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Abstract: 

 

Many different nanoparticle delivery systems have been reported as potential 

cancer therapeutics, however, the tumour penetration and uptake characteristics 

have been determined for very few systems. Animal models are effective for 

assessing tumour localisation of nanosystems, but difficult to use for studying 

penetration beyond the vasculature. In this work, defined HCT 116 colorectal 

cancer spheroids were used to study the effect of nanoparticle size and surface 

modifications on their penetration and uptake.  Incubation of spheroids with 

Hoechst 33342 resulted in a dye gradient which facilitated discrimination 

between the populations of cells in the core and at the periphery of spheroids 

by flow cytometry based on the degree of Hoechst staining. This model was 

used to compare doxorubicin and Doxil, a range of model polystyrene 

nanoparticles in different sizes (30 nm, 50 nm, 100 nm) and with different 

surface chemistry (50 nm unmodified, carboxylated, aminated) and 

polyethylene glycol modified NPs prepared from a promising new 

functionalized biodegradable polymer (poly(glycerol-adipate), PGA).  

Unmodified polystyrene nanoparticles (30 nm/50 nm) were able to penetrate to 

the core of HCT 116 spheroids more efficiently than larger polystyrene 

nanoparticles (100 nm). Penetration was also dependent on surface charge. 

PGA NPs of 100 nm showed similar penetration into spheroids as 50 nm 

polystyrene nanoparticles, and PEG surface modification significantly 

improved penetration into the spheroid core. The new spheroid model with 

Hoechst staining is shown to be a useful model for assessing NPs penetration 



 

 

3 

 

and demonstrates the importance of controlling physical properties when 

designing nanomedicine. 
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Chapter 1 : Introduction 

 

 

 1.1 Cancer Therapy 

 

Chemotherapy and radiotherapy are the most widely used nonsurgical 

treatments. Radiotherapy can be controlled spatially, however, the use of 

chemotherapy is compromised due to cytotoxic effects on normal cells as they 

have limited specificity to cancer cells. Most of the older anti-cancer treatments 

rely on the higher proliferation rate of cancer cells which make them more 

susceptible compared to normal cells. 
1
 However, the cytotoxic drugs also kill 

healthy rapidly dividing cells found in bone marrow, hair follicles or epithelial 

cells of GI tract leading to unpleasant and life-threatening side effects.
2
 The 

toxic effect towards the healthy tissue thus limits the dose that can be given to 

a patient. Further, they often have poor solubility, and short plasma half-life 

and their delivery to solid tumours is problematic which leads to low anticancer 

efficacy.
3
  

 

1.1.1 Concept of nanomedicine for cancer treatment 

 

Much research has been undertaken in order to improve the selectivity of 

anticancer agents towards tumour cells to prevent side effects and exert a 
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higher cytotoxic effect. Outstanding progress has been made in the 

development of cancer nanotechnology.  

Nanodrug delivery systems are formulations within a size range between (10–

1000nm).
4
 Typically they contain two components, a carrier, and a 

pharmaceutically active ingredient.
5,6

 The carrier can be produced from various 

materials giving the systems very different physicochemical properties. The 

carriers are usually selected for the ability to incorporate a drug or other useful 

properties. Nanosystems offer great advantages over a conventional cancer 

treatment as they can provide a higher drug loading, longer circulation time 

and more targeted drug delivery into a tumour.
7,8

 Unlike the healthy tissue, 

tumours have dilated and poorly differentiated blood vessels with leaky 

physiology and larger fenestrations. These abnormal changes lead to higher 

vascular permeability and decreased rate of clearance than in normal vessels 

caused by the lack of a functional lymphatic system in a tumour. Formulation 

scientists take advantage of this phenomenon, called the enhanced permeability 

and retention (EPR) effect to deliver nanoformulation selectively to the tumour 

site. Macromolecular formulation of size over 10 nm can enter a tumour via 

abnormal large pores in the leaky tumour vessels, however they are too large to 

extravasate a normal vessel. Furthermore, due to the absence of functional 

lymphatics, the nanoformulations can stay in a tumour for a long time. The 

EPR effect thus allows for more targeted delivery of anticancer nanoparticles 

into a tumour, and it reduces toxicity to healthy tissue.
9, 7

 

Furthermore, nanocarriers can target a solid tumour actively by having a 

specific targeting ligand incorporated in their system. 
9–12
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Other advantages of nanodrug delivery systems include their ability to increase 

the solubility of poorly soluble drugs in plasma, increase drug-circulation 

times, and provide controlled drug-release. Because of these characteristics, 

nanodrug delivery systems are expected to deliver a greater dose to a tumour 

which is typically limited by toxic side effects to normal tissues in the case of 

conventional drugs. 
13, 14

   

 

 1.1.2 Properties of Nanoparticles (NPs) 

 

Ideally, the nanosystems should prolong the in vivo circulation time of 

formulated drug, reduce the undesirable adverse effects caused by an 

anticancer drug given alone as well as improve therapeutic response. In order 

for those systems to provide such an effect, their physicochemical features 

need to be considered. 

The size of nanosystems is one of the most important features which can be 

adjusted to control drug loading as well as drug release. A successful 

nanodelivery system should have a high drug-loading capacity.
15–17

 Larger 

particles allow for more drug to be encapsulated than the smaller ones. 

However, smaller particles were shown to overcome biological barriers more 

easily and be taken up more readily by the cells than large nanoparticles.
16–19 

 In order to take advantage of the EPR effect, the nanosystems have to be 

ideally within the size range below 150 nm as studies showed larger 

nanoparticles could not effectively pass through the gaps in leaky blood 
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vessels.
20

 The size of the nanoparticle can also influence other in vivo 

behaviours such as stability, distribution, and cytotoxicity. Studies showed that 

nanoparticles with a diameter less than 50 nm or larger than 150 nm are more 

likely to be captured by the phagocytic cells and the reticuloendothelial system 

(RES) in vivo.
 21–23,24,

 

Other important properties of nanoparticles are surface characteristics such as 

hydrophobicity and charge. The degree of hydrophilicity/ hydrophobicity of the 

nanosystems is adjusted based on the properties of the drug.
17

 

The surface charge of nanoparticles as a measure by zeta potential can 

influence stability in suspension. The positive surface charge of nanoparticles 

is thought to enhance targeting of tumour vessels and thereby exhibit higher 

permeability when compared with their anionic or neutral counterparts.
25,26

 

However, it can also have deleterious effects on biodistribution. Coating of 

nanoparticle surface with hydrophilic polyethylene glycol (PEG) provides 

steric stabilisation to the system and helps to prevent opsonization by 

complement and other serum components. 
18,27,28 

Figure 1 Schematic representation of different types of nanoparticles proposed for use 

in biomedical applications.29 
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Various nanodrug delivery systems have been generated such as nanoparticles, 

micelles, liposomes, dendrimers and more (Figure 1). These carriers vary 

widely in their physicochemical properties and are capable of incorporating 

various polar and nonpolar drugs, either within the core or by forming a drug 

carrier conjugate system. 
14,18,30,31

 

Natural and synthetic polymeric nanoparticles received considerable interest 

due to their high stability and ease of surface modification. These systems were 

showed to improve bioavailability, sustain release of drugs and solubilize drugs 

for systemic delivery. They often contain the active drug in a core separated 

from the environment by a polymeric shell. Their characteristics can be chosen 

to enhance drug loading and delivery. They are often able to provide constant 

release rate which is an attractive feature for drug delivery applications.
9
 PLGA 

and PLA polymer nanoparticles have been shown effective for sustained drug 

delivery and intracellular targeting.
16,17,32,33

 

Another example are PGA based nanoparticles which gained interest due to 

advantages such as high drug loading and sustained release of the encapsulated 

therapeutic agent over a long period of time. Moreover, they have easily 

tuneable hydrophobic/hydrophilic properties which make this polymer very 

attractive for drug delivery application. 
34

 

Liposomes have also shown great promise for delivering therapeutic agents. 

Doxil® is one of an example of a PEGylated liposomal formulation of 

doxorubicin (Dox) which has been FDA approved. An increasing number of 

promising systems appear in the clinical trials. Liposomes are composed of 

amphiphilic molecules that self-assemble into a spherical structure with the 
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polar and the nonpolar environment thus allowing encapsulating both polar and 

nonpolar drugs. Liposomes can be unilamellar, containing one lipid bilayer or 

multilamellar containing multiple lipid bilayers. Their structure and 

composition resemble cell membranes. Such nanosystems can provide 

prolonged release kinetics and long persistence at the target site.
35,36

 

Other systems such as macromolecule–drug conjugates have also been 

explored as drug carriers.
37,38 

Poly-(L)-Glutamic Acid-Paclitaxel system 

showed to enhance the solubility of hydrophobic paclitaxel and provided 

enhanced efficacy, reduced toxicity and improved distribution to a tumour. 
37,38

 

Biodegradable polymeric micelles with a size of 10–200 nm have also shown 

therapeutic potential. The copolymers consisting of two or more polymer 

chains with different hydrophobicity spontaneously assemble into a core-shell 

micellar structure in an aqueous environment. This micellar structure provides 

drug delivery nanocarriers with high loading capacity (5–25% weight) for 

poorly soluble drugs.
 39–41

 

Another class of nanosystems are Dendrimers. They are globular, highly 

branched, and synthetic polymers which provide unique characteristics.
42, 43

 

Their structure enables them to carry various drugs through covalent 

conjugation, electrostatic interactions, hydrophobic interaction, hydrogen 

bonding, or chemical linkage. Recently, researchers developed a poly-

amidoamine-based G5 dendrimer with primary amines on their surface and a 

diameter of about 5 nm. The system contained methotrexate drug and folate 

targeting molecule and was found to be about 10 times more effective than 
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methotrexate alone in slowing tumour growth. 
44 

An anticancer drug Paclitaxel, 

also shown promise when attached to the exterior of the dendrimer. 
9
 

Various nanodrug delivery systems have been investigated as possible carriers 

of anticancer drugs. 
3
 These systems show great potential in overcoming many 

problems in delivering chemotherapeutic drugs to a tumour. 
18

  

  Over 20 nanoparticle therapeutics have been approved by the FDA for clinical 

use.
38

 Nanoparticle formulations for the treatment of solid tumours such as 

Doxil and Abraxane, however, were shown to demonstrate disappointing 

treatment benefits in many cases. 
45, 46  

Therefore, a better understanding of the 

biological barriers that prevent successful delivery of nanoparticles into 

tumours is needed in order to realize the full potential of nanodrug delivery 

systems.  

 

 1.2 Barriers to successful nanosystems delivery  

 

In order for efficient delivery of nanoparticles to tumours, they must overcome 

several barriers. After injection into the bloodstream, they encounter 

heterogeneous blood supply, transport across the microvascular wall, transport 

through a tumour interstitial space and transport across the cell membrane.  

During their journey in the blood, they are subjected to the process of 

nonspecific binding of proteins and other components found in blood such as 

albumin, fibrinogen etc. process known as protein corona. They can also 
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undergo degradation and agglomeration which can reduce their plasma half-

life.
26

 

 

1.2.1 Transport through the microvascular wall 

 

To reach the tumour target cells nanosystems must first cross the capillary 

wall. These vessels in a tumour have abnormal physiology with large gaps 

which cause them to become leaky. This leakiness makes permeability of these 

vessels significantly higher in a tumour than in normal tissues. These gaps 

allow for extravasation of nanoparticles and other macromolecules into tumour 

tissue. However, permeability is dependent on the physicochemical properties 

of nanoparticles. It has been noticed that with the increase in the size of 

particles the vascular permeability decreases. It has been suggested that for 

successful extravasation through the vessels NPs should stay below 150 nm. 
8, 9

 

 

1.2.2 Interstitial Fluid Pressure (IFP) 

 

Once the nanoparticles escape the vasculature, it encounters another hurdle to 

extravasation, interstitial hypertension. This is a result of the high permeability 

of tumour vessels and the lack of functional lymphatic vessels in a tumour 

which results in a build-up of hydrostatic pressure.
26

 Due to the abnormal 

tumour vasculature, the blood supply within tumours is generally low, and in 

effect, the transport of macromolecules through the vessels and the interstitial 
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space is mainly by diffusion and not convection.
47–49

  The pressure gradient 

may hinder fluid flow into a tumour from blood capillaries.
47

 Further, there is a 

risk that interstitial fluid pressure inside a tumour will exceed the fluid pressure 

inside the vessels and result in the therapeutics being excluded from a tumour.  

The abnormal tumour vasculature together with the interstitial tumour matrix is 

thought to lead to a heterogeneous distribution of therapeutics in tumours. 

These therapeutics concentrate close to the vessels and cause only local effects.  

 

1.2.3 Tumour physiology 

 

The limited ability of drug molecules and nanosystems to accumulate in 

tumours is believed to be largely affected by the complex physiology of the 

tissue.  Tumours are abnormal masses of tissue.  Many of the most common 

tumours such as stomach, pancreas, liver, colon, lung or breast are carcinomas, 

tumours that originate from epithelial cells of skin or tissues. Carcinomas have 

complex pathophysiology. Tumours consist of epithelial cancer cells and 

supportive stroma. Stroma is mainly made of fibroblasts, endothelial cells, 

immune cells and the extracellular matrix (ECM) (Figure 2). 

The majority of solid tumours develop hypoxic regions as well as necrosis in 

their structure. 
50

  As an effect of hypoxia, hypoxia-inducible factor (HIF1α) is 

up-regulated which then promote the production of growth factors such as  
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Figure 2 Schematic of a typical tumour microenvironment. Cancer cells reside in a 

complex microenvironment containing various supporting cells, extracellular matrix 

(ECM) and a suite of signalling molecules. Taken from 187 
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vascular endothelial growth factor (VEGF) that leads to the formation of new 

vessels. 
51

  

In tumours, cells can be located 15 to 20 cell diameters from the nearest blood 

vessel in comparison to normal tissue. 
52

 As cancer grows, parts of the tumour 

mass located further to the blood vessels are exposed to a limited oxygen 

concentration leading to the formation of cell proliferation gradients with 

hypoxic, quiescent cells in the core of a tumour and dividing cells at the rim. 
2
 

The lactic acid caused by anaerobic glycolysis in hypoxia causes the 

microenvironment to become acidic. 
53–55

 The acid conditions, found in many 

types of a tumour, together with a deficiency of nutrients contribute to cell 

death and necrosis within solid tumours. Many cells, however, are known to 

survive under these conditions and are thought to contribute to resistance to 

cytotoxic drugs and radiotherapy as well as induce metastatic behaviour. 
2,46,50

 
  

Further, the formation of quiescent cells in the core limits the efficacy of drugs 

that target rapidly dividing cells. 
50

   

Further, tumour compromise of dense stroma which components are 

responsible for the production of ECM.
56

 The complexity of tumour tissue, 

arrangements of cells may also affect the transport of particles. Further, it may 

affect large particles to a greater extent exposing them to wider intercellular 

paths. The viscous tortuosity due to cells and ECM fibres has also been 

suggested to increase the hindrance to nanoparticles. 
49
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1.2.4 Tumour Extracellular matrix  

 

In order for the treatment to be effective nano-therapies must first penetrate 

through the interstitial matrix before reaching all of the cancer cells in lethal 

concentration. 

The tumour interstitial matrix is a meshwork composed mainly of collagen, 

glycosaminoglycans (GAGs) such as hyaluronan (HA), proteoglycans and 

glycoproteins that combined are believed to form a diffusion barrier for the 

therapies to penetrate. 
57–61

   

1.2.4.1 Collagen  

 

Collagen is synthesized predominantly by fibroblasts, but some of the ECM 

collagen can also be produced by epithelial cells. Collagen provides 

considerable tensile strength to tissue. 
26

 

 Depending upon the composition, the collagen molecules can be divided into 

at least 10 types; 
26

  Collagen type I is the most abundant, constituting nearly 

90% of all the collagen in the human body. Collagen fibres carry a slightly 

positive charge at neutral pH. The spacing between collagen fibrils was 

measured to be between 20–40 nm in a compact tumour and 75–130 nm in 

looser tumour tissue. These narrow spaces are thought to restrict the 

penetration of larger particles. 
25
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1.2.4.2 Glycosaminoglycans  

 

 

The GAGs also known as mucopolysaccharides are long unbranched 

polysaccharides containing a repeating disaccharide unit. GAGs are highly 

negatively charged molecules. Their primary location is in the ECM and on the 

surface of cells. They provide high viscosity to the solution in which they 

reside and provide structural integrity to cells and passageways between cells, 

allowing for cell migration. They were shown to significantly increase the 

viscosity of the interstitial fluid. 
46, 62

  They are also responsible for alignment 

and spacing of collagen fibrils. The majority of GAGs in the body are linked to 

core proteins, forming proteoglycans.
49

 The GAGs extend perpendicularly 

from the core in a brush-like structure. Various studies have shown that the 

stabilized polysaccharide network enmeshed in the collagenous fibres offers 

considerable resistance to interstitial transport of macromolecules.
26

 

 The hyaluronic acid, chondroitin sulphate, heparin and heparan sulphate are 

some of the GAGs found in the ECM.  

Heparin and heparan sulphates are composed of sulphated GlcNAc and 

glucuronic acid (GlcA) disaccharide units. They are components of cell 

surfaces and are associated with protein forming heparan sulphate 

proteoglycans (HSPG). HSPG binds many ligands such as fibroblast growth 

factors (FGFs), VEGF, and hepatocyte growth factor. 

Chondroitin sulphate is the most abundant GAG polymerized into long chains 

and is found attached to a large family of proteoglycan core proteins referred to 

as lecticans.  
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Hyaluronans are synthesized by hyaluronan synthases (HAS) in the plasma 

membrane in virtually all cells in the human body. Unlike other GAGs, HA 

does not contain any sulphate, and it forms non-covalently bound complexes 

with proteoglycans in the ECM. HA have essential roles in development, tissue 

organization, cell proliferation, and signal transduction processes and its 

function is mostly dependent upon interaction with proteins present on the 

surface of the cell and/or secreted into the ECM. The large HA extrude into the 

ECM and can displace a large volume of water.
 
The concentration of HA is 

elevated in many carcinomas, including bladder, prostate, breast, lung, colon 

and so forth. In tumour tissues, it promotes tumour growth, metastasis and 

angiogenesis. The hyaluronans can be remodelled or degraded by 

hyaluronidases; HYAL1 and HYAL2 after synthesis and its turnover can take 

as little as one day in some tissue. 
49, 63

   

The ECM is considered to be one of the causes of resistance to drug 

movement. 
46

  A few mechanisms have been proposed to take place between 

the ECM and the therapeutic agents such as steric interactions, which arise 

from the collisions with ECM fibres, electrostatic interactions due to binding to 

the tissue and ECM components, and consumption of drug molecules as they 

travel through the tissue and interact with cells.  

There is, however, need to develop a better understanding of these mechanisms 

in order to aid the development of novel strategies capable of overcoming these 

issues.  
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1.2.5 Effect of ECM on NPs penetration 

 

ECM is a highly complex structure made of various components which 

particles must overcome to deliver their cargo into cells and exert their action. 

The penetration of large complexes such as monoclonal antibodies, therapeutic 

proteins, or genes has been shown to be affected by the barrier of ECM. 
56

 

ECM is believed to control transport of macromolecules by size exclusion 

effect due to narrow spacing between ECM fibres. 
64

 The pore sizes in the 

ECM vary depending on the type and its location. For example, glomerular 

basement membrane has 3 nm pores while human cervical mucus is 

characterized by a 340 nm pore size. The interfibrillar spacing between 

collagen fibrils has been measured to be quite narrow (20–40 nm) within 

compact collagen bundles and was 75-130 nm within looser bundles. The ECM 

is thus believed to behave as a dispersive filter. 
64

 This is supported by several 

studies which showed that by degradation of the collagen matrix with bacterial 

collagenase treatment or relaxin in high collagen-content tumours causes a 

great increase in the diffusion of antibodies, such as IgG (hydrodynamic radius 

4.5 nm) and herpes simplex virus (hydrodynamic radius 75 nm).
 1, 56

 Netti et al. 

(2000) found that the amount of collagen in tumours correlated inversely with 

the diffusion coefficient of macromolecules.
 57 

Pluen et al. (2001) provided 

further support for the role of collagen by measuring diffusion in tumours 

grown in subcutaneous tissue and the cranium.
 49
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Limited transport of macromolecules has also been proposed due to steric 

hindrance posed by GAGs. 
63,65

 Thanks to properties such as highly flexible 

chain and very great molecular weight, hyaluronic acid was found to the form 

entangled meshwork even at a very low concentration which was shown to 

cause resistance for the diffusing particles.  Diffusion of globular proteins in 

the hyaluronic gel and sulphated proteoglycans was shown to be dependent on 

their dimensions as well as ECM network component.
66

 This observation was 

described by Laurent et al. in terms of a sieving mechanism. 
63, 65

  It was also 

proposed that unlike hyaluronic acid, collagen network alone has a relatively 

little effect on diffusion due to much thicker fibres (500-1000Å as compared 

with about 8 Å) which at the similar concentration of HA,  form a much 

coarser meshwork through which both diffusion and flow can occur easily.
63,66

  

Another mechanism by which ECM is thought to restrict diffusion of 

macromolecules is via electrostatic interactions. ECM is a strongly charged 

network compromised of slightly positive collagen fibres at neutral pH and 

highly negative charged GAGs. 
46,63,67 

These are believed to interact with 

charged nanoparticles and inhibit their transport due to electrostatic binding 

and formation of aggregates.
46 

This interaction has been observed in the study where a decrease in penetration 

of charged nanoparticles was caused by electrostatic binding to heparan 

sulphate. Further, several studies have investigated the effect of enzymatic 

digestion of highly negative GAGs and showed improved convection of 

macromolecules after digestion. 
1,46
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There are contradicting reports in the literature showing which constituent of 

ECM is responsible for restricting the transport of macromolecules. It is not 

clear whether the collagen or GAGs play a greater role. 

Some studies claim that poor diffusion is due to the presence of GAGs because 

of their high negative charge density and hydrophilic character while collagen 

provides structural function and support. 
26,57 

However, different studies state 

that only when proteoglycans are supported by stabilizing solid matrix such as 

collagen, they can restrict diffusion of macromolecules.
 57,63,66

 While other 

propose that both collagen and GAG/ proteoglycans matrix contributes to the 

limited diffusion of nanoparticles and macromolecules.
48,49,56,57,61,64

    

Therefore, the organisation and distribution of different components of the 

ECM matrix and not just their levels may also be important in limiting the 

diffusion through the interstitial space. The distribution of collagen and GAGs 

in a tumour can divide the tumour space into viscous regions, high in collagen 

and aqueous regions high in GAGs. The diffusivity of the particles will be very 

different  in those two phases.
46

  The functional state of the ECM also needs to 

be taken into consideration. The ECM is a highly dynamic structure which in a 

tumour undergoes a rapid remodelling process involving degradation, 

deposition or modification of ECM components.
68

 This has potential to affect 

penetration of macromolecules differently with time. 
1,47,63

 

Only when the nanoparticles pass through all the above-mentioned barriers, 

they can reach their target cells. However, how readily they are taken up by 

those cells will also be dependent on their characteristics such as size, charge 

and surface properties.  
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1.3 Preclinical cancer models  

 

The pharmaceutical drug discovery process is divided into preclinical and 

clinical phases. In the pre-clinical phase, small molecule drug compounds are 

screened in medium throughput (MTS) or in high throughput (HTS) manner 

for their structure, physical properties and efficacy in pre-clinical disease 

models before testing in animal models.
69

 Typically the in vitro study employs 

2D cell monolayers as models for anticancer drug testing. These models are 

over-simplified as they do not mimic tumour environment in vivo. 

 

1.3.1 Monolayer 

 

Monolayer culture has been typically used for evaluating chemotherapeutic 

drugs to test their therapeutic responses at the cellular level. However, due to 

the oversimplified structure of monolayer; this cell model has been found to 

inaccurately predict efficacy in vivo. This is because they do not mimic the 

microenvironment of solid tumours thereby ignoring the contribution of 

tumour environment to the drug resistance. These cells are exposed to a 

uniform concentration of a drug unlike in a tumour where drug concentration 

gradients are formed from blood vessels.  The transport abilities of drugs and 

nanoparticles through the tissue cannot be studied via this model.
1 
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1.3.2 Animal models 

 

 

The current process for testing the effectiveness of nanosystems relies greatly 

on in vivo models. The standard in vivo model used in drug testing is the 

human tumour xenograft. The model involves inoculation of human cancer 

cells or small cancer fragments subcutaneously or orthotopically in 

immunocompromised mice. The injected cells are left to mature into a tumour 

for 1–8 weeks. The main advantage of this method is the capability to mimic 

the complex interaction of cancer tissue with surrounding stroma. However, the 

therapeutic effect found from xenografts in mice provides insufficient relevant 

information for translation into the clinic due to fundamental differences in 

immune function, microenvironment and cell biology between human and 

mouse.(Nyga et al. 2011) Studying nanosystems distribution, penetration and 

access to target tumour cells is difficult.
1
 Furthermore, with an increasing 

number of nano-delivery systems being developed, it is impossible to test them 

all using in vivo studies which are unethical, complex and expensive. It has 

been reported that less than 10% of the potential anticancer agents progress 

successfully through clinical development.
71, 72 

Therefore, there is a need for a 

representative in vitro model that will allow the testing of anticancer drugs and 

nanomedicine in the early stages of the development process.   

In vitro models, which mimic more closely tumour microenvironment, may 

help to achieve that and provide a useful bridge between an oversimplified 

monolayer and animal models.
73

 Furthermore, development of more 

biologically relevant in vitro tumour models may ultimately result in a better 
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translation to the clinic and a reduction in a number of the animal models 

required in drug discovery programmes.
74

 In such in vitro model, it is 

important that characteristics of a tumour such as architectural organisation, 

cell-cell and cell-matrix interactions are recapitulated.
75

 Further, they should be 

robust, quantitative and highly reproducible assays to be applicable for drug 

discovery in an industrial setting. 
69

 

 

1.3.3 3D cancer models  

 

In vitro screening assays should be capable of eliminating poorly performing 

drug systems early in their development, this could allow for improved 

screening efficacy. It is therefore highly desirable to improve in vitro cell-

assays for early drug-delivery system’s development. While 2D monolayer 

culture lack relevant tumour features such as cell-cell and cell-ECM signalling, 

the 3D tumour models have been widely recognised as a more promising tool 

for drug delivery and efficacy testing. 
72,76,77

 They are 3D aggregates of cancer 

cells and are believed to more closely resemble the tumour microenvironment, 

and could potentially provide a compromise between the oversimplified 2D 

monolayer and the complex human tumours grown in xenogeneic hosts.
1,78–80

 
 

Therapeutic effects of a drug and nanocarriers in tumours can be greatly 

affected by poor penetration and heterogeneous distribution due to natural 

barriers such as ECM.
83

 Some studies found that certain ECM components 

such as collagen I are expressed at higher levels in 3D models than in 2D using 

breast cancer cell cultures. PDAC cells were found to express endogenous 
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ECM components such as collagen and fibronectin-1 when grown in 3D.
83

   

Others showed that culturing cells in the presence of ECM components, such 

as collagen I or fibronectin makes these cells more resistant to anticancer 

treatments.
78

 Unlike 2D monolayers, the 3D models have the ability to 

establish these penetration barriers thereby allowing the study of penetration, 

distribution and binding properties of chemotherapeutic agents and 

nanodelivery systems in the early stages of their development process. 
83,84

 

Apart from the previously mentioned structural differences between 2D and 3D 

cell models, there are a number of biological variabilities that can influence the 

behaviour of cells and their signalling pathways thereby affecting the way they 

react to therapeutic agents.
85–90

 Studies showed a definite difference in genetic 

and phenotypic behaviour of cells cultured in 3D, offering alternative 

signalling platforms that may not be available in a 2D culture which can affect 

their response to therapeutics.
91–93

 Further, 3D cultures generally show 

different responses to chemo- and radiotherapy than their 2D 

counterparts.
14,83,94

  Pickl and Ries reported differences in the levels of growth 

factors and overexpressed proteins in breast cancer cells between 2D and 3D 

cultures that resulted in a dramatically different effects of the anti-cancer drug 

trastuzumab on cell growth in monolayers as compared to cells in 3D.
91

 A 

similar finding was observed in another study, where cells were treated with 

the same concentrations of 5-fluorouracil (5-FU) and tirapazamine (TPZ) there 

were differences in viability between cells cultured in 2D and 3D.
95

 In the case 

of 5-FU, results indicated that 3D spheroids were more resistant to the 

treatment than cells grown in 2D. However, in the case of TPZ, the 2D cells 
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were more resistant to the effects of the drug due to the lack of hypoxic cells. 

The presence of hypoxic cells in 3D activated the drug to a higher degree 

allowing for greater drug response. The presence of increased levels of ECM 

may also alter the response to treatment on a cellular level, as it plays a 

significant role in controlling cell behaviour by regulating the levels of growth 

factors such as epidermal growth factor (EGF), FGF and other signalling 

molecules and receptors of the local environment.
 89,96  

 Further, Meng et al. 

showed the difference in endocytic uptake of NPs in 2-D and 3-D models. 
97

 

These and many more studies suggested that 3D spheroids are more 

representative of a native tumour than 2D and thus should be employed as 

standard models for testing anticancer drugs and nanomedicine for solid 

tumours to avoid overestimating or underestimating the effect of treatments 

prior to animal studies.
76

 

The 3D cell tumour models range from simple homogenous cell models to 

models comprising multiple cell types. 
81,82 

Over the last decade, they have 

increased greatly in number due to advances in their culturing/ engineering 

techniques. Three main types of 3D culture models of cancer are tumour tissue 

explant, a tumour on a chip, and multicellular tumour spheroids (Table 1.) 
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The tumour tissue explant involves culturing excised human tissue from a 

biopsy in tissue culture plates.
98

 Growing this type of model often requires a 

collagen-coated surface which allows cells to adhere or embed within the gel 

matrix. The main advantage of this model is the ability to preserve the original 

tumour tissue architecture and microenvironment. However, the model lacks of 

reproducibility due to high heterogeneity of the biopsy tissue, provides 

difficulties with long-term culture and it is incompatible with common 

investigative techniques such as imaging and flow cytometry; this limits the 

application of such models. 
99

 

A tumour on a chip is a revolutionary micro-engineered biomimetic model that 

allows culturing many different cells on a microfluidic device thereby 

recreating the tumour microenvironment.
100,101

 

Table 1. 3D cell culture models of tumour. Available from 
103. 
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The device is an array of microfluidic channels, which mimics vasculature, and 

microwells (250 μm–450 μm) in which tumour cells grow. The technique 

allows for custom microfabrication of the chip and real-time data recording. 

Further, it allows for the generation of complex 3D co-culture models 

compromised of many different cells such as endothelial cells, immune cells 

and circulating tumour cells thus provides new opportunities for genomic and 

drug screening research. 
100–102

 However, difficulties with tissue size control as 

well as issues with a collection of cells for post analysis are the limiting 

factors. 

Multicellular tumour spheroids have a well-organised spherical symmetry of 

morphological and physiological features and can be generated from tumour 

cells alone or in combination with other cell types.
103

 This is the most widely 

used 3D model system. Increasing evidence in the literature supports the 

importance of employing 3D cell spheroids for nanodrug-delivery testing.
104,105

 

A number of studies have shown that they have the ability to form a more 

realistic organisational milieu with 3D spatial arrangements, cell-cell and cell-

matrix interactions, relevant pH, diffusion gradients and hypoxic core. 
106,107

 

Including these characteristics of a tumour in a nanodrug-delivery screening 

assay is important as these features are thought to influence drug resistance.
50

 

Further, by employing 3D spheroids of human cancer cells, the possible impact 

of the exogenous environment on cell signalling observable in the case of 

xenografts can be eliminated. 
83

 

There are different methods for generating spheroids with or without a 

scaffold. In scaffold-based methods, the scaffolds support 3D organisation of 
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cancer as well as promote cell-cell and cell-matrix interactions. Commonly 

used scaffolds for growing 3D spheroids include ECM-based natural 

hydrogels, synthetic hydrogels, and engineered synthetic hydrogels. Other, 

scaffold-free methods mainly focus on promoting cell-cell contact by resisting 

cell–surface interactions. Methods include hanging droplets, liquid overlay and 

agitation-based approaches.
51,72,108

  

The proposed advantages and disadvantages of different methods for 

generation of spheroids are summarised in Table 2.  

In our study, we decided to work with 3D spheroids as a model of a tumour as 

they are easy to grow, reproducible and capable of mimicking the 

microenvironment in vivo. We employed the liquid overlay method which 

promotes the formation of spheroids by preventing cell attachment to the 

surface thus encouraging cell-cell interactions.
109,81

 For the production of 

spheroids we used 96-well round bottom ultra-low attachment plates. The 

surface of these plates is pre-coated with a hydrophilic polymer which prevents 

cells attachment thereby influencing cells to interact with each other. 

Alternatively, the surface of the plates can be modified with other materials 

such as poly-hema or agarose 1.5% which also prevent cell attachment. The 

manual coating of the plates prior to cell seeding is a cheaper option; however, 

it is time-consuming and adds an extra step to the overall process. 
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Table 2 Methods used for generation of 3D models and proposed advantages and 

disadvantages of these methods.( Adapted from 111,81, 72) 

 

Method 
Advantages 

 

Disadvantages 

 

Non-adherent surfaces/ Forced 

floating method/ 

Liquid overlay cultures 

Relatively simple 

No specialized equipment 

needed 

Inexpensive 

Compatible with High-

throughput testing 
Spheroids easily accessible 

Not efficient 

Tedious media exchange 

Co-culture cellular composition 
difficult to define 

Extra step required to coat the 

plates which is labour intensive 

Expensive when using pre-
coated plates 

Hanging drops 

Relatively Simple 

Inexpensive if using a standard 
96-well plate 

Homogeneous spheroid size 

No specialized equipment 

needed 
Suitable for high-throughput 

testing 

Tedious handling 

More expensive if using 

specialised plates 
Media exchange difficult 

Long-term culture difficult due 

to instability 

Low throughput 
Not efficient 

Time-consuming 

Not stable 

Not suitable for characterisation 

Microfluidic devices and 
spheroids on a chip 

Improved efficiency 
Simplified handling procedures 

Uniform spheroid size control  

Uniform cellular composition  

Suitable for high-throughput 
testing 

The analysis may be integrated 

into the device 

 

Specialised equipment required 

Complicated set-up and device 

fabrication 
Expensive 

Material – drug compatibility 

issues 

Long-term culture problematic 
Devices not available for mass 

production 

Spheroid retrieval for further 

analysis difficult 
The issue with Compatibility for  

HTS testing 

Scaffolds and Matrices 

High-throughput production 

Good extracellular support 

Provide 3D support that mimics 
the situation in vivo 

Easy to set up 

Easy handling 

Mass production of scaffolds 
possible 

May be compatible with HTS 

instruments 

Uniform spheroid size 
The material may incorporate 

growth factors 

Long-term culture possible 

Samples retrieval for further 

analysis difficult 

Expensive for large-scale 

production 
Scaffold Biocompatibility and 

biodegradability issues 

 

Agitation-based approaches 

(Spinner flasks) 

Relatively cheap and Simple 

Production of a large number of 
spheroids 

Long-term culture possible 

Spheroids easily accessible 

 
 

Special equipment required 

No control over spheroids size or 

composition 
High shear force affect cells 

Spheroids  

Architecture not as well 

preserved 
Extra step required for HTS 

testing 
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A gentle centrifugation step is often included in the process to enhance cell 

aggregation and to ensure equal cell numbers for the initiation and formation of 

spheroids in each well. Centrifugation is also believed to suppress cell 

apoptosis by encouraging paracrine signalling.
78,108  

The round shape of the 

wells induces the spheroids to collect at the bottom and allows for easier 

handling during media exchange. Subsequently, after 12-24h in culture 

spheroids are formed. The method has been successfully employed in-house by 

Ivanov et al. who used it for the production of neurospheres. 
110

  

Despite the known advantages of using 3D models in cancer research, due to 

issues associated with production, maintenance and lack of standard 

procedures, monolayer cultures are still preferred in cell-based screening. 
108

  

In order to employ the 3D spheroids for routine drug testing their production 

should be cheap, easy and capable of generating reproducible models. 

Moreover, standardised protocols need to be designed and validated for the 3D 

platform and adapted for automated analysis and high-throughput formats. 
71,111

   

The schematic representing steps in the production process of spheroids using  

4 min 

centrifugation at 

100 x g 

 

Figure 3 Liquid overlay method using Ultra low attachment (ULA) 96-well round bottom 

plates. A cell suspension is seeded into the wells, the plate is centrifuged for 4 min at 100 x g 

and consequently spheroids are formed after 24h-72h in culture. 
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liquid overlay method is shown in Figure 3. 

To date, there are limited numbers of studies that employ 3D models for the 

evaluation of nanomedicine. 
58, 112

 By employing the  3D spheroid models  in 

this study, we hope to develop a better understanding of the underlying 

mechanisms behind the chemoresistance and lead to the development of novel 

strategies capable of overcoming these issues.
112

   

 

1.4 Objectives 

 

There is great interest in using nanoparticles to deliver drugs to tumours. 

However, an increasing number of nanosystems are being developed which 

vary considerably in their physicochemical properties. There is increasing 

evidence indicating that the physiochemical properties of nanoparticles such as 

size, surface charge and surface chemistry play a crucial role in their ability to 

penetrate through the ECM. However, there are too few comparisons that 

facilitate understanding of the effect of these physicochemical properties on 

their penetration and uptake in representative tumour models. 
60,113 

Developing 

such understanding is crucial to aid the design of nanocarriers capable of 

sufficient accumulation in a tumour to optimise therapeutic performance.  

It is difficult to characterize many important properties of NPs in vivo, and 

therefore attempts have been made to develop more realistic in vitro models. In 

our study, we aim to: 
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Identify and characterise 3D cell culture models and select an appropriate 

model or models for the study of penetration of NPs. 

Develop methods to study the penetration abilities of nanocarriers in vitro.  

Select well-characterised model drugs and NPs and evaluate their penetrability 

abilities in the 3D cell model.  

Study penetration and uptake of interesting and promising nanoformulations in 

the 3D cell model. 

Identify important key characteristics of nanoformulations affecting their 

diffusion through the cell model. 
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Chapter 2 Chapter 2 Materials, Methods and 

Instrumentation  

 

2.1 Materials 

 

HCT 116, SW620, PANC-1 and BxPC3 cells were obtained from CRN NCI-60 

cell bank initiative, Cancer Biology, Division of Cancer and Stem Cells, 

School of Medicine, University of Nottingham. Ki-67, BrdU, HRP rabbit-anti-

mouse secondary antibody, and DAB were obtained from Pathology Products, 

Dako UK Ltd (Ely, UK). Hypoxyprobe™-1 (Pimonidazole) was purchased 

from Hypoxyprobe, Inc (HPI) (Burlington, USA), Dulbecco’s Phosphate 

Buffered Saline (PBS), L-Glutamine solution (2 mM), RPMI-1640, Agarose, 

DPX mounting medium and Fast red solution were obtained from Sigma-

Aldrich (Dorset, UK). Foetal Bovine Serum (FBS) solution was supplied by 

Invitrogen (Paisley, UK). Trypsin- EDTA was obtained from Gibco, Life 

Technologies Ltd, (Paisley, UK). Ultra low attachment (ULA) 96-well round 

bottom plates were obtained from Corning (Amsterdam, The Netherlands). 

Paraformaldehyde solution (4%) and Alcian blue were purchased from Alfa 

Aesar, A Johnson Matthey Company (Heysham, UK). Tissue-embedding 

cassettes were sourced from Simport, (Beloeil, Canada), SuperFrost glass and 

Poly-L-lysine coated slides were obtained from Menzel (Braunschweig, 

Germany). Haematoxylin and Eosin were from Raymond Lamb (Eastbourne, 

UK). Annexin V-FITC Apoptosis Detection Kit was purchased from 
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eBioscience (Hatfield, UK). Hoechst 33342 (NucBlue® Live ReadyProbes® 

Reagent) was sourced from Life Technologies Ltd, (Paisley, UK). Doxorubicin 

(Adriamycin, Pfizer, UK ) was provided by Cancer Biology Unit, Division of 

Cancer and Stem Cells University of Nottingham, Pegylated Liposomal 

Doxorubicin Hydrochloride (called Doxil throughout the text for simplicity) 

(CAELYX®) was purchased from Janssen, (High Wycombe, UK), Rhodamine 

B Isothiocyanate (RBITC) was purchased from Sigma-Aldrich (Poole, UK), 

Fluorescently labelled unmodified polystyrene nanoparticles of sizes 30 nm, 50 

nm, 100 nm, 300 nm (UNP) and 50 nm aminated (ANP) and 50 nm 

carboxylated polystyrene nanoparticles were purchased from Magsphere 

Limited (US) and used without further modifications, poly (glycerol-adipate) 

polymer with and without modification was provided by Dr Vincenzo Taresco, 

School of Pharmacy, University of Nottingham, Sephadex G-25 in PD-10 

Desalting Columns from GE Healthcare’s Life Sciences solutions (Little 

Chalfont, UK), 

 

2.2 Tissue Culture of monolayer and formation of 3D spheroids 

2.2.1 Routine culture of cell monolayers  

 

HCT 116 (Human colon carcinoma), SW620 (Human colon adenocarcinoma), 

PANC-1 (Human pancreatic carcinoma) and BxPC3 (Human pancreatic 

adenocarcinoma) cells were routinely checked for mycoplasma contamination. 

All cell lines were cultured in T75 culture flasks containing medium (15 ml). 
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The medium used was RPMI-1640 containing 10 % foetal bovine serum (FBS) 

and glutamine (2 mM, 2 ml). All media was pre-warmed before utilization in 

the experiments. Cells were passaged approximately every three days to 

maintain 80 % confluence. The steps involved washing with sterile Dulbecco’s 

PBS before the addition of trypsin- EDTA (0.05%, 2 ml) solution to induce cell 

detachment at 37 ºC for approximately 3 min, the RPMI-1640 medium was 

added (8 ml), and the cells were harvested at 300 × g for 5 min. The cell pellet 

was re-suspended in the medium (10 ml) and passaged into fresh medium in a 

T75 flask at 1:20 dilution. In all experiments, cells were incubated in a 5 % 

CO2 air-humidified atmosphere at 37 ºC. 

 

2.2.2 Freezing and thawing cell stocks  

 

Cells cultured to approximately 80 % confluence were washed in sterile PBS 

and detached using trypsin, as described above. Cells were then re-suspended 

in RPMI-1640 medium (5 ml) and centrifuged at 300 × g for 5 min. The 

supernatant was removed following centrifugation, and the remaining pellet 

was resuspended in freezing medium consisting of RPMI-1640 medium with 

FBS (90 %) and DMSO (10 %). Aliquots (1 ml) were placed in cryovials and 

frozen in a Mr Frosty containing propane-2-ol at -80C for 16 h. Cryovials 

were transferred to liquid nitrogen (-196ºC) for long-term storage. 

 Cells were removed from liquid nitrogen and defrosted by incubation at 37ºC. 

The defrosted cell suspension was then added to RPMI-1640 medium (10 ml) 

and centrifuged at 300 × g for 5 min. Following this, the supernatant was 
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aspirated to remove the freezing medium, and the pellet was resuspended in 

growth medium (5 ml). This was added to a T75 flask containing medium (15 

ml), and the flask of cells was incubated until conditions for passage were 

reached. The medium was changed every 48 h until this time. All cells were 

maintained for several passages (2-5) before being used in experiments, 

ensuring full recovery from freezing. 

 

2.2.3 Generation of 3D spheroids 

 

A high-throughput method for the culturing of spheroids was designed in-

house by Ivanov et al. (2015) 
110

 for the production of neurospheres and was 

adapted to generate spheroids from colorectal and pancreatic cancer cells. Ultra 

low attachment (ULA) 96-well round bottom plates were employed for the 

method. Cells grown as a monolayer were detached using trypsin then 

centrifuged, and the cell number was counted using a haemocytometer. 

Different size spheroids were generated by diluting the single-cell suspensions 

in RPMI-1640 medium to different cell densities (5000, 10000, 25000, 50000 

cells per ml) that were added at a constant volume (200 µl) per well in 96 well 

ULA plates in sextuplicate. The plates were centrifuged at 100 x g for 4 min. 

The medium (150 µl) was removed on days 3 and 5 and replaced with fresh 

medium (150 µl) using a multichannel pipette (care was taken not to remove 

spheroids while doing so). 
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 2.3 Characterisation of 3D spheroids 

2.3.1 Growth kinetics 

 

Different seeding cell densities were screened ranging from 1000 to 10000 

cells per well. Spheroids were imaged daily for 7 days using a Nikon Eclipse 

Ti microscope with a 4x objective (Nikon limited, Surrey, UK). The pictures 

were analysed using image J and a macro written by Ivanov 
108

. The diameter 

and volume of spheroids were determined by measuring their cross-sectional 

area. Briefly, the macro converts pictures of spheroids to black and white using 

the Yen thresholding algorithm. It removes any artefacts from the image, 

separates it from debris and determines the area by measuring the maximum 

and minimum Feret diameter of the spheroid. The maximum Feret diameter 

measures the longest distance between any two points of the spheroid boundary 

and the minimum Feret diameter measures the minimum distance between the 

boundaries of the spheroid. Variation in the area determination between the 

algorithm and manual measurement was found to be less than 5%.
108

 From the 

measured area (S) of the 2D projection of the spheroids the radius (   √
 

 
   ) 

and the volume (   
 

 
    ) of an equivalent sphere were calculated in 

Excel.
108
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2.3.2 Immunohistochemical Analysis of Spheroids 

 

Prior to processing, spheroids were transferred from the 96 well plate into 

Eppendorf microcentrifuge tube using 1 ml pipette. Six spheroids of the same 

condition were used per each tube.  Care was taken to aspirate majority of the 

remaining media from the tube and 1 ml paraformaldehyde solution (4%) in 

PBS was added to fix the spheroids. Incubation with fixative was 15 min for 

monolayers and 1 h for spheroids followed by two washes with PBS (150 µl / 

well). When not used immediately, spheroids were stored in the tubes at 4°C 

for later use. Prior to wax embedding, fixed spheroids were pipetted out of the 

Eppendorf microcentrifuge tube and transferred on top of a plastic cryo 

embedding cassette, and the supernatant was removed by gentle aspiration 

using a p1000 pipette tip. Warmed low gelling liquid agarose (2% w/v in sterile 

water, ~800 µl) was gently added to the cassette covering the spheroids, the 

spheroids were then arranged to be within close contact using thin forceps and 

were left to set. Once the agarose solidified the tip of a 200 µl Eppendorf 

microcentrifuge tube was used to cut out the spheroids in the agarose, and the 

piece of the agarose containing the spheroids was transferred into a biopsy 

tissue-embedding cassettes (containing 6 compartments) and was processed 

using a routine paraffin embedding technique (Leica EG1160, Keynes, UK). 

Four samples per biopsy cassette were processed and paraffin embedded at the 

same time which made the process more efficient. Sections of 4 μm thickness 

were cut using a microtome (Leica RM2135, Keynes, UK), placed on 

SuperFrost glass slides and allowed to dry for 1 h at 37°C. The tissue sections 

were deparaffinized by 3 changes of xylene for 5 min, washed in two baths of 
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methanol (100%) to remove all traces of xylene, followed by a wash with 

methanol (80%) and 2 washes in methanol (70%) for 2 min each and then 

rehydrated in water. After the staining (see below) slides were mounted using 

DPX mounting medium.
71

 

 

2.3.2.1 Spheroid morphology- Haematoxylin & Eosin 

 

The samples were stained with Haematoxylin and Eosin (H&E). The staining 

system contains two dyes; Eosin is negatively charged and stains basic cell 

components in a cell red or pink. Haematoxylin is positively charged and stains 

acidic components such as such DNA/RNA in the nucleus blue. After 

deparaffinization of the spheroid slides, as described above, slides were rinsed 

in distilled water for 1 min; the sections were incubated in pre-filtered Mayer’s 

haematoxylin for 3 min and rinsed in running tap water for 1 min. The sections 

were then incubated with pre-filtered Eosin for 3 min and rinsed in running tap 

water for 1 min. The sections were dehydrated through three methanol baths 

(100%), 1 min each, and cleared in 2 baths of xylene, 5 min each. The slides 

were mounted in coverslips with DPX, air dried overnight, and spheroid 

sections were assessed by microscopy (Leica DMLB, Leica, Milton Keynes, 

UK). 
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2.3.2.2 Spheroids Viability- PI/ annexin V assay 

 

The localisation of dead and apoptotic cells in the spheroids was performed 

using a DNA-specific fluorochrome, propidium iodide (PI), and annexin V –

FITC. PI is impermeant to live cells and apoptotic cells but can bind to the 

nucleic acids of dead cells giving them red fluorescence. The Annexin V binds 

to phosphatidylserine exposed on the outer surface of the plasma membrane of 

only apoptotic cells.  Spheroids were generated in 96 well ULA plates and 

resuspended in RPMI-1640 (200 µl) per well. The spheroids were stained 

within the wells as follows: the spheroids were washed twice with PBS, and the 

Annexin V-FITC labelling solution (100 µl/ well) was added. The solution was 

prepared by adding Annexin V-FITC (30 µl) and PI (30 µl) to the binding 

buffer provided in the kit (1ml). Spheroids were incubated for 1 h at room 

temperature. Wells were washed with PBS, and Hoechst 33342 solution was 

added and left to incubate at room temperature for 30 min. The localization of 

PI and annexin -positively stained cells within the spheroids were assessed by 

wide-field fluorescence microscopy (Nikon Eclipse Ti Nikon limited, Surrey, 

UK). 

 

2.3.2.3 Localisation of Cellular proliferation- Ki67 

 

The spheroids sections were stained for Ki-67 protein to evaluate the presence 

of proliferation gradients in the spheroids. Ki-67 is a large nuclear protein (345 

or 396 kDa) expressed in G1, S, G2 and M phase of the cell cycle. Because the 
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protein is not present in the resting phase, G0 it can be directly related to 

cellular proliferation. The procedure was performed as follows: slides were 

deparaffinized as described in the previous sections and incubated in hydrogen 

peroxide for 15 minutes. Slides were rinsed in 2 baths of  Methanol (100%), 1 

min each, and rinsed in tap water for 1 min, then slides were microwaved in 

Citric Acid Buffer pH 6 at 98ºC for 30 min (for antigen retrieval) and placed 

immediately in running tap water. Slides were washed in PBS for 5 min, and 

sections were incubated in rabbit serum for 15 min in order to block available 

charges and prevent non-specific binding. Sections were incubated with 

primary antibody monoclonal MIB-1 (46 mg/L) (1:200 in PBS) for 60 min. 

BrdU (262 mg/L) was used as a negative control and was diluted 1:200. 

Sections were rinsed in 2 baths of PBS, 3 min each, followed by incubation 

with HRP rabbit-anti-mouse secondary antibody (1.3 g/L) at 1:300 dilution in 

PBS for 30 min. Slides were rinsed in two baths of PBS, 3 min each, followed 

by incubation with DAB for 3 min and rinsed with running tap water for 1 min. 

Sections were counter-stained with Haematoxylin for 3 min and rinsed with 

running water until no colour was observed. The sections were dehydrated 

through methanol baths (3 x 100%), 1 min each, then cleared by 2 changes of 

xylene, 5 min each. The slides were coverslipped with DPX, air dried 

overnight, and spheroid sections were assessed by bright field microscopy. The 

positive control for the experiment was liver cancer tissue. 
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2.3.2.4 Development of hypoxia- Pimonidazole assay 

 

Hypoxia detection was performed by using Pimonidazole hypochloride 

(PIMO). PIMO forms stable adducts with proteins in hypoxic cells.  

Hypoxyprobe™-1 is a commercial name for the substituted 2-nitroimidazole 

whose chemical name is pimonidazole hydrochloride with a molecular weight 

of 290.8;  

PIMO is reductively activated in hypoxic cells and forms stable adducts with 

thiol (sulfhydryl) groups in proteins, peptides and amino acids. FITC-MAb1 

binds to these adducts allowing their detection by immunochemical means. 

The level of PIMO binding was expected to increase as the degree of hypoxia 

increased. PIMO labelled all hypoxic tissue by binding proportionately to each 

one, resulting in darker staining where more hypoxia existed. Non-specific 

binding of antibodies or enzymes to cells without PIMO adducts was prevented 

by the blocking solution. 
114

 

 Spheroids were incubated for 2h with PIMO at 100 μM final concentration in 

the media. The spheroids were then fixed and processed for frozen sections. 

Briefly, the spheroids were then fixed with 4% Paraformaldehyde (PFA) for 1h  

and after fixation were incubated in 30% sucrose in PBS overnight at 4°C. 

Spheroids were transferred onto a vinyl specimen mold (CryomoldH, Tissue-

Tek, Sakura Finetek, CA). The remaining sucrose solution was aspirated using 

a micropipette, and the Tissue-TekH Optimal Cutting Temperature compound 

(OCT) (Sakura Finetek, Torrance, CA) was gently poured over the spheroids. 

Spheroids were moved towards the centre of the mold by gentle movement 
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using forceps. Spheroids were then submersed in an isopentane bath cooled by 

dry ice and cut into 6mm thick sections using a cryostat microtome. The 

sections were mounted on poly-L-lysine coated glass slides.
58

 
115

 The slides 

were then gently immersed  in PBS (x10) to remove the remaining OCT 

compound.  PIMO adducts were detected by incubating sections with FITC 

conjugated MAb1 (monoclonal antibody provided, 1/300) for 2 h at 37 °C. 

After PBS washes, DNA was stained using DAPI. 

 

2.3.2.5 Presence of Mucins- Alcian blue/ fast red  

 

Alcian Blue is a basic dye that at a pH of 2.5 is capable of staining 

mucosubstances such as carboxylated mucins and some weakly sulphated acid 

mucins within tissues. Fast Red was used as a counterstain, and it stained 

cytoplasm and nuclei pale pink to red colour. Staining was performed as 

follows: slides were deparaffinized as described above, and were incubated in 

acetic acid (3%) for 3 min and stained with Alcian Blue solution for 45 min 

then washed in running tap water for 2 min. The sections were counter-stained 

in nuclear fast red solution for 3-5 min followed by washing in running tap 

water for 1 min, distilled water for 2 min, and dehydrated in methanol (70%, 

95%, and 100%), 2 min each. Slides were cleared in xylene, 2x 3 min and 

mounted with DPX mounting medium. Colon cancer sections were used as a 

positive control. 
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 2.4 Optimisation of FACS/ Hoechst method in HCT 116 

spheroids 

 

Spheroids were grown on ULA plates for 3 days to allow for compaction prior 

to use for the penetration and uptake studies.  On day 3 of culture, the media 

was removed from the wells and replaced with media (150 µl) containing 

Hoechst (final concentration in the well 0.1 µM, 0. 5 µM, 2 µM and 10 µM) 

and was left to incubate for 4h. The plate with spheroids was placed back into 

the incubator. After the end of incubation time, spheroids were washed three 

times with PBS and processed for FACS or confocal imaging (2.9.1 and 2.9.2). 

 

2.5 Preparation of Nanoparticles  

 

Principles behind the Nanoprecipitation method 

Nanoprecipitation was developed by Fessi and co-workers.
116

The technique is 

based on spontaneous agitation of the interface between the organic phase and 

the aqueous phase, involving flow, diffusion and surface processes. 
14

 The 

organic phase, made of polymer dissolved in a water-miscible solvent, is 

poured into the aqueous phase under magnetic stirring. The organic solvent 

diffuses instantaneously to the external aqueous causing precipitation of 

polymer followed by NPS formation.
14
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Method: 

Nanoparticles from PGA and PGA derivatives were prepared by a 

nanoprecipitation method using acetone as a solvent as previously described by 

Meng et. 
117

 Briefly, the polymer (5 mg) was dissolved in acetone (2 mL) 

containing RBITC (2mg/ml).and the solution was added dropwise into HEPES 

buffer (5 mL). The mixture was left stirring overnight at room temperature to 

allow for acetone to evaporate. The unincorporated fluorescent dye from 

fluorescently labelled NPs was removed by Sephadex PD-10 Desalting 

Column using gravity flow according to manufacturer protocol. 

 

 2.6 Characterisation of Nanoparticles 

 

Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK), was used to 

measure size distribution, Z-potential and polydispersity index (PDI) of 

nanoparticles. Experiments were conducted at 25°C after diluting the 

nanoparticles to 200 µg/ml in 1 mM HEPES buffer, RPMI-1640 medium and 

RPMI-1640 medium supplemented with 10% FBS.  The mean particle radius 

was obtained from the Stokes-Einstein equation, and results are presented as 

the mean particle hydrodynamic diameter +standard deviation of 30 readings. 

Zeta Potential results are expressed as the mean +standard deviation of 5 

readings. 
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2.7 Cytotoxicity of Nanoparticles in HCT 116 cells 

 

A stock solution of resazurin (440 mM in PBS), was aliquotted and stored at -

21°C. A working solution of 60 mM resazurin was prepared in RPMI-1640 

medium. Media with nanoparticles was added to cells grown as a monolayer in 

96 well plate. After incubation  for 24 hours, the media with nanoparticles was 

removed, wells were washed with PBS x 2 and replaced with resazurin 

working solution (200 µl), and the plates were placed back in the incubator. 

Fluorescence was measured at an excitation wavelength of 530 nm and 

emission 590 nm on a FLUOstar Omega plate reader (BMG LABTECH 

(Ortenberg, Germany) at 3 h after dye addition. 

 

 2.8 Cell Uptake in HCT 116 monolayer 

 

HCT 116 cells were plated at a density of 2000 cells per well in 96 well plate 

and allowed to attach. After 72 h media was aspirated and the cells were 

incubated with NPs (75 μg/ml) or Dox (1 μg/ml or 10 μg/ml or 75 μg/ml as 

Doxil) in RPMI (supplemented with 10% FBS serum). The free Dox 

concentrations were chosen to be relevant to the clinical context, as the plasma 

mean concentration of free Dox in patients receiving a single intravenous dose 

is 0.2 µg/ml after 1h and 0.1 µg/ml after 4h after which it remains at this level 

until 24h.
20, 118

 Thus in our study the lower concentration of the free Dox (1 

µg/ml) is representative of the situation in vivo and the higher concentration is 
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used to evaluate the effect of an increase of concentration on the penetration 

through the spheroid.  After 2 h incubation with NPs, the medium was 

aspirated, and the cells were washed with PBS (x3) before imaging via wide-

field fluorescent microscopy.  

 

 2.9 Penetration and uptake in HCT 116 spheroids 

 

Spheroids were grown on ULA plates for 3 days to allow for compaction prior 

to use for the penetration and uptake studies.  On day 3 of culture, the media ( 

RPMI-1640 with 10% FBS) was removed from the wells and replaced with 

media ( RPMI-1640 with 10% FBS) (150 µl) containing NPs (75 μg/ml) or 

Dox (1 μg/ml or 10 μg/ml or 75 μg/ml as Doxil) and was left to incubate for 

2h- 24 h. Hoechst was added to the wells (final concentration in the well = 0.1 

µM) either before, at the same time as or after the addition of NPs or DOX to 

allow for complete 4h incubation with the dye and the plate with spheroids was 

placed back into the incubator. After the end of incubation time, spheroids 

were washed three times with PBS and processed for FACS or confocal 

imaging (see methods below). 
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2.9.1 Evaluating the penetration of fluorescent polystyrene nanoparticles 

by confocal microscopy 

 

The principle behind Confocal microscopy  

The Laser Scanning Confocal Microscope (LSCM) is a specialized type of 

light microscope (Figure 4.) The illumination in a confocal microscopy is 

achieved by scanning of the sample with a laser beam. This laser beam is 

reflected by a dichroic mirror and passes through the objective lens of the 

microscope in a focused manner on the specimen, this then excites 

fluorescence probe in the sample. The light is emitted at a longer wavelength 

which comes through the dichroic mirror and is again focused at the upper 

pinhole aperture. Thanks to the addition of the pinhole aperture in LSCM, out-

of-focus light is eliminated, as only the information from a single, focused 

focal plane can pass through the pinhole and reach the detector. This allows a 

series of optical slices to be acquired from several discrete focus levels, z-

stacks, then rebuilding it to view the sample in 3-D. This technique offers 

greater resolution than fluorescence microscopy due to its point illumination 

and detection properties. 
119–121
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Figure 4 Schematic of a confocal microscope. 122 

 

Method 

The spheroids were fixed with PFA (4) for 1 h. After fixation spheroids were 

incubated in 30% sucrose in PBS at 4°C overnight. Spheroids were transferred 

onto a vinyl specimen mold (CryomoldH, Tissue-Tek, and Sakura Finetek, 

CA). The remaining sucrose solution was aspirated, and the Tissue-TekH 

O.C.T. compound (Sakura Finetek, Torrance, CA) was gently poured over the 

spheroids. 3D spheroids were then submerged in an isopentane bath cooled by 

dry ice and cut into 20 µm thick sections using a cryostat microtome. The 
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sections were mounted onto poly-l-lysine coated glass slides and were gently 

immersed in PBS to remove the remaining O.C.T compound.  Subsequently, 

the frozen sections of spheroids incubated with NPs were examined by 

confocal microscopy (laser 538nm) and images processed by image J software. 

The sections from the middle of a minimum of 2 independent spheroids per 

experiment were selected based on the degree of Hoechst staining, and the 

experiment was repeated twice. In the image J analysis, the images were 

pseudo-coloured with mask LUT ―fire‖ that reflect differences in intensity of 

the nanoparticles within spheroids. 

 

2.9.2 Evaluating the penetration and uptake of fluorescent polystyrene 

nanoparticles by flow cytometry  

 

Principle behind FACS 

Flow cytometry is a technique that allows the measurement of the physical and 

chemical characteristics of cells in a fluid as they pass through at least one 

laser. The flow cytometer is comprised of three main components: the fluidics, 

the optics and the electronics. (Figure 5)The fluidics system transports the cells 

in a stream of fluid to the laser beam. The optics system contains lasers which 

illuminate the cells as they pass in the liquid stream and scatter light. Cells emit 

light at varying wavelengths which are detected by carefully positioned lenses 

and direct the light signals to the relevant detectors which emit electronic 

signals proportional to the signals that hit them. Any cell or particle within the 

size range from 0.2 to 150 μm can be analysed; however, the cells are required 
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in a single cell suspension hence If the cells to be analysed come from a solid 

tissue, or spheroid they are required to be disaggregated prior to FACS 

analysis. Furthermore, cells or cell components need to be fluorescently 

labelled. Data can then be collected on each cell and their characteristics based 

on their fluorescent and light scattering properties. Up to thousands of particles 

per second can be analysed as they pass through in the liquid stream. (Brown & 

Wittwer n.d.) 

 

 

 

 

Figure 5 Schematic representing Flow cytometer. 123 
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 Method: 

After incubation of spheroids with NPs (75 μg/ml medium) or Dox (1 μg/ml or 

10 μg/ml or 75 μg/ml as Doxil)  for 2 h, 4 h , 6 h and 24h and Hoechst 33342 

(0.1 µM) for 4 h the spheroids were transferred into 15 ml Falcon conical tubes 

and washed twice with PBS (1ml).  Accutase (1 ml) was then added and the 

tubes incubated at 37 °C for 3 min with agitation. The dissociation of spheroids 

was aided by mechanical pipetting.  The spheroids were then centrifuged, 

washed with PBS and subsequently analysed by flow cytometry (MoFlo 

Astrios Cell sorter, Beckman Coulter) with a minimum of 8000 events 

measured per sample.  

 

2.10 Statistical analysis 

 

Unless otherwise stated, all data are shown as the mean ± standard deviation 

(SD), (n = number of spheroids per experiment), with three repeats. The 

coefficient of variation was calculated as     
  

    
     (Acceptance 

criteria CV% < 20). One way or two-way analysis of variance (ANOVA) was 

applied for comparison of three or more group means. P value of <0.05 was 

considered statistically significant. Levels of significance p < 0.0001, p < 

0.001, p < 0.01, and p < 0.05, are denoted by ****, ***, **, and * respectively. 

GraphPad Prism 7 software was used for data analysis. 
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Chapter 3  Development and characterisation of 3D 

Spheroid Models  

 

 

3.1 Introduction  

 

The current process for testing the effectiveness of nanosystems relies greatly 

on animal models. However, with an increasing number of these systems being 

developed, it is not feasible to test them all using in vivo studies which are 

difficult to use for studying the penetration of nanosystems beyond the 

vasculature.  

Therefore, there is a need for a representative in vitro tumour models that will 

allow the testing of penetrability of nanomedicines in the early stages of the 

drug development process. While the in vitro model should mimic the in vivo 

tumour microenvironment as far as possible, it also should be simple, and easy 

to reproduce and analyse. 
50

  We have chosen to work with 3D multicellular 

tumour spheroids as models for solid tumours as they are believed to closely 

resemble the tumour microenvironment. 
76,77,78,79

 Spheroids made of certain 

cancer lines, such as pancreatic cells or breast cancer were shown to produce 

some ECM matrix components. ECM is a complex substance composed of 

collagen, elastin, proteoglycans, GAGs in which cancer cells are embedded. 

Together these features in a tumour are believed to form a penetration barrier 

for the therapies.
 57,58,59,60, 

 The ability of 3D cell model to produce ECM is thus 

paramount to establish the penetration barriers seen in vivo, thereby allowing 
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them to be used to study the penetration, distribution and binding of 

nanoparticles. 
76,1,4,5,96,89,84,50

   However, to date, there are limited numbers of 

studies that employ spheroids for the evaluation of nanomedicines. 
58, 112

   

The aim of this study was to generate a series of models to identify those with 

defined features that make them useful for assessing penetration and uptake of 

nanoparticles.  

3.2 Results  

 

3.2.1 Generation of 3D spheroids 

 

Colorectal and pancreatic cancer cell lines were chosen to be investigated in 

Day 3 Day 1 Day 2 

Figure 6 Phase contrast images of HCT 116, SW620, BxPC3 and PANC 1 cells 

on day 1, 2 and 3 of spheroid formation using liquid overlay technique. Scale 

bar 1000 µm. 
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the study as they belong to the most common types of cancer and remain the 

leading causes of cancer-related deaths due to therapy resistance.
125

  

The Liquid Overlay Method (Described in the Introduction section 1.3.1.3) was 

employed for the generation of spheroids. The method uses round bottom 

plates pre-coated with a hydrophilic polymer. The hydrophilic coating prevents 

cell attachment to the plastic and influence cell to cell attachment which leads 

to the formation of 3D structures. The method does not involve the addition of 

any extracellular support thus rely purely on a natural ability of cells to form 

spheroids. For initial evaluation two colorectal (HCT 116 and SW620) and two 

pancreatic (BxPC3 and PANC-1) cell lines were employed in order to evaluate 

their ability to form spheroids spontaneously. We have chosen these cell lines 

based on the literature that suggests that colorectal and pancreatic cancer cell 

lines are capable of forming spheroids probably due to the production of some 

ECM matrix components.
126

 

The images representing their growth and compaction over three days in 

culture are shown in Figure 6. The results revealed that HCT 116 colorectal 

cells started to compact after 24 h in culture and attained spheroid morphology 

after 48 h with a more spherical appearance and defined border observed. 

However, the SW620 cell line was unable to form compact spheroids after 72 h 

in culture using this method. The SW620 cells formed loose aggregates and 

were easily disaggregated by mechanical pipetting even after three days in 

culture suggesting weak cell to cell contacts. The pancreatic BxPC3 cell line 

formed much smaller and highly compact spheroids after only 24 h in culture. 
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1                  2                    3                   4                    5                     6             7  

1k 

2k 

5k 

10k 

Figure 7 Images representing HCT 116 spheroid formation and growth using ULA, round-

bottom, 96-well plates (1k-10k cells/well, 7 days culture period). Scale bar 1000 µm. 

PANC-1 cells, on the other hand, produced much larger and looser spheroids 

that started to compact after three days in culture (Figure 6).  

HCT 116 human colorectal carcinoma cell line was chosen as a model system 

for investigating the influence of seeding density and time in culture on the key 

characteristics of the spheroids such as the presence of ECM component and 

development of physiological gradients. 

3.2.2 Growth kinetics 

 

HCT 116 cells were seeded at different densities 1000, 2000, 5000 to 10000 

per well and their growth was monitored and characterised at day 3, 5 and 7. 

(The spheroids are named by the seeding density throughout the text, i.e. 1k, 

2k, 5k and 10k.) One spheroid per well was formed after seeding the desired 

number of cells in a 96 well ULA round bottom plate. 
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 Figure 8 (a) Growth curves of HCT 116 spheroids of various sizes (seeding 1k, 2k, 5k, 10k cells per 

well) monitored over 7 days culture; (b) Average diameter of spheroids on different days; (c) 

Percentage volume increase of HCT 116 spheroids over 7 day culture period; (d) Images of 1k and 

10k HCT 116 spheroids demonstrating volume increase over 7 days. Scale bar 1000µm. Values +/- 

SD (based on 3 independent experiments, 6 replicates of spheroids per experiment). The volume of 

the spheroids was calculated using ImageJ. Percentage volume increase over 7 days was calculated 

using the equation: (Day7-day1)/day1 *100. P value of <0.05 was considered statistically 

significant. ****, *** and * display p < 0.0001, p < 0.001 and p < 0.05, respectively.  
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After one day in culture, the cells started to compact as seen in Figure 7. At this 

stage, they still had an irregular shape and only reached more compact spheroid 

morphology with a more defined border after 48 h in culture. Figure 8 (a, b) 

represents the growth kinetics of seeded spheroids over seven days in culture. 

The spheroids size ranged from 337 µm diameter (1k) to 645 µm diameter for 

10k on day 3. The percentage volume increase was 439%, 236%, 133% and 56 

% for 1k, 2k, 5k and 10k, respectively (Figure 8 (c)). The spheroids reached 

diameters ranging from 497 µm (1k) to 739 µm (10k) on day 7 of growth.  

The liquid overlay method allowed for the rapid, large-scale production of 

HCT 116 spheroids, which were easily accessible for further analysis using 

cellular and biochemical assays. 
78

 The method was shown to be reproducible 

with CV in spheroids diameter ≤ 6% (n=6) on day three after seeding. The 

variation in spheroids size between independent plates on day 3 was CV ≤ 5%. 

 

3.2.3 Spheroid morphology and viability  

 

 

H&E staining was used to observe the morphology of HCT 116 spheroids at 

different starting cell number and at different times in culture.  Figure 9 shows 

4 µm cross-sections of spheroids at x10 and x40 magnification, which focuses 

on the middle section of the spheroids determined based on the order they were 

cut using microtome and overall section size. It can be observed that on day 

three all spheroids ranging in diameter from 337-645 µm consisted of layers of 

tightly packed cells. On day 5, when spheroids reached  
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426-684 µm diameter, distorted, less densely packed cells were observed 

towards the centre of the larger 2k -10k spheroids (502 µm – 684 µm), 

suggesting the formation of a necrotic core, probably as a result of on-going 

Figure 9 Immunohistological assessment of the spheroid microenvironment; 4 µm paraffin cross 

sections stained with Haematoxylin and eosin (H&E) of HCT -116 spheroids grown for 3, 5 and 7 

days ( Large images: magnisifcation x 40; small inserts show the spheroids at magnification x 10). 

Scale bar 100 µm.  
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cell death due to restricted penetration of nutrients and oxygen. 
78, 127

 On day 7, 

the apparent necrotic core clearly increased in size, and at this point, it was 

present in all the spheroids ranging in diameter from 497 µm  to 739 µm.  

To further determine whether a necrotic core was being formed, the 

localisation of apoptotic and dead cells in HCT 116 spheroids was studied by 

staining them with PI and annexin V-FITC. Propidium iodide stains necrotic 

cells with magenta fluorescence and annexin stains apoptotic cells green. 

Figure 10 shows images of spheroids after three, five and seven days in culture. 

Spheroids on day three contained a small fraction of PI- and annexin V-

positive cells distributed sparingly across the spheroids. On day five, clusters 

of dead, PI-positive cells were detectable in the centre of larger spheroids (5k 

and 10k) spheroids surrounded by a rim of viable cells confirming the presence 

of a necrotic core. A small fraction of PI-positive cells was also detectable in 

the centre on 2k spheroids implying the formation of the necrotic core. The 

region of dead cells in the centre of the spheroids increased considerably on 

day 7 of growth, which is consistent with the pattern observed in the H&E 

staining (Figure 9). The annexin- V staining was visible in all spheroids across 

all days; however, no clear pattern indicating the increase in apoptosis was 

detected which could be as a result of the inability of the dye to penetrate 

deeper into spheroids, thus need to be further investigated. 
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Figure 10 Dead and apoptotic cells distribution across HCT 116 spheroids. Widefield 

images of 1k-10k spheroids stained with PI (magenta), Annexin V-FITC (green) and 

Hoechst (blue) on days 3, 5, and 7 in culture. The top images in each pair of rows 

illustrate Hoechst stain in individual z slices at 80 µm depth. The bottom images are 3D 

representations of all Z stacks (Annexin V-FITC and PI channels only).  Note: the  images 

were taken on whole spheroids using  WIdefield microscopy which has limited 

capabilities at removing the out of focus information hence the images are of sub-optimal 

quality. Scale bar 100 µm. 



 

 

75 

 

3.2.4 Localisation of cellular proliferation 

 

Ki67 staining was used to identify proliferating cells in the spheroids. The 

Ki67 positive cells (dark brown nuclei) were evenly distributed across the 1k 

and 2k spheroids cross-section after three days from initiation (Figure 11). The 

staining at day 5 shows a decrease in dividing cells in the centre of spheroids 

with the proliferating cells concentrated towards the rim of the spheroids. 

 

 

 

 

 

 

 

 

 

 

 

spheroids only. The core was quiescent as evident by paler staining of the cells.  

 

 

 
Figure 11 Immunohistological assessment of spheroids microenvironment; 6µm frozen 

sections stained with Ki67 proliferation marker (Ki67 positive cells=brown) of HCT 116 

spheroids grown for 3, 5 and 7 days. Scale bar 100 µm.) 
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The 5k and 10 k spheroids showed less proliferating cells present in the core 

already after 3 days. On day seven there was a rim of proliferating cells 

surrounding the well-defined necrotic core at the centre of the spheroids.  

 

3.2.5 Development of Hypoxia 

 

The presence of hypoxia in the spheroids was investigated using pimonidazole 

hydrochloride, a bioreductive chemical probe that forms protein adducts in 

viable hypoxic cells detected by immunostaining with a specific antibody. The 

level and intensity of pimonidazole staining, brown, was expected to increase 

with a higher level of hypoxia. The presence of hypoxia was detected already 

on day three of culture in spheroids initiated from 5k and 10k (Figure 12). 

After day five and seven a stronger staining surrounding the well-defined 

necrotic core developed in these spheroids. No hypoxia was detected in 1k and 

2k spheroids after three days in culture, and only a small proportion of positive 

hypoxia cells were visible after five days in 2k spheroids. Both had a high level 

of hypoxia in the centre after a long time in the culture of 7 days.  
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Day 3 Day 5 Day 7 

1k 

2k 

5k 

10k 

Figure 12 Immunohistological assessment of spheroid microenvironment; 6 µm frozen cross 

sections of HCT 116 spheroids grown for 3, 5 and 7 days pre-treated with Pimonidazole and 

stained by immunohistochemistry. Hypoxia marker, PIMO-positive cells appear brown. 

Scale bar 100 µm. 
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3.2.6 Presence of Mucosubstances 

 

To evaluate the presence of ECM components in the HCT 116 spheroids, 

sections of tumours were stained for GAGs with Alcian blue dye. GAGs or 

mucosubstances are important components of the ECM, and their 

overproduction is associated with many types of cancer.
 
As an outcome of the 

staining the acidic sulphated mucins, hyaluronic acid, and sialomucins are 

expected to appear blue. The HCT 116 spheroid sections stained at different 

days in culture are presented in Figure 13. On day three and five blue staining 

across spheroids can be observed indicative of the presence of the 

mucosubstances. On day seven, it is clear that the proportion and intensity of 

the blue dye within spheroids decreased.  
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Figure 13 Immunohistological assessment of the spheroid microenvironment; 4 µm 

paraffin cross sections stained with Alcian Blue/ fast red for acid mucosubstances and 

acidic mucins (strongly acidic sulphated mucosubstances- blue; nuclei-pink to red; 

cytoplasm- pale pink) of HCT -116 spheroids grown for 3, 5 and seven days. Scale bar 

100 µm.  
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3.3 Discussion: 

 

In the study, the screen performed to assess the ability of four cancer cell lines 

to form spheroids, showed that while HCT 116 and BxPC3 successfully 

formed tight spheroids, PANC 1 formed looser spheroids and SW620 loose 

aggregates. HCT 116 spheroids seeded at varying starting cell number (1k, 2k, 

5k and 10k) were successfully generated, and immunohistochemical 

assessment of their morphology, levels of proliferating cells, the presence of 

hypoxia and ECM components was investigated. The results showed marked 

differences between models and at various days after initiation. The results 

suggest that not only the size of spheroids but also the time that the cells are 

exposed to culture conditions as well as initial seeding density greatly 

influence the formation of the necrotic core as well as the presence of other 

pathological features. 

The liquid overlay method was chosen for generation of spheroids. The 

advantages of the liquid overlay method are an easy and rapid generation of a 

large number of spheroids in a high-throughput manner. However, this method 

relies on the natural ability of cells to secrete the ECM matrix that then holds 

them together.
81

 

As seen in our screen, some of the cell lines were incapable of reaching the 

spheroid morphology. The inability to form spheroids may be due to lower 

levels of ECM production by these cells, but this has yet to be determined. 

Some breast cancer cell lines, MCF7, T-47D and MDA-MB-435, have been 

shown to form tight 3D spheroids while other,  MDA-MB-231, MDA-MB-468, 
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SK-BR-3, and MDA-MB-361 formed loose aggregates. 
78

 Spheroid formation 

has been shown to improve by the addition to their culture of either individual 

ECM components such as laminin, fibronectin, collagen or 2.5% liquid 

reconstituted basement membrane (BD Matrigel).
78

 It has been thus suggested 

that the formation of spheroids relies upon the interactions of cells with ECM 

proteins such as integrin ß1 or fibronectin. E-cadherin-mediated cell-cell 

adhesion was also shown to be a key in the compaction process.
89

   Although 

the addition of components such as Matrigel may be beneficial for spheroid 

formation, it has to be borne in mind that using mouse-derived products is not 

ideal as this can alter cell properties. Moreover, these products vary in 

composition from batch to batch and are relatively expensive which should be 

taken into the account when considering large-scale production. However, 

these steps may be necessary if one would like to study particular cell line in 

the 3D arrangements, such as SW620, which does not have an ability to reach 

3D architecture spontaneously. 

 Different seeding densities of HCT 116 spheroids were applied, and 

generated spheroids were characterised at the various stages of their formation 

process to establish a model for the study of penetration of nanoparticles. Over 

the seven-day growth period, different proliferation capacities in relation to the 

seeding number were observed. Initiation of spheroids using lower seeding 

density (1k) lead to significantly higher volume increase over seven-day 

growth when compared to higher seeding densities. Similar results were 

observed by Ivanov et al. who proposed that the growth of larger spheroids was 

hindered by the constant volume of medium and the geometry of the well. 
108
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Another explanation for the slower growth of 10k spheroids could be that due 

to the larger size the penetration of nutrients is limited to a greater extent which 

leads to ongoing cell death and slower growth.  

The results from immunohistochemistry suggest that formation of features such 

as hypoxia, necrotic core etc. is influenced not only by the size of spheroids but 

also the time in culture as well as starting seeding cell number. In the literature, 

the 500 µm diameter of the spheroid is often considered to be a critical size 

above which the necrotic core develops.
106,112

 Thus the 200-500 µm spheroids 

are often employed for drug efficacy studies based on the assumption that 

pathophysiological features that contribute to chemoresistance in vivo are 

developed.
108, 84

  In our study spheroids of the same cell origin, initiated from 

various starting cell numbers were characterised, and they started to develop 

pathological features at different stages during culture. For instance, in the 

spheroids initiated from low seeding density (1k), the formation of the necrotic 

core was observed around day 6-7 and at day 4-5 for 2k, 5k and 10k spheroids. 

However, on day 3 of growth spheroids did not yet show any sign of a necrotic 

core despite being around 500 µm or even > 600 µm diameter (5k and 10k). 

Furthermore, the spheroids of similar size developed varying levels of hypoxia 

and proliferative gradients at different times in culture. The efficacy of drugs 

has been found to be greatly affected by microenvironmental factors of cell 

models such as size, proliferation gradients, hypoxia as well as the presence of 

ECM. 
128 ,129,130,131, 49

 
132 

These factors can create penetration barriers to drugs 

carriers reflecting on the distribution, binding and bioactivity of these 

therapies. Moreover, they can lead to changes at the cellular level altering 
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cellular RNA, protein expression and signalling pathways which can also affect 

response to the treatment. 
84, 133,77, 111   

  

The HCT 116 spheroids were assessed for the presence of ECM components. 

The Alcian Blue staining showed the presence of GAGs between the cells in 

the HCT 116 spheroids. Higher levels were observed during earlier days in 

culture (day 3 and 5), and a decrease was observed at day 7. This could be due 

to a decrease of pH and a number of viable cells in the core of spheroid as a 

result of the formation of hypoxia and necrosis. The similar pattern of ECM 

production was found in the study which examined the expression of protein E-

cadherin, collagen I, VI and fibronectin I. The expression of these proteins, was 

higher during the early days in culture in PANC-1 cell pancreatic spheroids, 

and it decreased after day 4. Authors speculated that higher number of ECM 

proteins is secreted during the formation and compaction phase of spheroid 

growth. 
40, 83    

Further, this could potentially be due to the fast metabolic 

turnover of proteoglycans. The half-lives of some proteoglycans were found to 

have a very fast metabolic turnover of 3 days. 
63

  

To study the penetration of nanosystems, it is essential to employ realistic 

models that are capable of mimicking the penetration barriers observed in a 

tumour in vivo, such as 3D architecture with close cell to cell compact and 

ECM matrix. GAGs are highly negatively charged molecules located primarily 

on the surface of cells and in the ECM. GAGs such as hyaluronic acid and 

heparan sulphate have been linked to transport inhibition of macromolecules 

due to the formation of a highly viscous and negatively charged 
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barrier.
134,135,136 46 57

This suggests that HCT 116 spheroids have a potential to 

establish the penetration barriers seen in vivo. 
64

 

It needs to be noted, that characteristics developed in the HCT 116 model will 

probably be cell-line dependent as well as method dependent. The HCT 116 

model contains homogenous cell populations whereas a tumour has a more 

complex physiology made of many different cells. Incorporating stromal and 

immune cells in a cell model could thus influence spheroid environmental 

changes and onset of features such as hypoxia, proliferative gradients and 

necrosis. This could also lead to the production of other ECM components such 

as collagen.  

3.4 Conclusions: 

 

We hypothesised that several factors such as size, time in the culture and 

degree of compaction of spheroids will have an impact on the development of 

the pathological gradients.  Different starting cell numbers were seeded per 

well, and the spheroids were characterised on day 3, 5 and 7 to develop the 

HCT 116 models with known features. By varying the seeding density, 

spheroids ranging in diameter from 337 µm on day 3 to 739 µm on day 7 were 

generated, observing that, by seeding different cell numbers and by exposing 

spheroids to various times in cell culture we can produce microenvironments 

that mimic different stages of a tumour. Based on our results it is reasonable to 

conclude that pathophysiological gradients and development of 3D 

macrostructure do not depend simply on size but a combination of factors 

including exposure to culture conditions as well as seeding density.  
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Table 3 The summary of characteristics of HCT 116 spheroids at different days. Spheroids 

within similar size range colour- coded with the same colour; Presence of different features 

coloured in different shades of red (Paler shade indicating lower level); Green- indicates 

absence of the feature in the model.   

Time in  

culture 

Spheroid  

type 

Size 

(µm) 

Necrotic core Hypoxia Non 

proliferative 

centre 

GAGs 

Day 3 1k 337 No No No yes 

 2k 416 No No No yes 

 5k 509 No Yes No yes 

 10k 645 No Yes Yes yes 

Day 5 1k 426 No Yes (low) Yes yes 

 2k 502 Yes ( small) Yes (low) Yes yes 

 5k 581 Yes ( small) Yes Yes yes 

 10k 684 Yes ( medium) Yes Yes yes 

Day 7 1k 497 Yes (small) Yes Yes yes 

 2k 551 Yes (large) Yes Yes yes 

 5k 646 Yes (large) Yes Yes yes 

 10k 739 Yes (large) Yes Yes yes 

 

Table 3 summarises the characteristics of all the spheroids studied based on 

days in culture. It is clear that spheroids with similar sizes exhibit very 

different characteristics as a result of different starting cell number and time 

spent in cell culture. Selected models can thus be employed to evaluate the 

effect of the various morphological features on the drug efficacy or uptake into 

cells. These accessible models could thus replace some work with complex and 

expensive animal models.
76,77    

 

 



 

 

86 

 

For the initial application for evaluation of nanoparticles in this project, we 

decided to work with 2k spheroids on day 3 of growth. The cells formed tight 

spheroids with
 
a defined border and had an average diameter of 430 µm which 

is representative of the distances observed in a tumour in vivo. 

Immunohistochemical analysis revealed that spheroids consisted of layers of 

tightly packed, mainly viable proliferating cells with no necrotic core nor 

hypoxia present at this stage. We chose to work with this simpler model to 

avoid the interference of the features such as hypoxia or necrosis with the 

penetration study. The more complex models may be employed in the future to 

evaluate the effect of these particular features on the uptake and efficacy of 

therapeutics. The results also revealed the presence of GAGs components 

suggesting the model has a potential to mimic some of the penetration barriers 

seen in vivo. 

Furthermore, the study highlights that it is crucial to characterise cell models 

and define their pathological features prior to the application in screening of 

drugs and NPs in vitro. 
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Chapter 4 Evaluation of penetration of small drug 

molecules in 3D spheroids 

 

4.1 Introduction 

 

An anticancer drug must penetrate through a complex tumour 

microenvironment compromised of multiple cell layers and abundant in ECM 

to reach the target cancer cells. Further, to be effective, it must reach all the 

cells in a tumour in a pharmacologically effective concentration, which is often 

found to be difficult. Chemotherapy is the most widely used non-surgical 

treatment for solid tumours; however, limited efficacy is often observed due to 

tumour resistance.
128

 The population of non-cycling cells deeper in a tumour 

can often survive the treatment and subsequently cause a relapse of the disease. 

Moreover, some anticancer drugs are thought to exert a weaker toxicity in 

acidic or nutrient-deprived microenvironments, which are often found in 

avascular parts of a tumour.
53–55

 A range of different cellular mechanisms such 

as P-glycoprotein drug export pumps, alteration in the expression of 

topoisomerases and variation in DNA apoptosis pathways have also been 

linked to drug resistance. 
137

 Most research investigating tumour drug 

resistance, however, have focused on the cellular mechanism via genetic 

alteration while the aspect of tumour environment and limited diffusion of 

therapeutic agents in tumours have not been well understood. 
80

  Some drugs 

may have poor penetration capabilities within an interstitial space due to 
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tumour microenvironmental factors. This can lead to cells located further away 

from blood vessels being exposed to sub-therapeutic concentrations of the 

drug.
1, 138,137

 

Dox, a broadly used chemotherapeutic drug used for the treatment of many 

solid tumours, has shown limited availability and disappointing therapeutic 

effect in many cases. In an attempt to enhance the therapeutic index of the drug 

a new class of drug delivery system of Dox has been developed. This is a 

PEGylated liposomal doxorubicin formulation (doxorubicin HCl liposome 

injection; Doxil® or Caelyx®) with a size diameter of ~80-90 nm. This 

liposomal system has shown advantages over free drug by improving 

accumulation at a tumour site in vivo through the EPR effect and by reducing 

drug uptake by the reticuloendothelial system which leads to enhanced 

circulation time.
20

 Surprisingly, the overall treatment benefits in patients were 

still found to be disappointing. It has been suggested that weak therapeutic 

outcome of the Doxil treatment can be a result of heterogeneous distribution in 

tumours.  

Limited penetration can reduce the efficacy of the treatment and even lead to 

cancer metastasis or relapse. The knowledge of tissue penetration is thus 

necessary to understand whether a drug is capable of reaching of all cells in a 

tumour. Further, this knowledge can drive further improvement of novel 

delivery methods. 

The current process for testing the effectiveness of nanosystems relies greatly 

on in vivo models. While the measurement of average drug accumulation in 

tumours is a routine test for a new anticancer drug, it does not give information 
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about its distribution within a tumour.
52

 Therefore, there is a need for a 

representative in vitro model and method that will allow testing of anticancer 

drugs and nanomedicine in the early stages of the drug development process.  

3D spheroids have been widely recognised as promising in vitro model as they 

are capable of mimicking of many characteristics of a tumour in vivo (as seen 

in chapter 3). It is thus reasonable to propose that such model should be used 

for studying the penetration and distribution of drugs and nanoparticles.  

However, there is a lack of an easy and reproducible method that can be used 

for quantitative analysis of penetrability of nanosystems in those 3D models. It 

is technically challenging to study 3D spheroids using fluorescent optical 

microscopy due to high levels of light scattering in thick tissue samples.
80

 

Confocal microscopy provides good image resolution; however, it is still only 

useful for samples up to ~ 80-90 µm in depth due to limited laser 

penetration.
113

 Other optical methods, such as multiphoton microscopy or light 

sheet microscopy have the ability to visualise much deeper into the tissue; 

however, they are not easily accessible and often very expensive.  Moreover, 

the quantitative analysis can be affected due to spill-over of high fluorescence 

intensity from the external regions of spheroids thereby obscuring less bright 

signals in the middle of spheroids which could potentially lead to errors in the 

results. Another approach is to freeze spheroids after the initial drug treatment 

and cut them into thinner sections (20 µm) using a cryostat. The sections can 

be then easily studied via optical microscopy. However, the overall process is 

very time-consuming, and quantification of the penetration/ uptake is 
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performed on individual sections which do not always represent the conditions 

across the whole spheroid. 

In this section, FACS/Hoechst method was optimised for the screening of the 

ability of nanocarriers to penetrate into the core of 3D spheroids. Hoechst 3342 

dye is a nuclear stain which was found to form noticeable 

diffusion/consumption gradient as it diffuses through tissue. The Hoechst 

technique was previously employed in vivo to stain perivascular cells in 

tumours. The dye was injected intravenously and formed a fluorescent gradient 

from functional blood vessels towards the inside of a tumour. This was 

followed by a drug treatment and facilitated the study of the effects of 

vasoactive drugs and chemotherapeutic agents on functional tumour 

vasculature.
139,140,141

 The method was also employed by Durand et al. for the 

selection of populations of cells with different proliferative status following a 

drug treatment in spheroids and was found highly sensitive and reproducible. 

However, the method was considered complex due to the use of fluorescence-

activated cell sorting and assessment of cell survival in a colony-forming 

assay.
142

 

In the present work, the FACS / Hoechst method was adapted and optimised 

for quantification of penetration and distribution of drugs and nanoparticles in 

vitro in the HCT 116 spheroid model.  One should note that due to the 

disaggregation of the cells, only fluorescence associated with the cells either 

internally or tightly bound to the cell surface will be retained and measured by 

this method, as drug or nanoparticles remaining in the ECM will be eliminated 

during the washing steps. 
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We chose to work with Dox and its liposomal formulation, Doxil, as they 

represent two different classes of anticancer treatment, a small drug molecule 

and much larger liposomal nanosystem thereby allowing us to study 

differences in penetration kinetics between them. Furthermore, they are of 

interest as both are widely used clinically, yet providing limited availability 

and poor therapeutic effects in patients.  

The FACS/Hoechst technique was employed to directly compare penetration 

and distribution kinetics of free Dox and Doxil in HCT 116 colorectal cancer 

spheroids in order to develop a better understanding of factors that influence 

their performance in vivo.
 

 

 4.2 Results 

 

4.2.1 Optimisation of FACS/ Hoechst method  

 

The Hoechst staining was optimised by incubating HCT 116 spheroids with 

different concentrations of the dye (0.1 µM, 0. 5 µM, 2 µM and 10 µM). The 

dye showed concentration-dependent penetration as expected. It can be 

observed that by increasing concentration of Hoechst, more cells within the 

spheroid were stained with the dye. At a lower concentration, the dye has 

stained cells at the periphery of spheroids only. At 0.1 µM and 0.5 µM the 

brightly stained population of cells appeared at the rim of spheroids. As the 

concentration increased, all cells became brightly stained, as shown by 

confocal images and flow dot plots in Figure 14 a, b. 
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 At 0.1 µM concentration and 4 h incubation in the FACS dot plots, the dye 

formed a noticeable fluorescent gradient from the rim to the centre of the 

spheroid. The total population of cells in spheroids was then allocated into 3 

segments based on their degree of staining with Hoechst: unstained cells 40 % 

(+/- 1%) of total cell population, being the cells within the core of spheroid; the 

brightest 20 % (+/- 1%) of the total cell population, being the cells at the rim of 

spheroids and weakly stained cells located in the inner segment between the 

centre and the rim, 40 % (+/- 1%) of total cell population (Figure 14c).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

93 

 

 

 

 

 

 

 

 

Figure 14 Concentration-dependent penetration of Hoechst in HCT 116 spheroids incubated with 0.1 µM, 

0.5 µM , 2 µM and 10 µM of Hoechst after 4 h incubation (Blue – nuclei stained with Hoechst). a) Confocal 

images representing the degree of staining of spheroids at different concentrations of Hoechst . b) FACS 

plots showing the distribution of HCT 116 cells based on the degree of Hoechst staining after tratment with 

varying concentrations of the dye. c) FACS dot plot of HCT 116 spheroids stained with 0.1 µM Hoechst 

divided into 3 segments: 40 % (+/-1%) unstained cell population representing the core; 20% (+/-1%) 

brightest cells representing the periphery and 40% (+/-1%) weakly stained representing cells between the 

rim and the core of spheroids. 

a) 

b) 

20%  

Rim 

40%  

Middle 

40%  

Core 

c) 
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A concentration of 0.1 µM Hoechst was employed for studying the distribution 

and penetration of fluorescent drugs and nanoparticles in HCT 116 spheroids.  

The spheroids were incubated with 0.1 µM Hoechst for 4 h and with drug or 

nanoparticles for the desired time in HCT 116 spheroids. The spheroids were 

then dissociated into individual cells using accutase in combination with 

mechanical pipetting (for details see section 2); the cells were then fixed and 

assessed by flow cytometry. The results were quantified using Kaluza software.  

The cells were gated into brightest ( Rim), intermediate (Middle) and weakly 

stained cells (Core) and the threshold defining cell without drug or 

Figure 15  FACS dot plot of HCT 116 spheroids stained with 0.1 µM Hoechst divided into 3 

segments: core , middle and rim.The threshold is set based on cells only sample; In treated 

samples, cells with nanoparticles appear above the threshold line.  
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nanoparticles was set based on the cells only controls stained with Hoechst 

(Figure 15).  The cells with positive fluorescent signal due to fluorescently 

labelled nanoparticles were quantified and presented as a % + ve out of 100 % 

cells in each region.  The penetration into different regions of spheroids was 

calculated based on the drug/ nanoparticle uptake in the cells within each 

region.  This threshold, therefore, represents the advancing front of NPs or 

drug penetration through the spheroid and does not take into account the 

amount of NPs or drug in any cell in the population. 

 

4.2.2 Time-dependent diffusion of Doxorubicin in HCT 116 spheroids 

 

The penetration and distribution of free Dox have been evaluated in HCT 116 

spheroids after exposing the cells to different concentrations of a drug 1ug/ml 

and 10 µg/ml for different incubation periods, 4h and 24h. The free Dox has a 

fluorescent property which allows for easy detection via confocal microscopy 

and FACS. The results are qualitatively displayed by confocal images of 20 µm 

spheroid sections in Figure 16 a and quantified by FACS/Hoechst method in 

Figures 16 b-d. The concentration of 1 µg/ml of the free Dox was chosen for 

the study as it is representative of the situation in vivo, the 10 µg/ml 

concentration was included to investigate the effect of drug concentration on 

penetration into a spheroid. The results show that penetration of free Dox into 

HCT 116 spheroids is time-dependent as well as concentration-dependent 

(Figure 16 a). At the lower dose, the free Dox reached less than 50% of cells 

within the first 2 hours of incubation, 60% after 4h, followed by further 
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increase up to 80 % of cells after 6h incubation time. At this concentration, it 

took 24h for the free Dox to reach 90% of cells in the spheroid. Looking at the 

distribution graphs (Figure 16 c and d) it was observed that at the earlier time 

point (4h) the distribution was uneven with an insignificant delivery of the drug 

to the core of the spheroid. A more even distribution into the spheroid is 

achieved after 24h incubation. By increasing concentration of the free Dox to 

10ug/ml, significantly faster delivery into the core of spheroid was achieved, 

with over 80% cells reached after only 2h incubation. The drug was associated 

with more than 90% of cells after 6 h incubation.  

 By looking at the mean fluorescence intensity (MFI) levels, we can detect the 

level of a drug present in cells across the spheroids. As demonstrated in Figure 

17 a-d, it can be noted that the uptake of Dox, at a concentration of 1 µg/ml, 

across spheroids was highly heterogeneous. Significantly higher accumulation 

of the therapeutic was observed at the periphery of the spheroid than in the core 

after 4h incubation. The accumulation of free Dox at a concentration of 10 

µg/ml, was still observed to be heterogeneous at the early time point of 4h in 

the cells across spheroid with a much higher accumulation of Dox in the cells 

at the periphery of spheroid than in the core. More homogenous accumulation 

across all regions of spheroid were detected after 24h, as presented in FACS 

dot plots and quantified in Figure 17 a-d.  
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Figure 16 Penetration of Doxorubicin in HCT 116 spheroids. a) Confocal images of frozen 

sections (sections = 20 µm) of HCT 116 spheroids incubated with doxorubicin (1ug/ml and 10 

µg/ml) for 4h and 24h  Scale bar 100 µm. b) Time-dependent penetration of Doxorubicin (1µg/ml 

and 10ug/ml) in HCT 116 spheroids by FACS. c),d) % cells reached by the free Dox and Doxil 

across different regions in spheroids after 4h and 24h incubation time. (****, ***, **, and * 

display p < 0.0001, p < 0.001, p < 0.01, and p < 0.05, respectively). 
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Figure 17 Accumulation of Dox across HCT 116 spheroids. a-b) FACS dot plots 

representing accumulation of DOX across spheroids at 1 µg/ml and 10 µg/ml after 

4h and 24h incubation. c) Uptake of free Dox across core, middle and rim in HCT 

116 spheroids by MFI at 1 µg/ml and 10 µg/ml after 4h and  d) after 24h incubation. 

( ** display p < 0.01). 

c) 

d) 
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In order to try to understand the above results in the clinical context, we have 

taken several aspects into consideration. The plasma mean concentration of 

free Dox in patients receiving a single intravenous dose is 0.2 mg/L after 1h, 

0.1 mg/L after 4h after which it reaches a plateau and remains at this level until 

24h. 
118

  

 

4.2.3 Cell uptake of Doxil after 2h incubation in HCT 116 monolayer cells.  

 

To study the penetration of nano-delivery systems by FACS, they need to be 

taken up by the cell. The uptake of Doxil into HCT 116 monolayer cells was 

examined after 2 h incubation since this is the shortest time point used for the 

study of penetration into spheroids.
 
Different concentrations were employed 

(10, 25, 50, 75 and 125 µg/ml) which represent the concentration of free Dox 

incorporated in the liposomal formulation. No fluorescence was detected at 

lower concentrations (50 µg/ml). An increase in fluorescence in the cells was 

observed with an increased concentration of Doxil (Figure 18).The results 

showed weak fluorescence signal at a concentration of 50 µg/ml fluorescent 

which became stronger at 75µg/ml and 150 µg/ml. Therefore, the concentration 

of 75 µg/ml was used for further experiments via FACS.  
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Figure 18 Fluorescence images of HCT 116 monolayer cells incubated with different 

concentrations of Doxil (10, 25, 50, 75 and 125 µg/ml) for 2h. 
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4.2.4 Penetration and uptake of Doxil in HCT 116 spheroids. 

 

Penetration and uptake of a liposomal formulation of Dox (Doxil) have been 

evaluated for the ability to deliver Dox through the colorectal spheroids. The 

penetration profile of Dox via this nanoformulation was found to be time-

dependent (Figure 19a). The diffusion of Doxil in the HCT 116 spheroid was 

very slow, and less than 10% of cells had Dox associated with them after 2 h 

incubation. Doxil reached 50% of cells after 6h and 85% after 24h incubation.  
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Figure 19  Penetration of DOXIL in HCT 116 spheroids over time. a) Time-dependent 

penetration of Doxil (75ug/ml of free Doxorubicin) in HCT 116 spheroids by FACS. b),c) 

% cells reached by Doxil  across different regions in spheroids after 4h and 24h 

incubation time. (****, ** display p < 0.0001, p < 0.01). 
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Figure 20 Accumulation of Doxil (75ug/ml of free Doxorubicin) across HCT 116 

spheroids. a. FACS dot plots representing accumulation of Doxil across spheroids at 4h 

and 24h. b. Uptake of Doxil across core, middle rim in HCT 116 spheroids by MFI. ( **, 

and * display p < 0.01, and p < 0.05, respectively). 

c) 
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Figure 21 Comparison of penetration and accumulation behaviour between DOX (1µg/ml) 

and Doxil (75 µg/ml of free Dox) in HCT 116 spheroids. a) Time dependent penetration of 

free Dox and Doxil. b) Level of accumulation of Dox vs. Doxil across core, middle and rim 

of HCT 116 spheroids. (****display p < 0.0001). 
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The distribution and accumulation of Dox from Doxil in the cells across 

spheroid was observed to be higher at the periphery of spheroid than in the 

middle or core of spheroids at the early time points figure 19 b, c and 20 a, b.  

Higher uptake with more even accumulation across all regions of spheroid was 

detected after 24h, as presented in FACS dot plots and quantified in figure 20c.  

In figure 21, differences in penetration and accumulation kinetics are presented 

between free Dox and Doxil. Significantly faster penetration of the drug into 

the core of spheroid was achieved with free Dox (Figure 21 a) than with Doxil, 

as well as much higher accumulation (figure 21 b.) after the 24h incubation 

period. 

 

 4.3 Discussion 

 

In the study, flow cytometry method in combination with Hoechst was 

optimised and successfully employed for quantitative analysis of penetration 

and distribution of Dox and Doxil in HCT 116 spheroids.  The results indicate 

that penetration of these systems is time and concentration dependent in HCT 

116 spheroids. Further, it was found that distribution and accumulation profile 

of the anticancer drug in the spheroid was not improved by Doxil system even 

after 24h incubation.  

For the anticancer therapy to be effective, it must be able to access all the cells 

in a tumour. However, limited tissue penetration of anticancer drugs has often 

been observed, and it presents a substantial barrier to their effectiveness. 
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Tumour interstitial space consists of various components including ECM and 

tightly packed cells that together can form a delivery barrier for 

macromolecules.
63

 It has been proposed that rate of diffusion of 

macromolecules is proportional to molecular weight and size.
 46,143

 However, 

the contribution of other factors such drug metabolism, and binding to the 

tissue has also been demonstrated.
 137 

The penetration of drugs has also been 

shown to be affected by consumption such as  metabolism, binding to tissue 

elements as well as uptake and retention by cancer cells.
1
  

For the study, HCT 116 spheroids on day 3 of growth when their average 

radius falls around 220 µm were employed. The distances between the 

microvessels in a tumour are much greater than that seen in the normal tissue, 

reaching 15-20 cell diameters from the nearest blood vessel which can measure 

up to 200 µm.
144,145

 Therefore, the spheroid model recapitulates the avascular 

distances seen in a tumour in vivo. An optimised flow cytometry method in 

combination with Hoechst was applied for direct and quantitative analysis of 

penetration and distribution of Dox and Doxil agents in the defined spheroid 

model.  

The results indicate that penetration of Dox is time and concentration 

dependent in HCT 116 spheroids. The plasma mean concentration of free Dox 

in patients receiving a single intravenous dose is 0.2 mg/L after 1h, 0.1 mg/L 

after 4h after which it reaches a plateau and remains at this level until 24h. 

Thus in the study, the lower concentration of the free Dox (1 µg/ml) is 

representative of the situation in vivo.  The higher concentration was included 

in the experiments to investigate the effect of drug concentration on penetration 
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into spheroids. The higher concentration of 10 µg/ml would require an 

unfeasibly large dose of the drug to be given.
118

  The results have shown that at 

1µg/ml, the free drug diffused into spheroid slowly over time, accessing only 

50 % of all cells in the spheroid after 4h incubation. At a given dose the drug 

needed 24h to reach all the cells >90% within the spheroid. However, when a 

much higher dose of the free Dox was applied, the drug has reached all the 

cells in the spheroids > 90% significantly faster, 4h. The accumulation of the 

drug in the cells across core, middle and rim of spheroid was also significantly 

higher, as seen in Figure 20. 

Dox has good drug characteristics, such that it is sufficiently hydrophilic for 

dissolution and binding to it molecular targets in an aqueous cell milieu, but 

sufficiently hydrophobic to partition and diffuse across cell membranes (Figure 

22). It also has a positively charged amino sugar and is a substrate for p-

glycoprotein. The journey of a Dox through the interstitial space is, therefore, a 

combination of diffusion and interaction with the ECM as well as uptake of 

drug into cells and its intracellular distribution, metabolism and binding.
 137

 

Dox agent exerts its action by binding avidly to DNA. Thus, as Dox diffuses 

through tissue, it gets taken up by cells and strongly binds to DNA in the 

nucleus.  It is consumed by the cells as it passes through the spheroid. 
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C27H29NO11 Mw= 543.525 g/mol 

Figure 22 Dox chemical and physical properties.  

 

Therefore, when a low concentration of a drug is provided, cell uptake will 

reduce the concentration in ECF leading to a slower diffusion through the 

spheroid due to a reduction in the concentration difference, but give a high 

intracellular drug concentration at the rim.  This highlights the importance of 

consumption in limiting drug penetration and drug availability. 
 

The results showed that when a higher concentration of Dox is given, it reaches 

cells in the middle of spheroids much faster, which may be due to saturation of 

intracellular binding sites at the rim and increasing the availability of drug 

molecules to diffuse to more distant segments in the core. The results thus 

suggest that drug concentration is more important than the incubation time 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C27H29NO11&sort=mw&sort_dir=asc
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since the accumulation of Dox 10 µg/ ml at 2h is the same as that of 1 µg/ ml at 

24h. 

In the study only Dox was investigated as an example of small drug molecules; 

however, we have seen similar behaviour in the case of Hoechst dye which has 

similar cell penetration and DNA binding properties.  

Different studies have investigated many other common anticancer drugs such 

as cisplatin, etoposide, 5-FU, vinblastine, gemcitabine and paclitaxel and also 

showed their limited penetration and poor effectiveness.
 137,80

  Other studies 

that investigated Dox saw similar results in spheroids and tumours 
1 

however, 

these often lacked detailed analysis. Some found relatively rapid penetration 

and homogeneous distribution of Dox within 1 h with an accumulation plateau 

reached at 3 h in multicellular slices. This could be due to potential artefacts of 

their technique or much higher drug concentration used for the study.
 137

 

The results imply that in highly avascular tumours, where large distances are 

present between the blood vessels, Dox given at clinically relevant dose would 

not be able to gain sufficient access to all the cells in a tumour for a full 

therapeutic effect. One way to overcome this issue would be to increase a given 

dose; however, this is often not feasible due to the toxic side effects to healthy 

tissue. Another way to overcome such hurdle would be to use an improved 

formulation which can increase the drug availability at the tumour site. The 

liposomal formulation of Dox has been developed for that purpose. Doxil was 

the first FDA approved liposomal formulation for cancer treatment. However, 

the drug levels in a tumour in vivo have not been significantly improved, and 

the therapeutic outcome was found to be disappointing.
118
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Here, the delivery behaviour of Doxil in the tumour matrix was investigated. 

Again, the penetration of Dox through the matrix will be dependent on the 

route is taken through the spheroid, which could include passage through the 

ECM or endocytosis into cells.   

As seen by the results, this liposomal formulation did not improve the 

penetration or distribution of the free Dox in HCT 116 spheroids. In fact, the 

penetration of Dox became significantly slower, and the amount of drug found 

in cells was lower than when the free drug was added despite much higher 

initial dose (Figure 21.) This agrees with a general belief that small 

therapeutics of size, up to a few nanometers, can diffuse fairly rapidly in the 

tumour interstitial matrix while penetration of larger systems such as 

nanoparticles or liposomes is hindered due to their large size. 
46,143

 

It needs to be noted, that while studying the penetration of Doxil, the 

fluorescence of the free Dox-loaded in the liposome shell was followed as a 

marker. Therefore, one cannot be certain whether the penetration of the 

liposome-doxorubicin complex or the free Dox was observed after it has been 

released from the liposome.
 
Thus, the observed results could be either due to 

slow release of free Dox or slow diffusion of the liposome as expected due to 

the much larger size of the liposome compared to the drug molecule, but it 

could be a combination of both. However, regardless of the mechanism of 

action by Doxil system, it is clear that distribution and availability of Dox in 

the cells were not improved by this formulation in colorectal cancer spheroid 

during the 24h period.
20 
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To date, the mechanism of Doxil penetration abilities, cell uptake and drug 

release in a tumour remain poorly understood.
146

 Some studies suggested that 

liposome penetrate easily throughout an interstitial tumour space, while others 

claim that they accumulate at the tumour site and remain there, releasing the 

drug which then is available for diffusion through a tumour. 
147

  And others 

that Doxil penetrates to the interstitial space but does not get into cells, it 

releases free Dox in the interstitial space which then gets taken up. 
146

 The in 

vitro drug release rate from the Doxil has t1/2 of 118 h+/- 18h thus if the latter 

two cases are true then the slow release from the formulation could be the 

limiting step.
 148

 From the results of penetration kinetics of free Dox, it can be 

deduced that concentration is more important than the time the tumour is 

exposed to a drug. Doxil is believed to deliver more drugs to the tumour site 

due to increasing time in circulation as well as selective accumulation at a 

tumour. However, even if a higher drug concentration is provided at the tumour 

site, but liposome does not penetrate into the interstitial space, by releasing the 

drug slowly over time, there is a possibility that uneven distribution will be 

achieved as observed in the case of free Dox at 1 µg/ml. This could lead to a 

limited number of cells killed after a single drug administration which implies 

that slow regimes may not be beneficial for tumour diffusion and homogenous 

distribution.  

Factors such as physicochemical properties of drugs which include molecular 

weight, charge, aqueous solubility and shape may also affect penetration 

through the interstitial space. Further, limited distribution of free Dox has also 

been found to be associated with efflux by the P-gp pump and has not been 
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investigated herein. The p-gp pump is believed to cause multidrug resistance 

by reducing drug uptake into cells and tissue. However, some studies showed 

that this is overcome when a high concentration of Dox is given due to 

saturation of the P-gp pump allowing for cell uptake and subsequent cell 

apoptosis. 
80,149–151 

Lastly, while this study was performed in HCT 116 

colorectal cancer spheroids, it needs to be considered that the results may be 

different when another type of cell line is used. 

To quantify the penetration and uptake of anticancer drugs, flow cytometry 

analysis was performed. The flow cytometry technique allows for highly 

sensitive detection of as few as 5–10 NPs per cell.
152

 Furthermore, it allows 

studying up to thousands of cells per second. The Hoechst 33342 dye allowed 

for quantitative analysis of the distribution of Dox and Doxil in spheroids. At 

the chosen concentration the dye stained cells at the periphery of spheroid to a 

greater extent than the cells within the core of spheroid. The study showed that 

the 3D spheroid model together with FACS/ Hoechst method provides a 

promising in vitro screening method for assessing nanoparticles in the early 

stage of the development process. 

The limitations of FACS/Hoechst method for studying the penetration and 

distribution of drugs/ NPs is that these systems must be fluorescent. Secondly, 

the system must be up-taken by the cells.  A further limitation is that the 

method does not account for any drug systems present in the spaces between 

the cells. However, since these systems are not taken up by the cells, they do 

not exert their therapeutic effect hence the information is of lower importance. 

A further consideration is that Hoechst staining must be optimized for each 
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different cell model as it is more likely to be affected by the spheroid 

geometry. Additionally, the spheroids must be dissociated into a single cell 

suspension; however, despite that, the method was found to be highly sensitive 

and robust when comparing to other methods used for the detection of 

nanoparticles within the core of spheroids such as cryo-sectioning, microscopy 

or sequential trypsinisation. 
139,142,153

 

 

4.4 Conclusions 

 

The aim of the study was to develop an understanding of the penetration 

capabilities of small drug molecules and nanoformulations. To give this some 

relevance, a clinically useful drug was included for comparison.  To carry out 

this study, the FACS/Hoechst method was adopted and developed for 

evaluating the penetration of Dox and Doxil in vitro.  The results showed that 

diffusion of Dox was concentration and time-dependent with a limited number 

of cells reached by a drug at a clinically relevant dose. It was also evident that 

by employing liposomal formulation of Dox the distribution and accumulation 

of the drug were significantly slower than that of the free Dox. These findings 

highlight that tissue penetration of drugs and nanocarriers is challenging thus 

should not be underestimated in the development of new anticancer treatments 

and should be tested and optimised in the early phase of their development. 

Knowledge of drug’s penetration kinetics allows establishing the concentration 

of a drug necessary to exert a maximum effect. It is also evident that new 

formulations are needed with improved penetration capabilities to overcome 
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the hurdle caused by the tumour microenvironment and successfully deliver a 

therapeutic drug to all cancer cells. Improved drug penetration would  mean 

reduced drug levels required to reach all the cells in a tumour thereby reducing 

systemic toxicity.
52
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Chapter 5 Evaluation of penetration and uptake of 

model Polystyrene nanoparticles in HCT 116 spheroids 

 

 5.1 Introduction 

 

There has been great interest in using nanodelivery systems in order to deliver 

anticancer drugs into tumours as they offer advantages over a free drug 

treatment such as selective accumulation at the tumour site, enhanced efficacy 

and reduced toxicity. Various nanosystems are being developed; however, 

many examples in the literature have demonstrated their non-uniform 

distribution which can often lead to poor accumulation and uptake lowering the 

effectiveness of the treatments.
48,49,52,154,155

  

Although there is increasing evidence indicating that the physiochemical 

properties of NPs such as size, charge and surface chemistry play a crucial role 

in their ability to penetrate through the ECM, the effect of these 

physicochemical properties on penetration and uptake in representative tumour 

models has not been examined in detail.  

In the present study, the effects of both the size and surface characteristics of 

polystyrene NPs on the penetration and cellular uptake into tumours were 

examined. The aim was to identify the features that promote penetration of the 

nanosystems into tumour tissues, which is crucial to aid development and 

design of NPs with characteristics that will permit them to effectively penetrate 

and become uniformly distributed within the tumour tissues thereby improving 

therapeutic performance.  
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 5.2 Results: 

 

5.2.1 Characterisation of Nanoparticles 

 

To examine the effect of size and surface chemistry of NPs on trafficking into 

spheroids, polystyrene nanoparticles were employed as model particles as they 

are available in a range of different sizes and surface characteristics thereby 

allowing for comparative study. The surface charge of nanoparticles was 

assessed by performing size measurements via Zetasizer nano in DI water and 

in RPMI-1640 medium with 10% FBS. (Table 4.)  The measurements in the 

latter represented the behaviour of NPs under experimental conditions as the 

media was used for all the subsequent penetration and uptake studies.  

 

Table 4 Size of Polystyrene NPs in different media. 

 

 

 

Table 4.  

Media DI Water RPMI-1640 +FBS 

NPs Size (nm) PDI Size (nm) PDI 

NPs 30 nm 33±0.1 0.08±0.01 70± 1.7 0.28 ±0.01 

NPs 50 nm 56±0.6 0.06±0.02 84± 0.6 0.17 ±0.01 

NPs 50 nm COOH 52±0.7 0.14±0.01 75± 0.7 0.20±0.01 

NPs 50 nm NH2 52±0.6 0.06±0.00 209±4.0 0.40±0.02 

NPs 100 nm 107±1.9 0.02±0.01 165±1.9 0.14±0.01 
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Table 5 Zeta Potential of Polystyrene NPs in different media
 

 

The measurements performed in RPMI-1640 medium with 10% FBS showed 

an increase in mean diameter for unmodified, aminated and carboxylated 

particles when compared to the results obtained in DI water, suggesting the 

adsorption of serum proteins and other components of the medium to their 

surface. The increase in the size of 50 nm aminated nanoparticles was 

significantly higher indicating possible aggregation of these nanoparticles 

under experimental conditions.  

The Zeta potential of the polystyrene NPs was measured in 10 mM HEPES 

buffer, and RPMI-1640 media supplemented with FBS and was media 

dependent, Table 5. The nanoparticles showed strong positive zeta potential for 

aminated polystyrene NPs and strong negative surface charges for both 

carboxylated and unmodified polystyrene NPs in HEPES buffer. The strong 

charges relate to the surface functional groups of these NPs -NH2 and -COOH 

Table 5.  

Medium 10 mM HEPES RPMI-1640 

NPs 30 nm -27±1.4 -9± 0.8 

NPs 50 nm -32±0.3 -6± 0.7 

NPs 50 nm COOH -32±2.6 -9± 0.8 

NPs 50 nm NH2 24±1.5 -7± 0.4 

NPs 100 nm -39±2.1 -8± 0.1 
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for aminated and carboxylated nanoparticles, respectively. The negative zeta 

potential of unmodified nanoparticles arises from the sulphated groups located 

on the particle surface resulting from their polymerization reaction. The surface 

density of these groups, however, is much lower than in the case of modified, 

carboxylated nanoparticles. In the RPMI-1640 medium with the addition of 

10% FBS, the surface charge of all types of nanoparticles became slightly 

negative regardless of their original charge which further implies the 

adsorption of serum proteins to their surface.  

 

5.2.2 Fluorescence difference between Polystyrene NPs . 

 

The levels of fluorescence per different sizes polystyrene nanosystems were 

provided by the manufacture and are shown in Figure 23. The fluorescence 

levels varied considerably between NPs. The largest, 100 nm NPS were the 

brightest of all systems followed by 50 nm aminated, 50 nm, 50 nm 

carboxylated and 30 nm NPs.  This highlights the importance of normalising 

data when studying tumour/cell uptake based on the fluorescence levels of 

NPS. In the penetration experiments, the difference in MFI between the data 

was normalised by designating 50 nm NPS sample as equal to 1 and applying 

that adjustment factor to remaining NPS by use of ratiometric results. 
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Figure 23  Fluorescence levels per Polystyrene NP (30 nm, 50 nm, 50 nm aminated, 

50 nm carboxylated, 100 nm). 

 

5.2.3 Concentration-dependent uptake of polystyrene NPs in HCT 116 

monolayer cells  

 

 Uptake of polystyrene NPs into HCT 116 monolayer cells after 2h incubation 

time was assessed by fluorescent microscopy, Figure 24. Varying 

concentrations of 10-125 µg/ml were employed to find intermediate 

concentration at which all the different NPs gets taken up into cells over a 

suitable range for detection by microscopy and FACS. An increase in 

fluorescence was observed with the increase in concentration. Higher uptake 

for 30 nm, 50 nm unmodified and 50 nm aminated nanoparticles was observed 

than 50 nm carboxylated and 100 nm unmodified nanoparticles. At 75 µg/ml, 

all NPs were detected at a high level in the cells; therefore, this concentration 

was employed for the penetration study in spheroids.  
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Figure 24 Concentration-dependent cellular uptake of Polystyrene NPs (30 nm,50 nm, 50 nm aminated, 50 nm 

carboxylated, 100 nm) in HCT 116 cells. HCT 116 monolayer cells were exposed to different concentrations of 

polystyrene nanoparticles for 2 hours and imaged by fluorescence microscopy. Red= nanoparticles, blue=DAPI 

(nucleus). Scale bar 100 µm 
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5.2.4 Cytotoxicity of Polystyrene NPS in HCT 116 cells  

 

Based on the knowledge from the literature, the polystyrene NPS are not 

expected to be toxic to cells.
156

 Some studies showed that functionalised 

polystyrene NPs with amino groups might lead to cell toxicity, however at 

much higher levels and exposure times than those used in our study.
156–158

 This 

was further confirmed throughout the study, during the periodical inspections 

of the HCT 116 cells via microscope whch showed cell morphology was not 

affected after 24h incubation with 75 µg/ml aminated nanoparticles. 

 

5.2.5 Effect of nanoparticle size on penetration and distribution in 

spheroids 

 

The effect of the size of nanoparticles on the penetration into HCT 116 

spheroids was evaluated by incubation of spheroids with 30 nm, 50 nm and 100 

nm unmodified polystyrene particles. The size-dependent penetration and 

localisation of NPs are qualitatively displayed by confocal images of 20 µm 

spheroid sections in Figure 25a and quantified by FACS/Hoechst method in 

figure 25b. 

The results show that small 30 nm NPs and 50 nm NPs reached over 70% 

and 80 % cells, respectively within the first 2 h hours of incubation. Both 

reached > 90 % of cells in the spheroid after a 6 h incubation. However, in the 

case of larger 100 nm nanoparticles, a different penetration profile was 

observed. Less than 10 % of cells contained 100 nm NPs after 2 h incubation 

which further increased to just 22% of cells after 24 h incubation. (Figure 25b). 
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Further, 30 nm and 50 nm nanoparticles were distributed evenly between the 

different cell population segments based on Hoechst staining with ~ 80% of 

cells in the core segment of the spheroids taking up dye (Figure 26 and 27 a 

and b) the 100 nm NPs were strongly associated with the periphery of 

spheroids with no significant penetration achieved in the core of spheroids 

even after the 24 h incubation period. The results obtained by FACS correlate 

well with the results obtained by confocal imaging.  

Further, the level of nanoparticle accumulation in the spheroids was 

investigated. The difference in MFI between the data was normalised by 

designating 50 nm NPS sample as equal to 1 and applying that adjustment 

factor to remaining NPs by use of ratiometric results. Figure 28a shows the 

MFI achieved by 30 nm and 50 nm NPs in spheroids after 4 h incubation times. 

The plot shows a similar accumulation profile of the 30 nm and 50 nm systems, 

with slightly higher cell uptake achieved by 30 nm NPs. No significant 

difference in concentrations achieved between the core, middle and periphery 

of spheroid was observed.  

In Figure 28b the accumulation profile for these NPs is presented after 24h 

incubation. It can be noted that while the MFI levels of 50 nm NPs remain 

similar to the ones observed after 4h incubation, the MFI of 30 nm increased 

considerably. This suggests that 50 nm NPs reached maximum accumulation in 

cells across spheroid after 4h incubation while 30 nm NPs continued to 

accumulate in cells over a 24h period. The MFI levels of 100 nm NPs were not 

investigated since these NPs do not penetrate far enough to accumulate in cells 
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located deeper in spheroid. Uniform uptake was observed for 30 nm and 50 nm 

NPs across core, middle and periphery of spheroid after 24 h. 

 

 

 

 

 

 

 

Figure 25 Size-dependent penetration of Polystyrene NPs (30 nm,50 nm,100 nm) into 

HCT 116 spheroids. a) Confocal images of frozen sections (section s= 20 µm) of HCT 

116 spheroids incubated with 30 nm, 50 nm and 100 nm unmodified polystyrene 

nanoparticles (75 µg/ml). Scale bar 100 µm. Images processed by applying LUT fire 

in Image J software. b) Time-dependent penetration of NPs in spheroids by 

FACS/Hoechst method. (****, indicates p < 0.0001). 

a) 

b) 
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Figure 26  Size-dependent penetration of  Polystyrene NPs (30 nm,50 nm,100 nm) into 

HCT 116 spheroids. Distribution of  Polystyrene NPs (30 nm,50 nm,100 nm) across 

HCT 116 spheroids after 4h and 24h shown by FACS dot plots. 
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Figure 25 Size-dependent penetration of NPs into spheroids. Distribution of NPs across HCT 

116 spheroids after 4h and 24h shown by FACS dot plots. 
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b) 

a) 

Figure 27 Size-dependent penetration of  Polystyrene NPs (30 nm,50 nm,100 nm) into  HCT 

116 spheroids. a) Distribution of  Polystyrene NPs (30 nm,50 nm,100 nm )in  HCT 116 

spheroids 4h. b) Distribution of  Polystyrene NPs (30 nm,50 nm,100 nm ) in  HCT 116 

spheroids 24h. (**** display p < 0.0001, respectively). 



 

 

129 

 

Figure 28 Size-dependent penetration of Polystyrene NPs (30 nm, 50 nm ) into HCT 

116 spheroids. a) Accumulation of nanoparticles in HCT 116 spheroids measured by 

the mean fluorescence intensity of nanoparticles after 4h incubation. b) Accumulation 

of nanoparticles in HCT 116 spheroids measured by the mean fluorescence intensity of 

nanoparticles after 24h incubation. (* displays p < 0.05.) 

 

 

 

a) 

b) 
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5.2.6 Effect of the surface charge of NPs on penetration and distribution in 

spheroids. 

 

 

In the next stage the effect of nanoparticles with the same size of 50 nm but 

different surface charges were investigated; slightly negative unmodified NPs, 

positive aminated and negative carboxylated polystyrene nanoparticles on their 

ability to penetrate through spheroids. When comparing these systems, marked 

effects of these modifications on penetration were observed. In the results by 

confocal microscopy, only 50 nm unmodified NPs were detectable within the 

core after 4 h incubation while aminated 50 nm NPs showed preferential 

association with the periphery of spheroids. The 50 nm carboxylated 

nanoparticles were not detected at this stage by confocal microscopy. FACS 

confirmed that 50 nm unmodified nanoparticles achieved significantly faster 

and higher penetration, 2 fold higher  than 50 nm aminated NPs and 8 fold 

higher than 50 nm carboxylated NPs into HCT 116 spheroids after 4 h 

incubation (Figure 29a, b). 
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Figure 29 a) Surface-dependent penetration of Polystyrene NPs (50 nm unmodified, 

50 nm, aminated, 50 nm  carboxylated) into  HCT 116 spheroids. Confocal images of 

frozen sections (sections = 20 µm) of HCT 116 spheroids incubated with 50 nm 

unmodified, aminated and carboxylated polystyrene nanoparticles. Images processed 

by applying LUT fire based on the fluorescent intensity in Image J software. b) Time-

dependent penetration of 50 nm and 50 nm Amino and 50 nm Carboxylated NPs in 

spheroids. (**** represents p-value < 0.001).  
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The penetration of 50 nm aminated NPs was found to be much slower and 

more time-dependent. The % of cell uptake remained at < 40% until 6h 

incubation. The % cells with detectable levels of NPs continued to increase 

reaching ~80% cells after 24h. Despite the overall high percentage of cell 

association of 50 nm aminated nanoparticles after 24h, the distribution profile 

reveals significantly lower penetration (<70%)  into the core of the spheroid 

compared to the outer layers after 24h incubation. (Figure 30 and 31a, b).  The 

50 nm carboxylated nanoparticles were restricted to the rim of spheroids only, 

with low total cell uptake of 20% after 24 h and inefficient penetration abilities 

into the core of spheroid (Figure 30 and 31a, b)  

The amount of cell uptake after 4h incubation revealed low NPs uptake in the 

core and middle section of 50 nm aminated NPs with much higher levels 

accumulated in cells at the rim (Figure 32 a). After 24h incubation (Figure 32b) 

an increase in uptake of aminated NPs into cells in the core and middle section 

of spheroids was observed suggesting these NPs continued to penetrate and 

accumulate in the spheroid over time. The amount of cell uptake in these 

regions was comparable to the levels of 50 nm unmodified NPs. However, 

much higher levels of aminated nanoparticles were observed at the periphery of 

the spheroid. 

 

 



 

 

133 

 

 

 

 

 

Figure 30 Surface-dependent penetration Polystyrene NPs (50 nm unmodified, 50 nm, 

Aminated, 50 nm  carboxylated) into  HCT 116 spheroids. Distribution of Polystyrene 

NPs (50 nm unmodified, 50 nm, Aminated, 50 nm  carboxylated) across HCT 116 

spheroids after 4h and 24h shown by FACS dot plots. 
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Figure 31 Surface-dependent penetration of Polystyrene NPs (50 nm unmodified, 50 

nm, Aminated, 50 nm  carboxylated)  into  HCT 116 spheroids. a) Distribution of 50 

nm unmodified, aminated and carboxylated NPs across core, middle and rim region of 

HCT 116 spheroids after 4h. b) Distribution of 50 nm unmodified, aminated and 

carboxylated NPs across core, middle and rim region of  HCT 116 spheroids after 24h 

incubation. Measured by FACS/Hoechst method. (****, ** display p < 0.0001, p < 

0.01,) 

a) 

b) 
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Figure 32 Surface-dependent penetration of Polystyrene NPs (50 nm unmodified, 50 

nm, Aminated) into  HCT 116 spheroids. a) Accumulation of 50 nm unmodified, and 

aminated NPs across core, middle and rim regions of spheroids measured by the mean 

fluorescence intensity of nanoparticles after 4h incubation. b) Accumulation of 50 nm 

unmodified and aminated NPs across core, middle and rim region of spheroids 

measured by the mean fluorescence intensity of nanoparticles after 24h incubation. 

(****, ***, **, and * display p < 0.0001, p < 0.001, p < 0.01, and p < 0.05.) 

b) 

a) 
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5.3 Discussion  

 

Here, the effects of both size and surface characteristics of polystyrene 

nanoparticles on the penetration and cellular uptake in vitro in 3D spheroids 

were investigated. The results showed that smaller nanoparticles (30 nm and 50 

nm) showed greater penetration and accumulation in the core of HCT 116 

spheroids when compared to the larger (100 nm) nanoparticles. It was also 

observed that penetration of the smaller nanoparticles (50 nm) was strongly 

influenced by their surface characteristics.  

The results are consistent with the outcomes of previous in vivo and in vitro 

studies. 
 
Tung et al. compared the penetration abilities of 50 nm and 200 nm 

camptothecin-silica nanoparticle conjugates in murine tumour models in vivo 

and ex vivo and found higher penetration, accumulation and internalisation of 

the 50 nm nanoparticles in comparison to 200 nm particles that localised at the 

surface of tumours only. 
45

  These results suggest that the extracellular space 

together with ECM matrix acts to filter nanoparticles by size.  It has been 

suggested that smaller nanoparticles are capable of diffusing through pores 

between the collagen fibrils which have been measured to reach 20–40 nm in 

compact tumours and up to 75–130 nm in poorly organised tumours. 
49

 This 

theory has been supported by previous studies which found that improved 

penetration of several therapeutic systems in solid tumours was achieved after 

the disruption of the ECM by the use of protease enzymes, collagenase, 

hyaluronidase or drugs such as losartan. However, it is still not clear what the 

limiting factor to sufficient tumour accumulation is. For instance, a study done 
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by Huang et al. found that the maximum size for efficient penetration is 

approximately 15 nm for gold particles. Others also reported the difference in 

penetration capabilities between dendrimers with diameter 2 nm and 4 nm/ 7 

nm with the smallest showing better penetration than the 7 nm particle.
159

  On 

the other hand, our results, have demonstrated that particles up to 50 nm can 

successfully penetrate the tumour and are no different in penetration 

characteristics to 30nm NPs. 
45,97,160

 

This suggests that other mechanisms in addition to size play a crucial role in 

the penetration process of nanoparticles. Indeed, it was proposed that charged 

components of ECM restrict the diffusion of positively and negatively charged 

particles due to electrostatic attraction and binding.
 136

 Thus the influence  of 

the surface charge of the nanoparticles with the same size of 50 nm but 

different chemical groups, unmodified and carboxylated nanoparticles with 

negative surface charges and aminated, positively charged nanoparticles was 

investigated. The results showed that penetration of these particles was 

strongly dependent on surface characteristics: whereas slightly negative 

unmodified 50 nm nanoparticles were capable of penetration into the centre of 

the spheroid (>200 µm depth), the carboxylated, negatively charged NPs were 

incapable of penetrating further than one cell diameter from the rim. This 

exclusion from entering the spheroids by carboxylated NPs is probably due to 

negative electrostatic repulsion from the –ve components of ECM towards the 

negatively charged surface of the both the spheroid and the cell surfaces.
 134

 In 

the study both unmodified and carboxylated nanoparticles had the same zeta 

potential in the HEPES buffer (-32 mV)  and both became slightly negative -6 
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± 0.7 and -9 ± 0.8, respectively, in RPMI-1640 medium supplemented with 

FBS, conditions which were used for the studies. Despite similar characteristics 

shown by the zetasizer, the nanoparticles behaved very differently in the 

biological environment affecting their ability to penetrate and accumulate in 

the spheroids. This suggests that the type of the groups or perhaps charge 

density on the surface influence the way the nanoparticles interact with 

biological components. 
159

 

The aminated NPs achieved a higher uptake into cells than negative NPs, 

presumably due to interactions with negatively charged plasma membrane 

proteins on the cell surface.
30, 26 

However, their penetration through the tumour 

tissue was slow and limited to the outer cell layers of a spheroid, ~30-50 µm 

depth. This may be partly due to a binding effect with the negatively charged 

ECM components which hindered further diffusion. However, because of the 

increased cellular uptake of these positively charged NPs both in 2D and at the 

periphery of 3D culture, it may be that the uptake of NPs into cells provides the 

larger barrier to penetration of these particles further into the spheroid in much 

the same way as a binding site barrier operates for antitumour antibodies. 
161–

163
 These results suggest that these particles could deliver a high therapeutic 

dose to the most accessible cells, but that cells deeper within a tumour would 

receive subtherapeutic drug amounts. 

 Our study showed that smaller ~50 nm, near neutral NPs can penetrate easily 

into the core of spheroids thus systems with these characteristics would be a 

promising choice for cancer treatment.  
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While the present study gives us a good idea of the relative performance of 

different types of NPs, this is still a first step towards understanding how to 

develop useful delivery systems for tumours. Different tumours will have 

various combinations of host cells and tumour cells with different properties 

which are likely to affect both ECM and rates of endocytosis.   

 

 5.4 Conclusion: 

 

Well-characterised HCT 116 spheroids were taken as a model to compare the 

penetration of polystyrene nanosystems with different physicochemical 

characteristics. The results showed that unmodified polystyrene NPs (30 nm/50 

nm) were able to penetrate to the core of HCT 116 spheroids more efficiently 

than larger polystyrene NPs (100 nm). Further, penetration was also dependent 

on surface charge, while near neutral 50 nm NPs were able to penetrate freely 

into the core of spheroid, the negatively and positively charged 50 nm 

nanoparticles showed restricted diffusion. 

The results highlight the need to control physicochemical features of 

nanoparticles such as size and surface charge when designing nanomedicines in 

order to achieve the best delivery of therapeutic agents into tumours. 
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Chapter 6  Evaluation of penetration and uptake of 

experimental nanoparticles in HCT 116 spheroids 

 

6.1 Introduction 

 

An increasing number of nanosystems are being developed which vary 

considerably in their physicochemical properties. Although there is growing 

evidence indicating that the physiochemical properties of NPs such as size, 

charge and surface chemistry play a crucial role in their ability to penetrate 

through the ECM, the effect of these physicochemical properties on penetration 

and uptake in representative tumour models has not been examined 

systematically.  

Developing such understanding is crucial to aid the design of nanocarriers 

capable of sufficient accumulation in a tumour to optimise therapeutic 

performance.  

Herein experimental polymeric nanoparticles were employed based on poly 

(glycerol-adipate) (PGA) polymer (shown in Figure 33) which showed promise 

as a potential carrier of anticancer drugs.
99,102,

  PGA polymer has been found 

highly attractive for applications in biomimetic, pharmaceutical and biomedical 

fields as it is enzymatically biodegradable to natural metabolites. It is typically 

produced from divinyl adipate, and unprotected glycerol is yielding polymers 

with an average molecular weight of 12 kDa. The PGA is amorphous, insoluble 

in water and contains free hydroxyl groups in its backbone which can be easily 
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modified by esterification reaction with fatty acids to generate systems with 

varying degree of lipophilicity or hydrophobicity.
 34

  These unique properties 

made this polymer more desirable than widely used PLA and PCL materials 

which, due to high hydrophobicity and crystallinity, provide a slow rate of 

hydrolysis/degradability. 

 

 

 

 

 

 

 

PGA has been investigated for use in the production of NPs and showed it was 

capable of self-assembly into NPs and were very efficient at entrapping drugs 

of different polarity. 
34,165 

Further, it can be easily tuned to generate systems 

with improved drug loading and slow drug release. PGA thus offers 

opportunities for delivery of many drugs.  

In this study, NPs from unsubstituted PGA polymer and PGA modified with 

C18 groups (stearoyl, C18 chain), as well as PEG, were prepared and evaluated 

in colorectal cancer spheroids. By employing these systems, we aimed to 

answer important questions about how the changes to physicochemical 

properties of PGA such as increased hydrophobicity and rigidity will affect the 

Figure 33 Structure of poly(glycerol adipate backbone. 
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penetration kinetics and distribution of those NPs in spheroids. We also aimed 

to investigate how the addition of PEG group to their surface might influence 

the penetration, localization and uptake of these NPs.  

 

 6.2 Results 

 

NPs were prepared from unmodified PGA, PGA substituted with a PEG group, 

PGA modified with C18 groups and PGA modified with C18 and a PEG 

groups via solvent displacement method.  These NPs were loaded with 

Rhodamine B Isothiocyanate (RBITC) as a fluorescent marker. RBITC was 

chosen as previous research by our group showed it provided higher dye 

loading in comparison to other dye Rhodamine B (RB) as well as produced 

NPs of a more consistent size. The encapsulated RBITC, also reacts with the 

polymer terminal carboxyl groups to ensure that the label is not easily lost from 

the polymer. Detailed characterization of the polymers and NPs can be found 

in the references.
34,165 

 

6.2.1 Size and Zeta potential of PGAs Nanoparticles 

 

Zetasizer Nano was used to measure the mean hydrodynamic diameter and 

polydispersity index (PDI) of the NPs in DI water and in the cell culture media 

(RPMI + 10% FBS). The results are shown in Table 6. The mean size of PGA 

and PGA –PEG NPs was 109 nm and 107 nm and for PGA-C18 and PGA –
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C18-PEG NPs, 114 nm and 117 nm respectively when measured in DI water. 

The PDI was quite broad for unPEGylated NPS PGA and PGA-C18, 0.22 and 

0.25 respectively; however when the system was PEGylated, much narrower 

PDI was achieved, 0.04 for PGA and 0.11 for PGA-C18 NPs.  This is expected 

as PEGylation is known to facilitate the formation of more regular NPs with 

less aggregation. The mean size diameter, as well as PDI, increased when the 

measurements were performed in the cell culture media. The unsubstituted 

PGA NPs had the smallest mean size with 115 nm and PDI of 0.23 and PGA –

C18 NPs showed the highest increase in size, with an average diameter of 154 

nm and much higher PDI of 0.57, indicating possible aggregation or protein 

adsorption to the surface of these NPs. Both formulations substituted with PEG 

reached the size of 134 nm and PDI of 0.25-0.3 when measured in the cell 

culture media.  

 Zeta potential of nanoparticles is presented in Table 7. All formulations tested 

showed negative zeta potential, ranging between -30 to -35 mV when measured 

in HEPES buffer. However, when measurements were performed in RPMI 

media with FBS, the value dropped to ~ -10 mV for all formulations, 

confirming protein adsorption.  
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Table 6 Size of PGA NPs in different media.
 

 

 

 

 

 

 

 

Table 7 Zeta Potential of PGA NPs in different media. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.  

 DI water RPMI+FBS 

Sample Z-Ave 

(d.nm) 

PDI Z-Ave 

(d.nm) 

PDI 

PGA  109 0.22 115 0.23 

PGA- PEG 107 0.04 134 0.30 

PGA- C18  114 0.25 154 0.57 

PGA-C18-PEG  117 0.11 134 0.25 

Table 7.   

 HEPES RPMI+FBS 

Sample ZP (mV) ZP (mV) 

PGA  -30 -12 

PGA- PEG -30 -10 

PGA- C18  -35 -10 

PGA-C18-PEG  -32 -12 
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6.2.2 Cytotoxicity of PGAs NPS in HCT 116 cells 

 

Cytotoxicity of the NPs in HCT- 116 monolayer culture was assessed after 24 

incubation, Figure 34. The 24h time point was chosen as it was representative 

of the longest time point used in the penetration/ uptake study by flow 

cytometry. HCT 116 cells were incubated with varying concentration of NPs 

(10 – 125 µg/ml); Alamar Blue was used to assess toxicity to cells. All the 

formulations were found nontoxic to the HCT 116 cells after a 24h incubation 

period at concentrations up to 125 µg/ml.  

 

 

 

 

Figure 34 Cytotoxicity of  PGA nanoparticles (PGA, PGA- PEG, PGA -C18, PGA- 

C18-PEG) in HCT 116 monolayer cells after 24h incubation with different 

concentrations (10 – 125 µg/ml) of PGA NPs.  
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6.2.3 Fluorescence difference between PGA formulations. 

 

Levels of RBITC fluorescence per PGA system were analysed using a 

fluorometer Figure 35. The result showed that despite an equal amount of 

RBITC utilized in the preparation of these systems, the fluorescence levels 

varied considerably between NPs. The PGA-PEG was the brightest of all 

systems followed by PGA NPS which had a slightly lower level of 

fluorescence. The fluorescence levels of PGA-C18-PEG and PGA–C18 

however, were considerably lower (1.5 and 2.7 fold difference) highlighting 

the importance of normalising data when studying cell uptake based on the 

fluorescence levels of NPs.  

 

  

 

Figure 35 Fluorescence levels per  PGAs nanoparticles (PGA, PGA- PEG, PGA -C18, 

PGA- C18-PEG)  at 75 µg/ ml measured by a fluorometer. 
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6.2.4 Concentration-dependent uptake of NPs in HCT 116 monolayer cells  

 

Cell uptake of NPs after 2h incubation time in HCT- 116 monolayer cells was 

assessed by fluorescence microscopy (Figure 36). Different NPS 

concentrations varying from 10 -125 µg/ ml were employed to evaluate 

whether all formulations could be detected in the HCT 116 cells after 2h 

incubation which represents the shortest incubation time used in the penetration 

study. As seen in Figure 36, the fluorescence in the cells became brighter with 

an increase of NPs concentration. Further, the fluorescence levels of PGA–

C18–PEG NPs appeared much higher at a concentration of 25 µg/ml when 

compared to other systems which were not yet visible within the cells. This 

indicates these NPs have a greater ability to accumulate in the HCT 116 cells 

than other formulation tested.  At a higher concentration (75 µg / ml), however, 

the fluorescence of all the NPs was detected in the cells, and it became even 

brighter at 125 µg/ ml. The concentration of 75 µg/ml was chosen for the 

penetration study in 3D spheroids since this concentration provided sufficient 

fluorescence for detection of all four formulations at 2 h incubation. At a 

higher concentration (125 µg/ ml) the cells seemed to be overloaded with 

fluorescence. Furthermore, it should be noted a different appearance of PGA 

and PGA–PEG NPs across the cells in comparison with PGA-C18 and PGA-

C18-PEG. In the images of the former, distinct spots of the high level of 

fluorescence can be observed close to the nucleus; however, the fluorescence 

seems to diffuse more evenly across the cytoplasm of the cells in the case of 

the latter NPs. This may indicate the different route of uptake of NPs and/ or 
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different localization of these NPs in HCT 116 cells; however, this needs 

further evaluation. 

 

Figure 36 Concentration-dependent cellular uptake of  PGA, PGA- PEG, PGA -C18, 

PGA- C18-PEG nanoparticles in HCT 116 cells.  Fluorescence images of HCT 116 

monolayer cells exposed to different concentrations of PGA, PGA-PEG, PGA-C18 

and PGA-C18-PEG nanoparticles for 2 hours. Red= NPs, blue=DAPI (nucleus). 

Scale bar 100 µm.; 

 

6.2.5 Time-dependent penetration of NPs in HCT 116 spheroids 

 

Penetration abilities of all PGA systems were investigated with time over 24 h 

periods using FACS/Hoechst method. Fluorescence of NPs was from the 

RBITC dye. Previous research from our lab investigated the contribution of 
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free RBITC to the results from PGA NPs study and showed that the 

contribution of RBITC to the overall MFI was very low and accounted for 1% 

of overall intracellular fluorescence intensity, therefore assuring the MFI 

detected was from RBITC labelled NPs.
117

 

Fast penetration of unmodified PGA NPs was observed with 80% cell 

association detected after 2h incubation. The cell association further increased 

to 90% after 4h and NPs reached all the cells in spheroids (~100%) after 6h 

incubation. In comparison, PGA-C18 NPs reached only 30% of all cells after 

2h incubation after that the percentage of cell uptake increased slowly over 

time until it reached  60% of cells after 6h incubation and ~90 % of cells after 

24h incubation. The results indicate that substitution of the PGA system with 

C18 group significantly slowed the penetration abilities of these NPs. Further, 

the addition of a PEG group to both PGA and PGA-C18 systems on their 

penetration kinetics was evaluated. As presented in Figure 37 the penetration 

profile of PGA-PEG NPs does not differ from the profile of unsubstituted PGA 

NPs. The modification of the PGA-C18 NPs with the PEG group, however, 

lead to significant improvement in the penetration (>3 fold increase) of these 

NPs. The PEGylated PGA-C18 NPs exhibited the same penetration profile as 

the unmodified PGA or PEGylated PGA NPs.  

Further, the distribution and accumulation of all PGA formulations across rim, 

middle and core regions of HCT 116 spheroids were studied. Figures 38 a, b 

and c show the percentage of cell association with NPs in different regions of 

spheroids after 4h and 24h period. While PGA, PGA-PEG and PGA-C18-PEG 

reached ~90% cells in the core of spheroids after 4h incubation, the PGA-C18 
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reached less than 20 % cells in the core. Further, this formulation only reached 

40% of the cells in the middle part of spheroids. Figure 38e also shows that 

accumulation across spheroid was uneven after shorter incubation time (4h), 

for all these systems. Despite reaching all the cells in the core of spheroid, a 

lower level of fluorescence in the core than at the periphery of spheroids was 

observed.  

Figure 38d and f, reveals that all NPs continued to accumulate over a period of 

24h, and achieved more uniform distribution and significantly higher uptake  

across the core, middle and rim of the spheroid. After 24h incubation, PGA-

C18 NPs also reached > 90 % of cells in the core of spheroid.  It should also be 

noted that the cellular uptake of PEGylated PGA-C18 NPs was much higher 

across the spheroid in comparison with all other PGA nanoparticles after 4h 

and 24h incubation.  
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Figure 37 Time-dependent penetration of NPs (PGA, PGA- PEG, PGA -C18, PGA- 

C18-PEG) in HCT 116 spheroids by FACS/Hoechst method. a) PGA and PGA- PEG 

b) PGA-C18 and PGA-C18-PEG NPs. Concentration of NPs= 75µg/ml.  (**** 

display p < 0.0001). 

a) 
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Figure 38 Distribution of PGA NPs  (PGA, PGA- PEG, PGA -C18, PGA- C18-PEG) 

in  HCT 116 spheroids across core, middle and rim by FACS/Hoechst method. a) 

FACS dot plots showing penetration profile of  PGA NPs after 4 and b) 24h; c) 

Distribution of PGA NPs in spheroids across core, middle and rim after 4h and e) 

24h. d) Accumulation of PGA nanoparticles in HCT 116 spheroids measured by mean 

fluorescence intensity of nanoparticles after 4h (e) and 24h (f) incubation. 

Concentration of NPs= 75µg/ml; MFI normalized; (****, **, and * display p < 

0.0001, p < 0.01, and p < 0.05, respectively). 

 

 

 6.3 Discussion 

 

As highlighted in chapter 4, there is a need for novel anti-cancer delivery 

systems that are tumour-specific and cell-specific and capable of accessing all 

the cells in a tumour.  Many systems have been developed and characterised in  

the literature which showed potential as drug carriers; however, they vary  

f) 
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greatly in their physicochemical properties and their abilities to penetrate a 

tumour is often not well-studied and poorly understood.  

PGA NPs are gaining interest due to advantages such as high drug loading and 

sustained release of the encapsulated therapeutic agent over a longer time 

period.
166,34

 The easily tuneable hydrophobic/hydrophilic properties make this 

polymer very attractive for drug delivery application. However, little is known 

about penetration, distribution and uptake behaviour of PGA nanoparticles in a 

tumour. Unsubstituted PGA NPs and its modified formulations with C18 and 

PEG groups were prepared to evaluate the influence of these changes on the 

diffusion and accumulation in 3D colorectal cancer spheroids. We hoped to 

develop a greater insight into features that enhance or decrease the ability of 

these systems to deliver drugs deep into the tumour tissue.  

NPs were prepared by the solvent displacement method and were characterised 

by size and charge via Zetasizer Nano. The results showed that all formulations 

had a comparable mean diameter in a range from 107-119 nm when measured 

in water and in a range of 115-154 nm when measured under the experimental 

conditions, in RPMI media with FBS. The sizes corresponded well with the 

previous observations recorded by others. 
34,165,167 

Meng et al. measured the 

considerably larger mean diameter of  PGA-C18 NPs of 176 nm.
117

 This 

discrepancy could be a result of variability in the preparation method such as 

polymer concentration, the rate of stirring or rate of polymer addition to the 

aqueous phase. 

The PDI under the experimental condition was quite broad for unPEGylated 

PGA NPs (0.25) and even broader for PGA-C18 NPs, (0.54), which indicate 
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protein adsorption and possibly aggregation. However, once PEG was added 

more stable formulation was obtained with a considerably narrower PDI (0.04 

and 0.11 for PGA-PEG and PGA-C18-PEG respectively). 

All NPs had a strongly negative zeta potential in HEPES buffer which became 

less negative/ near neutral in the culture media suggesting protein adsorption to 

the surface of these systems under the experimental condition. The negative 

charge of the particles is thought to arise from free terminal Carboxyl terminal 

groups of the polymer backbone. 
166

    

Further, all formulations were found to be non-toxic to HCT- 116 cells after 

24h incubation which is consistent with previous reports done in HL-60 and 

HePG2 cell lines. 
166

 

In this study, 3D HCT 116 spheroid and the FACS /Hoechst method were 

employed to investigate the ability of all the formulated PGA NPs to penetrate 

through the tissue.  The results showed that unmodified PGA NPs were able to 

penetrate to the core of the spheroids already after 2h incubation, reaching 90 

% of the cell. However, when this system was modified with the C18 group, 

the NPs showed significantly slower penetration into spheroids and restricted 

distribution across middle, core and rim regions of spheroids. The size and 

charge of those two type NPs were comparable which indicates that other 

physicochemical features influenced the behaviour of these NPs. By modifying 

the PGA via partial esterification of the pendant hydroxyl group with the acid 

chloride of fatty acids, a material with very different characteristics was 

produced, which may explain the observed results. It was found that contact 

angle of PGA increased with increased substitution and length of acyl chains 
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indicating more hydrophobic character. Further, PGA substituted with C18 

groups resulted in a semi-crystalline nature.
 34, 165

 Mackenzie R. et al. found 

that when the polymer is used for NPs formulation, the C18 groups arrange 

themselves towards the inside of the nanoparticle shell.
168

 This indicates that 

the hydrophobicity on the surface of nanoparticles should not be affected to a 

great extent. We thus hypothesise that differences in flexibility of these 

nanosystems could be responsible for their altered penetration behaviour. The 

unsubstituted PGA polymer has a glass temperature transition (Tg) much 

below the room temperature (Tg -30), thus at a body temperature, it exists in its 

rubbery state, it is soft and flexible. It was suggested that when it is used for the 

production of NPs, the polymer forms soft and flexible nanosystems.
 34

 

However, an increase of substitution of PGA with C18 groups was shown to 

increase the Tg values due to a higher fatty acid chain interaction and high 

steric hindrance amongst polymer chains. This lead to the higher rigidity of 

NPs produced. In the previous chapter, model polystyrene NPs of comparable 

size, ~ 100 nm, were also investigated and it was observed that their 

penetration was restricted to only 20 % of the cell at the periphery of 

spheroids.
34 

Polystyrene is a hard plastic which has a Tg well above the room 

temperature, (~ 90 °C). This means that at the body temperature this material is 

in its glassy state thus forms hard and rigid NPs. Thus the slower penetration 

abilities of PGA-C18 NPs and polystyrene NPs could be a result of lower 

flexibility in comparison to unsubstituted PGA NPs. Perhaps more flexible 

PGA systems are capable of squeezing through restricted spaces between the 

ECM fibres providing more efficient diffusion than the rigid NPs which end up 

being trapped in the ECM pores restricting their further diffusion. This theory 
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is in agreement with the observations done in 2 % agarose gel where semi-

flexible macromolecules were able to penetrate more efficiently through the gel 

than rigid spherical systems of the same hydrodynamic radius. 
26,46,169,170

 

Furthermore, an addition of PEG group to PGA systems was investigated. PEG 

is a hydrophilic and neutral molecule. It is often attached to the surface of 

liposomes and NPs to shield their surface charges making them more neutral. 

This prevents interactions of these systems with blood proteins, opsonins and 

macrophages allowing for a longer circulation time. 
9,20,171,172  

By adding the PEG to unsubstituted PGA and PGA-C18 NPs, it was found 

they were capable of efficient penetration into the core of spheroids within a 

short time frame (2-6h) and continued to accumulate until 24h. The addition of 

PEG to PGA-C18 system significantly improved the penetration and 

accumulation of the system in spheroids. The PDI results showed that addition 

of PEG, lead to the production of more stable NPs with much narrower PDI 

distribution which could influence the penetration of nanoparticles.  Further, 

the addition of PEG to the surface of nanosystems is thought to reduce 

electrostatic interactions with ECM components thereby improving their 

diffusion. 
47,67,172 

This suggests that by adding the PEG groups onto the 

negative surface of unPEGylated PGA–C18 NPs the surface charges were 

shielded which resulted in improved penetration capabilities. This is in 

agreement with previous studies which investigated the effect of the addition of 

PEG to charged nanoparticles in different ECM matrices and in mucus and 

found their improved penetration.
 67,173 

Addition of PEG to NPs > 100 nm was 

also shown to facilitate diffusion in brain extracellular space. 
47,174 
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Furthermore, it should be noted that significantly higher cell uptake was 

achieved with PGA-C18–PEG NPs in cells than in the case of unsubstituted 

PGA, PGA-C18 and PGA- PEG. This was shown by increased fluorescence 

levels after 2h incubation in monolayer cells in Figure 36 as well as in 

spheroids study in Figure 38. This is somewhat surprising as typically 

PEGylation was shown to lower cell uptake as a result of reduced interactions 

with the cell surface. Perhaps this mechanism is dependent on the density and 

Mw of PEG groups on the NPS surface; Different density and MW of PEG 

may also be a key in achieving the maximal penetration into a tumour; 

however, this was not investigated in this research. 
67

 

 

 6.4 Conclusions 

 

Here the abilities of experimental NPs to penetrate through spheroids were 

investigated. PGA based NPs were employed, and their properties modified by 

the addition of fatty acid chains and /or PEG to evaluate the effect of these 

changes on the penetration and uptake in 3D cell culture model. 

The results highlight that a careful balance of physicochemical properties needs 

to be achieved when designing nanosystems in order to allow for good 

penetration as well as high accumulation in tumour cells. The study also shows 

that rigidity of material used for the production of NPs might play a crucial role 

in the development of successful drug delivery system for tumour application. 

While softer unsubstituted PGA NPs of > 100 nm were able to penetrate easily 
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through the HCT 116 spheroid, the more rigid PGA- C18 NPs showed slower 

penetration. Furthermore, the positive influence of PEGylation of NPs on 

penetration through spheroids was demonstrated. 

The results highlight the importance of testing the NPs for their tumour 

diffusion capabilities in the early stages of the development process in order to 

develop the design with optimal features. 
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Chapter 7 Summary and future perspectives  

 

Limited penetration and poor spatial distribution of drugs throughout solid 

tumours represent a significant barrier to their anticancer efficacy. As seen in 

this study certain drugs and nanosystems show poor diffusion and distribution 

throughout spheroids. This may impair their effectiveness in a tumour as they 

may localise in the regions close to blood vessels, leaving large regions of a 

tumour untreated. This can lead to cancer regrowth and progression. The 

knowledge of the features of nanoparticles that affect penetration and 

distribution in tissue is thus paramount for the design of improved anticancer 

drug delivery systems. 

The pharmacokinetic properties of drugs and nanodelivery systems are 

evaluated in early-development phase using animal models. This allows the 

determination of important parameters such as the volume of distribution, 

plasma half-life and clearance from the body. However, tests performed in 

these models provide limited information about the behaviour of therapeutics 

after they access a tumour. Therefore information about how well these 

systems diffuse, distribute and localise in a tumour space is not readily 

accessible. The failure to account for this problem in the in vivo assessment 

may lead to the poor prediction of drug efficiency since a drug can show higher 

concentration in a tumour on average than in normal tissues, but due to poor 

penetration, only small percentage of cells close to blood vessels will be 

exposed to a cytotoxic concentration.
175

 A rapid and easy in vitro cell screening 

assay would aid the process of testing for penetration and distribution of 
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systems in a tumour and allow adjustment of the properties of NPs to achieve 

optimal delivery of the drug into a tumour. 

In this study, 3D colorectal cancer models were optimised and characterised at 

different stages of their growth. Our results showed that development of 

pathological features such as necrotic core and hypoxia were dependent on 

seeding cell density and time in culture. A well-defined 3D HCT 116 model at 

day 3 in culture with an average diameter of 440 µm and no hypoxia nor 

necrotic core present was employed for in vitro evaluation of diffusion of drug 

and nanoparticles. The quantitative in vitro method using Flow cytometry in 

combination with Hoechst dye was optimised for assessing drug delivery 

systems in the 3D model. The method was shown to be robust and highly 

sensitive.  

To develop a better understanding of the features affecting tissue penetration a 

series of model polystyrene nanoparticles were investigated with different sizes 

and surface chemistries.  

Our results showed that the size of the nanoparticles is important in achieving 

good diffusion in tumours. While 100 nm near neutral polystyrene NPs could 

not penetrate through spheroids, 50 nm and 30 nm near neutral NPs showed 

good penetration. This is in agreement with the reports in the literature which 

suggested that when the diameter of NPs starts to exceed ECM pore size, its 

diffusion becomes slower. For instance, penetration of particles larger than 60 

nm in diameter was showed to have a hindered diffusion through the collagen 

matrix. 
46,64,66,143,169
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 The results also showed that when the surface charge of these smaller particles 

(50 nm) was changed to positive or negative, their penetration became 

significantly slower or restricted. This shows that even if the nanoparticle size 

lies below the ECM pore sizes, the penetration may still be limited due to 

electrostatic interactions of charged NPs with ECM. 

 It needs also be noted that nanoparticle surface charge is known to influence 

cell uptake which is also essential for therapeutic activity.
176

. Various 

nanosystems have been used to study these interactions, and it has been seen 

that positively charged particles, in general, show higher uptake into cells than 

negatively charged nanoparticles.
176–179

 This was observed in the study done by 

Yameen et al., who investigated nanoparticles of approximately the same 

particle size but with different surface charge (ranging from ~ –25 mV to +30 

mV) and showed that the positively charged nanoparticles exhibited a high 

accumulation in the mitochondria of human cervical cancer (HeLa) cell than 

negatively charged NPs.
177

 It has been hypothesised that this is a result of 

increased interaction between the positively charged nanoparticles and 

negatively charged cell surface that enhances the nanoparticles internalisation 

into cells via endocytosis. 
157,176,180

 Further, positively charged NPs have also 

been showed to be internalised more rapidly than the than the neutral NPs or 

PEGylated NPs which have reduced electrostatic interactions with the cell 

membrane. 
178,179

 This suggests that the requirements for rapid and effective 

endocytosis into cells, i.e. positive surface charge are in conflict with the 

requirements for improved penetration through interstitial space, i.e., near 

neutral surface charge. This implies that the surface chemistry must be 
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carefully adjusted to achieve improved penetration into a tumour as well as 

high uptake into cells. 

Doxorubicin drug was also studied in the 3D model via Flow/ Hoechst method. 

It was found that its penetration was slow and time-dependent. The results 

imply that Dox given at clinically relevant dose would not be able to gain 

sufficient access to all the cells in a tumour for a full therapeutic effect. It was 

also observed that commercially available liposomal formulation of Dox- 

Doxil did not improve accumulation of Dox in spheroids after 24h incubation.  

Another matter that requires more in-depth investigation is the observed 

limited diffusion of small anticancer drug Dox, but a good movement of much 

larger 50 nm rigid polystyrene nanoparticles.  

This is somewhat surprising as diffusion was shown to be inversely 

proportional to molecular weight which suggests that larger nanoparticles 

would diffuse much more slowly than low molecular weight drugs. 
47

 

The tumour ECM consists of a highly interconnected network of collagen 

fibres, proteoglycans and GAGs. Penetration of drugs through tissue is 

believed to be largely through the ECM, and it will be dependent on factors 

such as metabolism of the drugs, and on binding to cells and tissue 

components.
 137, 61

  Laurent et al. explained this behaviour in terms of a sieving 

mechanism based on the behaviour of globular proteins in hyaluronate 

solutions and sulphated proteoglycans. It was proposed that protein molecules 

act as if they are enclosed in ―holes ―in the network from which they cannot 

escape because of steric restriction. Ogston and co-workers proposed that the 
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diffusion acts as a random process in which the particles move by unit 

displacements and in which the decreased diffusion rate in a polymer network 

is dependent on the probability that a particle finds a ―hole‖ in the network into 

which it can move. They compared the interstitial space to a chromatographic 

column as they observed that large molecules appear to equilibrate in the tissue 

faster than smaller ones.
65,66,181,182

 Our results showing longer accumulation of 

smaller drug molecules in comparison to larger NPs which penetrated and 

accumulated in cells across spheroid much faster fits well with these theories. 

Furthermore, it was proposed that liposomes of larger size and near neutral 

surface chemistry have decreased interactions with surrounding cells and ECM, 

and their movement is mediated by convection. 
147

 In a later study, Jain et al. 

also suggested that small molecules travel by diffusion which is very restricted 

through the interstitial space; however, larger molecules (up to ECM pore size) 

can take advantage of movement by convection.
26

 This implies that 

nanosystems with small enough diameter and rightly adjusted surface charge, 

could penetrate into a tumour easily and be retained there over time. This 

means they could deliver uniform drug payload into all cells across spheroid/ 

tumour, unlike a free drug which diffusion was slow and delivery of a drug 

would be restricted to the cells close to blood vessels.  

Further, in the study, a series of novel biodegradable PGA polymers were 

synthesised with the aim of investigating a promising, new, realistic system in 

3D spheroids. Penetration abilities through spheroids of PGA NPs with 

different modifications were studied. Our results showed that despite the larger 

size of ~100 nm, PGA NPs penetrated to the core of spheroids effectively; 
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unlike polystyrene model nanoparticles of comparable size (100 nm). We 

propose that this greater ability of these systems to penetrate through spheroids 

is due to a softer, more flexible polymer used in their formulation. With the Tg 

of PGA being -37, they are thought to be much more like an emulsion and 

produce viscous liquid-like NPs. It has been shown that linear or more flexible 

molecules are better at diffusion through ECM than globular systems with a 

similar hydrodynamic radius.
169

 

Modifications of the surface of nanoparticles by adding hydrophilic PEG is 

often employed in the design of nanosystems as it was showed to decrease 

clearance by the MPS/ RES system.
20,183

 In the present work, the effect of PEG 

on the penetration of PGA- NPs through spheroids was investigated. Our 

results showed that addition of PEG to PGA-C18 NPs significantly improved 

its delivery to the core of spheroids. While it is likely that shielding the NPs 

surface prevents its interactions with ECM and cell components, PGA-C18 is 

more rigid than PGA, and PEGylation of this polymer reduces the rigidity, and 

this may also have some impact on penetration. Further, it was observed these 

systems provided higher cell uptake than the unPEGylated NPs which is 

contradictory with the reports by others. 
67,184

 This discrepancy could be a 

result of different PEG density and length on the surface used in the studies. In 

this study PEG 2000 was evaluated using PGA; however, this may be relevant 

exclusively for these NPs and evaluating varying lengths and densities of PEG 

on the surface of various systems may be necessary for researchers to optimise 

particle penetration and uptake capabilities.
67

 This can also be related to the 

rigidity of the system or type of cell line used. 
9
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The findings of this study highlight that tissue penetration of drugs and 

nanodrug delivery systems is challenging and should not be underestimated in 

the development of new anticancer treatments. Improved tissue penetration 

would be one of many parameters that novel drug delivery systems should 

account for.  

With previous reports of advantages of PGA systems such as possibilities of 

enhanced drug loading and slow release this data further highlights the 

potential of PGA NPs as antitumor delivery systems.  The finding also implies 

that more flexible systems could be more advantageous for drug delivery into a 

tumour.  

Developing the system capable of easy penetration and uniform drug delivery 

to cells would lead to a reduction in systemic toxicity as lower blood drug 

levels would be required to achieve maximum response. Fast and more even 

delivery of a drug into cells across a whole tumour would also mean that all 

cells would be exposed to equal therapeutic levels of the drug for a longer time, 

which could reduce the effects of the lower S-phase fraction often observed 

during treatment in a tumour. 
52

  

However, in the design of nanoparticles, one must remember that the system 

encounters other barriers in vivo that need to be accounted for.  The hydrophilic 

surface is required to reduce opsonisation reactions and clearance by MPS. 
14

 

The nanoformulation should also be small enough to allow for extravasation 

through blood vessels and tumour interstitial ECM. 
20

  However, not too small, 

as some studies demonstrated that PEG-b-PCL micelles with diameters in the 

range of 15–25 nm have shorter circulation half-lives and are susceptible to 
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more rapid clearance relative to 60 nm micelles.
73

 Smaller micelles (15 nm) 

were also showed to have limited retention in HeLa and HT29 tumours. 
73

 The 

optimal drug delivery systems thus should be large enough to avoid this 

mechanism but small enough to allow for good delivery of drug payload into a 

tumour. Larger carrier size is also beneficial for incorporating higher amounts 

of drug per particle. 

Treatments combined with ECM degrading enzymes to influence the 

penetration of NPS have also been explored.
185,186

  Further, the innovative idea 

of multistage NPs was also proposed whereby large 100-nm particles are 

designed to enable passage via EPR effect but once inside the tumour 

environment the system can release 10-nm particles to enhance the interstitial 

diffusion. 
47

 

Our results suggest that NPs of ~ 50 nm or larger but more flexible NPs with 

near neutral surface charge or coated with PEG may be more beneficial for 

anticancer drug delivery application.  

While the findings give us insights into parameters that can positively or 

negatively impact the ability of nanosystems to penetrate a tumour, more 

importantly, they highlight the need to screen the systems for their ability to 

diffuse and accumulate in a tumour at an early stage in their development 

process. It is clear that a careful balance of physicochemical features needs to 

be achieved to design nanosystems with optimal performance. 
162

  

The in vitro method using 3D spheroids and Flow cytometry combined with 

Hoechst allow for robust quantitative analysis of NPs and could be readily 
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employed in vitro during design and development of novel anticancer nano 

drug carriers. 
1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

170 

 

Chapter 8 Future steps 

 

While the present study gives us a good idea of the relative performance of 

different types of NPs, this is still a first step towards understanding how to 

develop useful delivery systems for a tumour.  

Evaluating more nanoparticles made of different materials, of varying size, 

shape and with different targeting ligands using our FACS screening system 

would further enhance the understanding of optimal characteristics of 

nanoparticles necessary to effectively deliver an anticancer drug into a tumour.  

Further, our 3D cell culture models used in the study are made of relatively 

homogenous cell populations whereas in a tumour more heterogeneous 

environment is found. A tumour has various combinations of host cells and 

tumour cells which vary in their properties.  These are likely to affect both 

ECM and rates of endocytosis which can impact on uptake and penetration of 

anticancer nanosystems. Developing different realistic co-culture models with 

tumour cells and in combination with host cells, e.g. fibroblasts and/or immune 

cells and using them to perform penetration studies of the nanosystems would 

further enhance the picture of how NPs penetrate through tumours. 

Additionally, such models could potentially be used to study different 

signalling pathways and interactions in a tumour such as autocrine and 

paracrine interactions as well as to look for new targets for anticancer drugs. 

It would also be advantageous to repeat the NPs penetration experiments in an 

animal model in vivo. This would allow us to confirm whether the same trend 
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was achieved in vivo as seen in our 3D spheroids thus help to validate the 

predictive capabilities of our in vitro model.  

Also, future research on the influence of spheroid microenvironment such as 

hypoxia, proliferative gradients or necrosis on the penetration and uptake of 

NPs and anticancer drugs would be advantageous. The 3D models with specific 

characteristics can be selected from our library of well-characterised colorectal 

models described in chapter 3 and used to perform such studies. These models 

could be an invaluable tool for developing and testing new cancer therapies in 

vitro.  

In the future, developing methods that incorporate the angiogenesis process in 

the spheroids would undoubtedly better mimic a real tumour and thus allow for 

more meaningful data to be generated early in the drug discovery phase. 

Developing such advanced 3D models would fast-track drug screening 

hopefully, yielding more effective and less toxic anticancer drugs and 

nanodrug delivery systems as future therapies. 
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APENDIX I 

Size distribution graphs of PGA NPS in DI water. 
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Size distribution graphs of PGA NPS in RPMI 1640 with FBS. 
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