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CHAPTER 1: INTRODUCTION AND AIM OF THIS THESIS 
 

The use of nanotechnology in medicine is rapidly developing and has led to 

advancement in how we treat and diagnose several diseases.(1) However, with the 

application of nanomaterials in medicine also comes the need to understand and 

control their interaction with biological systems, not only to better tune the functions of 

the nanomaterials, but also for their safe application. Many studies have explored the 

properties of nanomaterials in drug delivery,(2–5) theranostic nanomedicine,(6–8) 

antibacterial platforms(9–12), and techniques for imaging(13–15) and biosensing.(16–

18) Nanomaterials display a remarkable versatility in their physicochemical properties, 

including size, surface charge, surface chemistry, shape and composition. Tailoring 

each of these properties affects how nanoparticles (NPs) interact with their 

environment, which affects their in vivo biodistribution, and delivery efficiency. To 

facilitate a more successful translation towards the clinic, the interaction of 

nanomaterials with cells or tissues needs to be better understood. Studies should not 

only be performed on the interaction of the materials with cells at the target site but 

also consider the passage of several biological barriers ranging from absorption, 

distribution, metabolism to excretion (ADME), which all influence NP performance at 

the target site.(19–21) This thesis sheds more light on controlled drug release using 

nanomaterials and on the interactions of these nanomaterials with cells and biological 

barriers, which has an impact on the field of nanomedicine and helps to better design 

new drug delivery approaches. Our findings and insights are discussed in four 

experimental chapters in which the interaction between nanomaterials and cells is 

investigated and a new on-demand nano-delivery system with controllable release is 

presented. First, a short overview is provided on the various topics that this thesis 

addresses. 

 

1.1 NANOPARTICLES IN MEDICINE 
 
 The application of nanotherapeutics in medicine is advantageous in many 

aspects e.g. reduction of drug toxicity, prolonged blood half-life, carrier for hydrophobic 

drugs which improves bioavailability and, targetability. Reduction of drug toxicity 

combined with a similar efficacy compared to free doxorubicin (Dox) greatly motivated 

the approval for clinical use of Doxil®, a liposomal formulation of Dox and the first 
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approved nanotherapeutic.(22) The suggested mechanisms of action of the anti-

cancer agent Dox are intercalation with nucleotide bases with inhibition of 

topoisomerase II and reactive oxygen species (ROS) production, where oxidative 

stress damage to monocytes is associated to cardiotoxicity.(23) Loading of Dox in 

nanosized liposomes showed a decrease in the cardiotoxicity compared to the free 

agent due to an enhanced accumulation at the tumor site due to the enhanced 

permeation and retention effect (EPR effect), which allows for a lower drug dose.(24) 

Initially approved for the treatment of AIDS-related Kaposi's sarcoma in 1995, Dox 

loaded liposomes benefits were also observed in the treatment of other cancers, 

leading to approval for recurrent ovarian cancer (1998) and metastatic breast cancer 

(2003) therapy.(22,25) After the success of Doxil®, many other nanodelivery systems 

have been developed of which (only) some have reached clinical use. Examples of 

nanodelivery systems are liposomes, polymeric NPs, nanocrystals, inorganic NPs, 

micelles and protein NPs.(26,27) 

 The benefits of nanotherapeutics are essentially determined by their different 

pharmacokinetics (PK) and pharmacodynamics (PD) compared to the PK and PD of 

free therapeutic agents. PK concerns the movement of the therapeutic agent within an 

organism, while PD refers to the organism’s biological response to the therapeutic 

agent. Tuning NPs characteristics such as size,(28–30) surface chemistry,(4,20,31,32) 

adhesion(33,34) and stiffness(35–40) also affect their PK and PD. To better 

understand how the NPs’ properties affect PD and PK, NP-cell interactions need to be 

studied.   

 

Nanogels 
 

To evaluate stiffness influences of NPs within the field of nanomedicine, 

nanogels (NGs) are an interesting class of nanomaterials. Composed of a polymeric 

network, NGs are deformable and in many instances capable of changing between a 

collapsed (dehydrated) and swollen (hydrated) state triggered by an external stimulus, 

e.g., pH- or temperature.(41) When collapsed, NGs stiffness increases and they 

behave similar to a hard particle. In the swollen state, NGs become softer under good 

solvent conditions, in which the solvent can account for about 85% of the nanogel 

volume.(41,42) Additionally, the stiffness and deformability of hydrogels and nanogels 

are tunable due to variations in cross-linking density. Poly-isopropylacrylamide-based 
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(p(NIPAM)) NGs can be thermoresponsive and switch between the collapsed and 

swollen state by, respectively, increasing or decreasing the temperature of the 

dispersion. Above the volume phase transition temperature (VPTT), these 

thermoresponsive NGs are collapsed and below the VPTT they are swollen. Different 

polyacrylamides and other monomers exhibit different VPTT-transitions, for example, 

p(NIPAM) has a VPTT at 32 °C while for poly(N-isopropylmethacrylamide) 

(p(NIPMAM)), the VPTT is at 44 °C. The swollen state of NGs is thermodynamically 

stable and kept by hydrogen-bonds between polymer and solvent.(43) The deformable 

nature of the nanogels and ability to cross through pores with a diameter smaller than 

the diameter of the NGs themselves at their swollen state is remarkable.(44–46) Such 

capability can be tuned by changing cross-linking density or transition temperature. 

NGs can be synthesized by amongst others, a one-pot precipitation polymerization 

where cross-linking density and temperature of reaction can be well controlled. Still, 

their size can be controlled by the addition of a surfactant or by changes in the 

polymerization time.(47) 

In nanomedicine, NGs have been applied as delivery systems for drugs, DNA, 

small interfering RNA (siRNA) and contrast agents for imaging.(48–52) One 

remarkable characteristic of NGs is that therapeutic agents can be loaded not only 

during the synthesis process but also after the synthesis is completed by freeze-drying 

the NGs and redispersing in solution containing the agent to be loaded either by means 

of covalent or non-covalent interactions.(53) Additionally, NGs can be combined with 

NPs, e.g. magnetic NPs.(54,55) Campbell et al.(56) report the development of 

superparamagnetic iron oxide nanoparticles (SPION) functionalized with hydrazide-

functionalized p(NIPAM) and cross-linked by aldehyde- functionalized dextran. The 

hydrogel particles were loaded with bupivacaine and a pulsatile drug release was 

observed in the presence of a magnetic oscillating field, where an increase in the 

release rate was observed after each pulse of the oscillating magnetic field. 

Besides NGs versatility as a delivery system, little is explored regarding their 

stiffness effect on cellular interactions. In Chapter 2 we evaluate in vitro the ability of 

nanogels with different stiffness to cross the blood-brain barrier (BBB). In Chapter 3 

their internalization by macrophages and glioma cells, and their toxic effect in 

monocultures and co-culture of macrophages and glioma cells is presented. A 

compilation of reports which assessed the effects of particle stiffness on their 

interaction with cells is provided in Table 1.1. 
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Table 1.1 - Literature reports evaluating cell-(spherical)NPs interaction and described NPs properties. 
aIndication of stiffness reported as bulk material. bIndication of stiffness reported as Young’s modulus. 
Evaluated cell types are indicated by (I) cancer cells, (II) macrophages and (III) endothelial cells. 

Particle Size 
Mechanical 
properties 

Effects of stiffness References 

PEG hydrogel 
spheres 

200 nm 
10 – 

3000 kPaa 

(I), (II) and (III) favor 

uptake of stiffer particles 

(in vitro). 

Longer circulation by 

softer particles, although 

more significant at short 

times (30 min, in vivo).  

(35) 

PLGA-lipid 
(core-shell) NPs 

100 nm 
Values not 

specified 

(I) and (III) favor uptake of 

stiffer particles (in vitro). 
(57) 

pCB-AuNPs 
NGs 

250 nm 
0.18- 

1.35 MPab 

Increased blood half-life 

for softer NPs and lower 

splenic accumulation (in 

vivo). 

(44) 

PLGA-lipid 
(core-shell) and 
PLGA-water-
lipid (core-
water layer 
spheres 

40 nm 
0.76 – 

1.20 GPab 

(I), (III) favor uptake of 

stiffer particles. 

Clathrin-mediated 

endocytosis is indicated 

for particle internalization 

independent of stiffness 

(in vitro).  

(58) 

Hyaluronic acid 
capsules 

2.4 μm 
7.5 – 

27.2 N/m 

(I) favors internalization of 

softer particles (in vitro). 
(36) 

(DextS/PLArg) 
and (PSS/PAH) 
LbL capsules 

4.1 - 

4.7 μm 

0.25 – 

5 N/m 

In (I), (II) and (III) softer 

particles were transported 

faster to the lysosomes (in 

vitro). 

(59) 
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HEMA hydrogel 
spheres 

900 - 

1300 nm 

16.7 – 

155.7 kPaa 

(I) favors internalization of 

softer particles. 

Energy-dependent 

endocytosis is indicated.  

Softer particles: 

internalization mainly by 

macropinocytosis.  

Stiffer particles: caveolae- 

and clathrin-mediated 

endocytosis and 

macropinocytosis  

(in vitro). 

(60) 

(TA/PVPON) 
LbL capsules 
and spheres 

2 μm 
4.30 –  

1x104 MPab 

(I), (II) and(III) favor 

uptake of stiffer particles 

(in vitro) 

(61) 

Polyacrylamide 
spheres 

1 -  

6 μm 

3-fold higher 

Young's 

modulus 

(III) favors uptake of stiffer 

particles 
(62) 

Polypeptide 
(PGA) 
templated 
capsules 

800 nm 
2.5 –  

22.5 kPab 

In human peripheral blood 

mononuclear cells, stiffer 

particles show increased 

activation of 

(CD83+/CD40+) (in vitro). 

(63) 

PLGA-lipid 
(core-shell) 
spheres 

50 - 

160 nm 

50- 

110 MPab 

Particles of moderate 

rigidity show superior 

diffusivity through mucus 

than both their soft and 

hard counterpart (2D and 

3D in vitro and in vivo). 

(65) 
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DEA-HEMA 
hydrogel 
spheres 

150 - 

170 nm 

 

18 –  

211 kPab 

(II) favors uptake of 

particles of intermediate 

elasticity, that are 

internalized via multiple 

mechanisms (in vitro). 

Soft particles: 

internalization 

preferentially by 

micropinocytosis (in vitro) 

Stiffer particles: involve 

clathrin-mediated routes 

(in vitro). 

(64) 

DOPC NLGs 160 nm 
45- 

1.9x104 kPab 

(I) favors internalization of 

softer particles (in vitro). 

Soft NLGs uptake was not 

affect by endocytosis 

inhibitors in (I) (in vitro). 

Stiffer NLGs uptake by (I) 

was affected when cells 

were incubated with 

Dynasore and 

Chlorpromazine but not 

Fillipin (in vitro). 

Soft NLGs show more 

accumulation in tumors (in 

vivo). 

Stiffer NLGs accumulate 

preferentially in the liver 

(in vivo). 

(40) 

PEG - polyethylene glycol; PLGA - poly(D, L-lactic-co-glycolic acid); DextS/PLArg - dextran sulfate 
sodium salt/poly-L-arginine hydrochloride; pCB - poly(carboxybetaine); AuNPs - gold nanoparticles; 
PSS/PAH - poly(sodium 4-styrenesulfonate)/poly(allylamine hydrochloride); HEMA - 2-hydroxyethyl 
methacrylate; TA/PVPON - tannic acid/poly(N-vinylpyrrolidone); LbL - layer-by-layer; OCL - PEG-
polycaprolactone; DEA-HEMA – (N,N-Diethyl acrylamide)-(2-hydroxyethyl methacrylate); DOPC - 1,2-
dioleoyl-sn-glycero-3-phosphocholine; NLGs – nanolipogels. 
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 The studies reported in Table 1.1 demonstrate that NP stiffness plays an 

important role in NPs-cell interactions but also show the possible influence of NP size 

and surface chemistry on the processes. Some theoretical models describe the 

interaction between elastic particles and cellular membranes.(66,67) Particularly 

interesting is the Lagrangian-Eulerian description that Li et al.(66) employed to explore 

a nanocapsule interaction with a cellular membrane. They suggest that the Eulerian 

description is more suitable to simulate the cellular deformation, which can be 

attributed to simplicity since the Lagrangian approach would require a mapping of the 

material configuration, which is avoided by the Eulerian approach.(68) The particle 

elasticity however, is approached by the Lagrangian formalism. They argue that the 

wrapping phase is highly dependent of particle size, adhesion energy and bending 

rigidity ratio between the particle and membrane, meaning that the rise in elastic 

energy that is required to achieve full wrapping of the particle and thus its 

internalization, is affected by particle stiffness. For nanocapsules and vesicles with the 

same bending rigidity a higher elastic energy change was required for the uptake of 

the nanocapsules, which implies that nanocapsules full wrapping is more demanding. 

 

Biodegradable polymeric nanoparticles 
 

Another property of NPs that affects their cellular uptake is adhesion. The 

uptake of NPs by cells is often described as a two-step process which includes 

adhesion to the cell membrane followed by internalization.(33,69–71) Lesniak et 

al.(33) showed the effect of protein corona on the cellular uptake of carboxylated 

polystyrene NPs and unmodified silica NPs (50 nm) and correlated a reduction in 

uptake with a decrease in adhesion between NPs and the cellular membrane. 

Functionalization of the particle surface is a widely-used strategy to modulate NP 

interaction with cellular membranes, and often involves NP decoration with ligands for 

(overexpressed) receptors or adhesion molecules at target cells.(72–76) Polymeric 

NPs are frequently used in drug delivery strategies mediated by ligands. Dhar et al.(77) 

described PLGA-PEG NPs loaded with cisplatin and functionalized with prostate-

specific membrane antigen via 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide 

hydrochloride (EDC)/N-hydroxysuccinimide (NHS) coupling. 

Poly (D, L-lactic-co-glycolic acid) (PLGA) is a widely used copolymer for the 

preparation of NP drug delivery systems. The ratio between the lactic and glycolic acid 
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monomers can be varied which affects e.g. the solubility and glass transition 

temperature of the PLGA, which in turn influences the degradation speed and drug 

release profile of the PLGA NPs.(78,79) PLGA is biodegradable (rate depending on 

environmental pH), biocompatible, and approved by the Food and Drug Administration 

(FDA).(80) Biodegradable polymeric nanoparticles have enormous potential as drug 

delivery systems. A prerequisite for the in vivo use of biodegradable polymers is their 

breakdown into nontoxic byproducts that can be eliminated by the body.(81)  

Depending on the route of synthesis, different capsular structures can be 

formed with a liquid core, a polymeric core or as a molecular dispersion. The latter 

structure is composed of aggregated polymers, and can contain a substance, such as 

a drug, distributed in the polymeric matrix, while the other structures store the 

compound in a liquid or polymeric cavity surrounded by a polymeric membrane.(82) 

Therapeutic compounds can be entrapped in polymeric nanocarriers (NCs) by binding 

the compound to the polymer or monomer, or by physical entrapment. The method for 

physical entrapment of therapeutic agents by polymer nanostructures mainly depends 

on the compound hydrophobicity. The entrapment of hydrophobic molecules is 

typically more efficient when compared to hydrophilic molecules, although drug loading 

is still not ideal and usually less than 5 wt% (i.e., weight % of the encapsulated drug 

versus the carrier material). Still, the NPs offer a good system to protect the drug 

against degradation, being also capable of sustained or controlled release, and 

improved bioavailability, compared to free molecules.  

 Among several techniques to physically entrap drugs in PLGA NPs, 

nanoprecipitation and emulsion-based techniques are widely employed. Developed by 

Fessi et al.,(83) nanoprecipitation is an easily reproducible and simple method, 

commonly used in the encapsulation of hydrophobic molecules.(84) Also known as the 

solvent displacement method, the formation of NPs is based on the displacement of a 

semi-polar solvent, such as acetone, ethyl acetate or dimethyl sulfoxide (DMSO), from 

an organic phase to an aqueous phase in which the solvent is miscible. To prevent 

aggregation, it is common for the aqueous phase to contain a surfactant such as 

poloxamer, polyvinyl alcohol (PVA), or Tween®80. The displacement of the solvent can 

be explained by the Gibbs-Marangoni effect, which describes the movement of a liquid 

of higher surface tension to a liquid of lower surface tension in the presence of a stress 

gradient.(85) 
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 In Chapter 4, we describe the development of a paclitaxel-loaded PLGA NP 

coated with breast cancer MCF-7 cell membrane in which we take advantage of the 

homotypic adhesion between cancer cells to improve their therapeutic effect and 

specificity. The NPs were prepared by the nanoprecipitation method with solvent 

evaporation.  

 
Liposomes 
 

Liposomes were one of the first nanoscale systems to be proposed for the 

delivery and controlled release of therapeutic agents. Their biocompatibility and lack 

of toxicity are important characteristics for delivery systems and motivate their use in 

clinical applications. Liposomes are composed of one or more lipid bilayers and contain 

an aqueous hydrophilic core. The formation of the liposomal structures occurs due to 

the amphiphilic nature of the phospholipids (hydrophilic head group linked to a 

hydrophobic tail). Not only hydrophilic but also hydrophobic molecules can be 

incorporated into liposomes. Water-soluble molecules are loaded in the aqueous core 

while hydrophobic molecules are associated to the lipid bilayer due to interaction with 

the hydrophobic chains of the phospholipids.(86,87)  

 Lipid thin-film hydration is a well-known method to prepare large multilamellar 

vesicles (LMVs) from which smaller and unillamellar vesicles (SUVs) can be produced 

by extrusion or sonication. By employing thin-film hydration method, a hydrophobic 

compound can be associated within the lipid bilayer by simply mixing it with the lipid 

solution and drying to a thin film. Water-soluble molecules, can be added to the 

aqueous solution, typically a buffer solution, that is used to hydrate the lipid film.(87) 

The drug release from plain liposomes is dependent on their interaction with cells and 

can occur after endocytosis, fusion with the cell membrane and adsorption to the cell 

wall. Even though liposomes can improve drug delivery, there is still a need to better 

control the release of the drugs.  

Stimuli-responsive liposomes can be engineered to respond to specific external 

triggers, e.g. temperature,(88–90) ultrasound(91–93) and light(94–96), or to triggers 

that are intrinsic to the organism, e.g. pH,(97,98) and redox potential.(99–101) Intrinsic 

factors may vary between patients and diseased sites. External triggers, in contrast, 

offer better control over the system. Light-responsive systems respond to an external 

irradiation source in the ultraviolet (UV), visible (Vis) or near-infrared (NIR) spectral 
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regions. The main strategy to obtain photo-responsive liposomes is the insertion of a 

photoreactive group, where trigger mechanisms are photo-thermal,(102,103) 

photopolymerization,(104) photo-oxidation,(94) photocleavage,(105,106) and photo-

isomerization.(107–110) Most systems release the drugs upon the burst or destruction 

of the system, except for the ones based on photo-isomerization.(111)  

Photoisomerization of light-driven molecular motors induces a shift to a 

nonequilibrium state, leading to a rotary motion with spatial-temporal 

precision.(112,113) In Chapter 5, we demonstrate that UV-induced rotation of 

hydrophobic synthetic molecular motors that are stored inside the lipid membrane of 

liposomes, disrupts the membrane to such an extent that small molecules (calcein) are 

released, generating controlled drug release from liposomes through reversible 

membrane destabilization upon UV irradiation of the molecular motors. 

 
1.2 Biological barriers 
 

Living cell characteristics and behavior is dynamic and is connected to their 

specific microenvironments. The regulation of those characteristics and behavior is 

mainly controlled by the interaction between cell and extracellular matrix (ECM) that 

includes ECM mechanical, biochemical and biophysical properties and, cell-cell 

interactions that can occur through paracrine, endocrine, autocrine signaling and 

signaling across gap junctions.(114–118) Many microenvironments pose biological 

barriers to nanotherapeutics, e.g the mononuclear phagocyte system, the tumor 

microenvironment and the blood-brain barrier, and impose limitations to their efficacy, 

although, they can also be exploited to improve nanomaterials performance.  

 

Blood-brain barrier  
 

The blood-brain barrier (BBB) is a collection of specialized blood vessels that 

separate the vascular system from the brain parenchyma. The BBB is composed of a 

layer of polarized cerebral microvascular endothelial cells that regulate the transport 

of molecules across this barrier. Large molecules (> 500 Da) are unable to permeate 

the polarized cerebral microvascular endothelial cells, hampering the delivery of 

therapeutic compounds to the brain. Drug delivery to the brain can occur via diffusion 

across cell membranes, paracellular transport, transport proteins, and transcytosis. 
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Diffusion (of lipid-soluble compounds) is largely limited by the presence of drug efflux 

pumps, while paracellular transport (of water-soluble compounds) is essentially limited 

to small molecular transport.(20) Transcytosis is a transcellular vesicular transport 

pathway from blood to brain and vice versa, which allows for the transport of bigger 

molecules and particles. The process essentially involves endocytosis, followed by 

intracellular vesicular transport and, exocytosis at the opposite side of the BBB. Figure 

1.1A shows a diagram of the blood-brain barrier cross-section. and Figure 1.1B shows 

a diagram of the main transport pathways across the BBB. NPs are transported mainly 

by carrier-mediated transcytosis, receptor –mediated transcytosis, adsorptive 

transcytosis and diffusion. Diffusion is a mechanism used by small gold 

nanoparticles.(119,120) Adsorptive transcytosis is often induced by cationic NPs 

through electrostatic interaction with the negatively charged endothelial cell 

membranes.(32,121,122) Carrier-mediated transport of NPs exploit affinity to transport 

proteins like the glucose transporter.(123) Finally, ligand-conjugated NPs are widely 

used to target the receptor-mediated transcytosis pathway, including targeting to the 

transferrin receptor (TfR), insulin receptor, LDL receptor, and GM1.(4,20,124–127) 

Nevertheless, NP affinity to a cell surface receptor promotes internalization by the 

endothelial cells, but does not guarantee its transcytosis. High-affinity antibodies for 

TfR were shown to display less transcytosis than lower- affinity antibodies because the 

antibodies with higher affinity remained associated to the TfR.(128) Therefore, in order 

to exploit the process of transcytosis for NP-mediated drug delivery across the BBB 

not only the receptor-mediated internalization, but also the subsequent vesicular 

trafficking and exocytosis of NPs should be taken into consideration. In Chapter 2, 

NPs with different mechanical properties and sizes are examined in relation to uptake 

and transcytosis at the BBB.  
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Figure 1.1 – Schematic representation of the blood-brain barrier and main transport systems. A) Cross-
sectional view of a cerebral capillary of the blood-brain barrier. B) Diagram of mechanisms of transport 
across the blood-brain barrier. 
 

In vitro blood-brain barrier models 
  

 Several in-vitro BBB models have been developed and employed to study the 

transport of nanosized systems as well as macromolecules and small molecules 

through the BBB. Those models include monolayer models,(125,129) microfluidic 

models,(130–132) three-dimensional (3D) organoids,(133) and 3D templated 

models.(134,135) A proper model should contain restrictive tight junctions and low 

permeability through paracellular transport. Occludin, claudins, and junctional 
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adhesion molecules are the main providers of structural integrity and polarization of 

endothelial cells.(136,137) Paracellular permeability can be investigated by using a 

paracellular marker such as lucifer yellow, fluorophore-labeled dextran and mannitol. 

The most well-known BBB model uses ECM-coated porous membranes (in Transwell® 

inserts) with a monolayer of brain microvascular endothelial cells grown on top (Figure 

1.2).  

 

                     
Figure 1.2 – Schematic representation of a typical in vitro blood-brain barrier model using a Transwell® 
insert. Endothelial cells are seeded on an ECM-coated porous membrane and grown to form a polarized 
monolayer of endothelial cells.  
 

Not only Transwell® systems but also most microfluidic systems employ the filter-based 

approach to mimic the BBB. However, Ye et al.(73) showed that particle agglomeration 

may hinder NP transport through the filter pores. Considering this limitation, we used 

a filter-free BBB model, recently developed by De Jong et al(125), in the studies 

described in this thesis of which the simplified procedure is presented in Figure 1.3. 

Essentially, a monolayer of human brain microvascular endothelial cells (hCMEC/D3) 

is grown on a collagen gel for 5 days. The medium at the apical side of the hCMEC/D3 

cell monolayer is carefully removed and replaced with medium containing 

fluorescently-labeled nanomaterials. After an incubation period, the apical medium is 

collected, and cells are separated from the basolateral fraction (collagen gel) by 

incubation with collagenase A for 90 min at 37°C, 5% CO2, and collected by 

centrifugation. After centrifugation, the supernatant is separated from the cells and 

represents the basolateral compartment. Finally, cells are lysed by soaking the pellet 

in ultrapure water. Then, the apical, cell, and basolateral fractions are transferred to a 

black flat-bottom 96-wells plate and fluorescence is measured using a plate reader by 

fluorescence spectroscopy.  
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Figure 1.3 – Simplified representation of the quantification of NP transport in the filter-free BBB model. 
hCMEC/D3 cells are grown for 5 days on top of a collagen gel until they form a polarized cell monolayer 
that shows restrictive permeability. Then nanomaterials are applied on top of the monolayer. Following 
incubation, the apical, cellular and basolateral fractions are separated using collagenase A treatment 
and centrifugation. Each fraction is collected and transendothelial delivery is evaluated by fluorescence 
spectroscopy. 
 
1.2.2 Tumor microenvironment  
 

A pivotal area of research involves the development of cancer therapies that are 

more effective in killing cancer cells while being less harmful to non-malignant cells, 

as this will prevent the short-term and long-term side effects of current cancer 

treatment. Among the most promising alternatives, nanosized delivery systems stand 

out. Some advantages of nanodelivery systems are: they are non-invasive, show lower 

toxicity compared to the free therapeutic agents like chemotherapeutics but do not 

compromise efficacy, protect the therapeutics from degradation, can promote longer 

circulation, increase therapeutic agent half-life, reduce immunogenicity, can be tailored 

to cross biological barriers, and enhance accumulation at specific sites.(138–144) 

However, still a lot is yet to be explored and understood about how the nanosized 

delivery systems interact with the tumor microenvironment (TME) and how such 
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information can be applied to further improve the efficacy, specificity, and suitability of 

those systems. 

Tumor cells and their microenvironment show many features that are different 

from normal cells. Nanomaterials for cancer treatment and diagnosis often try to exploit 

the characteristics of the microenvironment to improve efficacy and specificity, and to 

control release kinetics of stored drugs. A limiting factor for the current methods is the 

inability of nanomaterials to completely distinguish between normal and cancer cells, 

which causes side effects even though these are reduced compared to free agents. 

Deregulated gene expression is an inherent characteristic in cancer cells that leads to 

uncontrolled cell growth and proliferation.(145,146) Cancer progression is also greatly 

influenced by the interaction of the cancer cells with their surroundings, including the 

extracellular matrix (ECM), blood vessels, associated macrophages, and associated 

fibroblasts. In addition, the abnormal and dynamic cell adhesion behavior of cancer 

cells affects tumor progression and can lead to the detachment of cancer cells from 

the primary tumor followed by their adhesion on secondary sites, configuring 

metastasis.(147) Inventively, the observed increased homotypic cell adhesion 

between cancer cells can be exploited to target NPs to the cancer by coating the NP 

surface with cancer cell-membrane extracts instigating the adhesion of NPs to the 

cancer cells.(148,149) In Chapter 4, we report the development of a cancer cell 

membrane-coated polymeric drug delivery system for cancer treatment that shows 

homotypic interaction with the source cell (MCF-7, breast cancer) and interaction 

between the cancer cell membrane-coated NPs and lung cancer (A549) cells and non-

tumorigenic breast cells (MCF-10A). 

Another characteristic of the tumor microenvironment (TME) is the presence of 

other associated cell types, e.g. fibroblasts and macrophages. Macrophages are 

phagocytic cells that dynamically change their phenotype and function in response to 

environmental cues. During tumor initiation and progression, macrophage behavior in 

the TME is connected to macrophage polarization. Although, it is an oversimplification, 

M1 (classic) macrophages show pro-inflammatory activities, while M2 (alternative) 

macrophages show pro-tumoral activities. Such a classification is defined by the 

phenotypic characteristics and up- and downregulation of specific markers. However, 

macrophage classification is complex and should be interpreted with caution.(150,151) 

As for gliomas, not only peripheral macrophages but also microglia, macrophage-like 

cells of the central nervous system, infiltrate the tumor environment and influence 
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cancer progression. The macrophages can represent a large portion of the tumor 

volume, usually 30-50%.(152–154) Gabrusiewicz et al.(154) evaluated glioblastoma-

associated myeloid cells from glioblastoma patients using immune phenotyping, 

whole-genome microarray analysis, and microRNA expression profiling and curiously 

enough found that their genetic profile is not corresponding to the M2-type but 

resembles the non-polarized M0 macrophage phenotype. 

Even though TME cell heterogeneity is a well-known fact, most in vitro studies 

regarding nanomaterials only evaluate NP-cell interactions in cell monocultures, which 

may not properly reflect in vivo conditions. In Chapter 3, we study the effect of NGs 

stiffness in mono- and co-culture of C6 glioma and J774 macrophage cells and discuss 

the relevance of co-culture models to comprehensively study the nanomaterials 

performance in TME.  

 

1.3 Aim of this thesis 
 

The understanding of nanoparticle-cell interactions is crucial for nanomaterial 

development which is required for the advancement of nanomedicines and their clinical 

translation. This thesis focuses on exploring how the nanoparticle design parameters 

stiffness, size, cell affinity, and release profile affect nanoparticle interactions with cells. 

The main nanoparticle-cell interactions investigated are: nanoparticle adhesion to 

cancer and non-cancer cells; internalization by cancer and phagocytic cells in mono- 

and co-culture; and, transcytosis through polarized endothelial cells mimicking the 

blood-brain barrier. Emphasis is placed on the use of in vitro models that resemble in 

vivo conditions, for example by taking into account the presence of multiple cell types 

in the tumor microenvironment. The main goal is to find nanoparticle characteristics 

that stimulate transport across the blood-brain barrier and promote internalization by 

cancer cells, while evading phagocytic clearance. 
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