One limitation of the study was the assumption that we could compare the 

binding results previously to the crossing data. We assumed that as the 

receptor expression is the same for polarised and unpolarised bEnd3 cells, we 

could compare the data. Further research should be conducted, where certain 

binding studies should also be done on polarised bEnd3 cells, to keep the 

bEnd3 cell conformation constant. Furthermore, the 𝑃𝑎𝑝𝑝
∗  data obtained for the 

nanoparticles was markedly lower than previous AP2-decorated nanoparticles 

used in literature, which we suggest could be caused by the size of the 

nanoparticles. Further investigation could be performed to assess the influence 

of the size of the nanoparticles on the crossing of the BBB. 
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Chapter 5 

Conclusion and Further Work 

 
The first aim of this thesis was to investigate whether selective targeting of brain 

endothelial cells could be achieved. Nanoparticles were formulated with ligands 

for brain endothelial cell receptors LRP-1 and Glut (AP2 and Glucose). 

Multivalent binding was optimised towards bEnd3, a murine brain endothelial cell 

line we used as our model target. When using AP2-decorated nanoparticles, we 

observed nanoparticle formulations at all ligand insertion parameters that could 

bind strongly toward bEnd3: inserting the ligand deeper in a polymer brush 

changes the number of ligands required for a stronger bind to the target cell. This 

observation is novel, as to the best of my knowledge, this is the first instance in 

the literature investigating the effect of ligand insertion parameters on binding. 

We postulated the existence of an additional steric repulsion term between 

nanoparticles that could be reduced by embedding the ligand deeper within a 

polymer brush. When using glucose-decorated nanoparticles, we observed that 

all formulations tested held the same number per cell. A limitation when using 

glucose-decorated nanoparticles was that we reached a plateau in binding. 

Increasing the number of glucose ligands did not affect the number of 

nanoparticles binding to the brain endothelial cells. Future work should be done 

testing nanoparticles with fewer glucose ligands. When testing binding towards 

bEnd3 and two other cell lines (murine astrocytes, C8-D1A, and human 

glioblastoma, T98G), no selectivity between the three brain-isolated cell lines was 

observed as the binding profiles to each cell line for all three ligand insertion 

parameters tested were equivalent. We also observed no selectivity between the 
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three cell lines when using glucose as the ligand. We conclude that we could not 

achieve selective targeting of brain endothelial cells when comparing targeting to 

astrocytes and glioblastoma cell lines using either AP2 or Glucose decorated 

nanoparticles. 

 

Nevertheless, we postulate that we could not achieve selective targeting due to 

the glycocalyx of each cell line. We herein propose that the density of the 

glycocalyx could correlate to the receptor conformation: a dense glycocalyx could 

stretch the large LRP-1 receptor, exposing binding sites on the receptor for small 

nanoparticles to bind to. Additionally, a novel binding experiment on glycocalyx 

shed brain endothelial cells was also performed to investigate what effect 

reducing the glycocalyx density had on binding towards the cell; however, a large 

limitation of the experiment was the downregulation of LRP-1 receptors and the 

presence of free LRP-1 in the media present after glycocalyx shedding, making 

it difficult to compare the data between binding to bEnd3 cells and glycocalyx 

shed bEnd3.  

 

The second aim of this thesis was to deduce if we could control the crossing of 

nanoparticles across the BBB. Indeed, previous studies have already shown that 

receptor-mediated transcytosis could facilitate transport across the BBB. Still, the 

novelty of this thesis was to investigate the effect of inserting the ligand within a 

polymer brush on crossing the BBB. We observed that when the ligand was on 

the nanoparticle's surface (where it was not embedded within a polymer brush), 

the nanoparticles stayed endocytosed within the BBB at a high number of ligands. 

By embedding the ligand into the polymer brush, we observed a formulation 

(where 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 4) that could cross the blood-brain barrier—further embedding 
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the ligand shut off any endocytosis or transcytosis, making these ligand-

decorated nanoparticles akin to nanoparticles with no ligands. By embedding the 

ligand into a polymer brush, we could control the transcytosis across the BBB 

and devise a way to deliver the drug directly into the BBB.  A limitation of the 

crossing study conducted was that the BBB in vitro model used was the simplest 

model, using only a brain endothelial cell monolayer rather than including 

astrocytes in the BBB model.  

 

Multiple studies expanding from work in this thesis can be conducted. We first 

showed that nanoparticles could be made with specific sizes; therefore, future 

work can test the effect of size in addition to ligand insertion parameters and the 

number of ligands. The first postulation about ligand-ligand nanoparticle repulsion 

can be further expanded using nanoparticles with different ligands. As we 

observed this phenomenon using peptide ligands (such as AP2), other peptide 

ligands should be investigated. We observed no specific binding towards the 

three cell lines (when using AP2 decorated nanoparticles), which we hypothesise 

was due to the differences in glycocalyx density of the three cell lines:  

computational work should be done to investigate the influence of the glycocalyx 

on the LRP-1 receptor conformation. A glycocalyx shed binding assay was 

developed in the thesis yet had several shortcomings, such as the 

downregulation of LRP-1 on the glycocalyx-shed bEnd3 - future studies can be 

done to expand on this novel binding study, investigating for an alternative way 

to reduce glycocalyx density without altering the LRP-1 expression. Finally, the 

crossing study performed herein utilised the simplest in vitro BBB model, using 

only a monoculture of brain endothelial cells: further work can expand on this, 



  | 194 | 
 

using either a more complex in vitro BBB model (one that uses both endothelial 

cells and astrocytes), or test the nanoparticles in vivo.  

 

One of the key problems in medicine today is the ability to selectively target 

specific cells with therapeutics whilst leaving others unaffected. From the results 

in this thesis, we have furthered our knowledge on how to selectively target cells 

by raising awareness of both the impact of ligands being embedded within a 

polymer brush and the likelihood of the glycocalyx influencing receptor 

conformation. By building on the knowledge obtained in this thesis, we take one 

step closer to the elusive “magic bullet” posed by Paul Ehrlich: the concept that 

medicines go straight to their intended cell-structural targets.4,205 
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Chapter 7 

Appendix 

 

7.1  Polymer Characterisation 

The NMR and GPC data obtained for the polymers detailed in tables 2.2 and 2.4 

are shown in the figures (A.1 - A.26) below. Polymers were analysed using the 

methods described in chapter 2 for copolymer characterisation. In all 1H NMR 

spectra, the peak at 𝛿7.26 correlates to CDCl3. Each peak integral outlined 

corresponds to peaks on the polymers described in figure 2.2A and 2.17A for 

PEG-PCL and N3PEG-PCL respectively.  
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Fig A.1  NMR Spectra of PCL10 

 

 

Fig A.2 GPC Trace of PCL10.  
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Fig A.3  NMR Spectra of PCL20 

 

 

 
 
Fig A.4 GPC Trace of PCL20.  
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Fig A.5  NMR Spectra of PCL30 

 

 

Fig A.6 GPC Trace of PCL30.  
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Fig A.7  NMR Spectra of PCL40 

 

 

Fig A.8 GPC Trace of PCL40.  
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Fig A.9  NMR Spectra of PCL50 

 

 

Fig A.10 GPC Trace of PCL50.  
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Fig A.11 NMR Spectra of PCL60 

 

 

Fig A.12 GPC Trace of PCL60 
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Fig A.13 NMR Spectra of PCL70 

 

 

Fig A.14 GPC Trace of PCL70 
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Fig A.15 NMR Spectra of PCL80 

 

 

Fig A.16 GPC Trace of PCL80 
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Fig A.17 NMR Spectra of PCL90 

 

 

Fig A.18 GPC Trace of PCL90 
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Fig A.19 NMR Spectra of N3PEG8PCL 

 

 

Fig A.20 GPC Trace of N3PEG8PCL 
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Fig A.21 NMR Spectra of N3PEG20PCL 

 

 

Fig A.22 GPC Trace of N3PEG20PCL 
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Fig A.23 NMR Spectra of N3PEG68PCL 

 

 

Fig A.24 GPC Trace of N3PEG68PCL 
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Fig A.25 NMR Spectra of N3PEG113PCL 

 

 

Fig A.26 GPC Trace of N3PEG113PCL 
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Fig A.27 Binding method optimisation. The graph details the 
𝑁𝑃𝑠

𝑐𝑒𝑙𝑙 𝐿
 against 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 when 

using AP2_1 set of nanoparticles to bind onto bEnd3. bEnd3 cells were incubated 

for 1h with nanoparticles (20 μM) from the AP2_1 set (𝛿𝐿 = 1, 𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 2 − 40) 

and the Ctrl set (𝑁𝐿𝑖𝑔𝑎𝑛𝑑 = 0) as a control. Each point represents the mean ± SEM 

(n=3). In the diagram, 𝑁𝐿 = 𝑁𝐿𝑖𝑔𝑎𝑛𝑑. A one-way ANOVA was used for the 

statistical analysis alongside a post-hoc Dunnett’s multiple comparison test (**** 
P ≤ 0.0001).  

 


