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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 



 

 5 

(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) 



 

 7 

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. 



 

 9 

 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) 



 

 11 

 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. 

 

REFERENCES 
 
1.  Torchilin VP. Multifunctional nanocarriers. Adv Drug Deliv Rev. 

2006;58(14):1532–55.  

2.  Le Droumaguet B, Nicolas J, Brambilla D, Mura S, Maksimenko A, De Kimpe L, 
et al. Versatile and Efficient Targeting Using a Single Nanoparticulate Platform: 
Application to Cancer and Alzheimer’s Disease. ACS Nano. 2012;6(7):5866–79.  



 

 19 

3.  Sobot D, Mura S, Yesylevskyy SO, Dalbin L, Cayre F, Bort G, et al. Conjugation 
of squalene to gemcitabine as unique approach exploiting endogenous 
lipoproteins for drug delivery. Nat Commun. 2017;8(1):15678.  

4.  Lam FC, Morton SW, Wyckoff J, Vu Han T-L, Hwang MK, Maffa A, et al. 
Enhanced efficacy of combined temozolomide and bromodomain inhibitor 
therapy for gliomas using targeted nanoparticles. Nat Commun. 2018;9(1):1991.  

5.  Papachristodoulou A, Signorell RD, Werner B, Brambilla D, Luciani P, 
Cavusoglu M, et al. Chemotherapy sensitization of glioblastoma by focused 
ultrasound-mediated delivery of therapeutic liposomes. J Control Release. 
2019;295:130–9.  

6.  Marangoni VS, Cancino Bernardi J, Reis IB, Fávaro WJ, Zucolotto V. 
Photothermia and Activated Drug Release of Natural Cell Membrane Coated 
Plasmonic Gold Nanorods and β-Lapachone. ACS Appl Bio Mater. 
2019;2(2):728–36.  

7.  Li Y, Lin T, Luo Y, Liu Q, Xiao W, Guo W, et al. A smart and versatile theranostic 
nanomedicine platform based on nanoporphyrin. Nat Commun. 2014;5(1):4712.  

8.  Anderson CF, Cui H. Protease-Sensitive Nanomaterials for Cancer Therapeutics 
and Imaging. Ind Eng Chem Res. 2017;56(20):5761–77.  

9.  Mokabber T, Cao HT, Norouzi N, van Rijn P, Pei YT. Antimicrobial 
Electrodeposited Silver-Containing Calcium Phosphate Coatings. ACS Appl 
Mater Interfaces. 2020;12(5):5531–41.  

10.  Sondi I, Salopek-Sondi B. Silver nanoparticles as antimicrobial agent: a case 
study on E. coli as a model for Gram-negative bacteria. J Colloid Interface Sci. 
2004;275(1):177–82.  

11.  Rozenbaum RT, Su L, Umerska A, Eveillard M, Håkansson J, Mahlapuu M, et 
al. Antimicrobial synergy of monolaurin lipid nanocapsules with adsorbed 
antimicrobial peptides against Staphylococcus aureus biofilms in vitro is absent 
in vivo. J Control Release. 2019;293:73–83.  

12.  Ballesteros CAS, Bernardi JC, Correa DS, Zucolotto V. Controlled Release of 
Silver Nanoparticles Contained in Photoresponsive Nanogels. ACS Appl Bio 
Mater. 2019;2(2):644–53.  

13.  Hemelaar SR, Saspaanithy B, L’Hommelet SRM, Perona Martinez FP, van der 
Laan KJ, Schirhagl R. The Response of HeLa Cells to Fluorescent 
NanoDiamond Uptake. Sensors (Basel). 2018;18(2):355.  

14.  Marangoni VS, Neumann O, Henderson L, Kaffes CC, Zhang H, Zhang R, et al. 
Enhancing T&lt;sub&gt;1&lt;/sub&gt; magnetic resonance imaging contrast with 
internalized gadolinium(III) in a multilayer nanoparticle. Proc Natl Acad Sci. 
2017;114(27):6960 LP-6965.  

15.  Reul R, Tsapis N, Hillaireau H, Sancey L, Mura S, Recher M, et al. Near infrared 
labeling of PLGA for in vivo imaging of nanoparticles. Polym Chem. 



 

 20 

2012;3(3):694–702.  

16.  Janegitz BC, Silva TA, Wong A, Ribovski L, Vicentini FC, Taboada Sotomayor 
MDP, et al. The application of graphene for in vitro and in vivo electrochemical 
biosensing. Biosens Bioelectron. 2015;  

17.  Brosel-Oliu S, Mergel O, Uria N, Abramova N, van Rijn P, Bratov A. 3D 
impedimetric sensors as a tool for monitoring bacterial response to antibiotics. 
Lab Chip. 2019;19(8):1436–47.  

18.  Baccarin M, Santos FA, Vicentini FC, Zucolotto V, Janegitz BC, Fatibello-Filho 
O. Electrochemical sensor based on reduced graphene oxide/carbon 
black/chitosan composite for the simultaneous determination of dopamine and 
paracetamol concentrations in urine samples. J Electroanal Chem. 
2017;799:436–43.  

19.  Degors IMS, Wang C, Rehman ZU, Zuhorn IS. Carriers Break Barriers in Drug 
Delivery: Endocytosis and Endosomal Escape of Gene Delivery Vectors. Acc 
Chem Res. 2019;52(7):1750–60.  

20.  Georgieva J V, Hoekstra D, Zuhorn IS. Smuggling Drugs into the Brain: An 
Overview of Ligands Targeting Transcytosis for Drug Delivery across the Blood-
Brain Barrier. Pharmaceutics. 2014;6(4):557–83.  

21.  Curtis LT, Frieboes HB. The Tumor Microenvironment as a Barrier to Cancer 
Nanotherapy BT - Systems Biology of Tumor Microenvironment: Quantitative 
Modeling and Simulations. In: Rejniak KA, editor. Cham: Springer International 
Publishing; 2016. p. 165–90.  

22.  Barenholz Y (Chezy). Doxil® — The first FDA-approved nano-drug: Lessons 
learned. J Control Release. 2012;160(2):117–34.  

23.  Rafiyath SM, Rasul M, Lee B, Wei G, Lamba G, Liu D. Comparison of safety and 
toxicity of liposomal doxorubicin vs. conventional anthracyclines: a meta-
analysis. Exp Hematol Oncol. 2012;1(1):10.  

24.  Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular permeability and 
the EPR effect in macromolecular therapeutics: a review. J Control Release. 
2000;65(1):271–84.  

25.  Gordon AN, Fleagle JT, Guthrie D, Parkin DE, Gore ME, Lacave AJ. Recurrent 
Epithelial Ovarian Carcinoma: A Randomized Phase III Study of Pegylated 
Liposomal Doxorubicin Versus Topotecan. J Clin Oncol. 2001;19(14):3312–22.  

26.  Ventola CL. Progress in Nanomedicine: Approved and Investigational 
Nanodrugs. P T. 2017;42(12):742–55.  

27.  Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie SR. Nanoparticle-Based 
Medicines: A Review of FDA-Approved Materials and Clinical Trials to Date. 
Pharm Res. 2016;33(10):2373–87.  

28.  Hoshyar N, Gray S, Han H, Bao G. The effect of nanoparticle size on in vivo 



 

 21 

pharmacokinetics and cellular interaction. Nanomedicine (Lond). 2016/03/22. 
2016 Mar;11(6):673–92.  

29.  Betzer O, Shilo M, Opochinsky R, Barnoy E, Motiei M, Okun E, et al. The effect 
of nanoparticle size on the ability to cross the blood–brain barrier: an in vivo 
study. Nanomedicine. 2017 Jun 16;12(13):1533–46.  

30.  Champion JA, Walker A, Mitragotri S. Role of particle size in phagocytosis of 
polymeric microspheres. Pharm Res. 2008/03/29. 2008 Aug;25(8):1815–21.  

31.  Walkey CD, Olsen JB, Guo H, Emili A, Chan WCW. Nanoparticle Size and 
Surface Chemistry Determine Serum Protein Adsorption and Macrophage 
Uptake. J Am Chem Soc. 2012;134(4):2139–47.  

32.  Georgieva J V, Kalicharan D, Couraud P-O, Romero IA, Weksler B, Hoekstra D, 
et al. Surface Characteristics of Nanoparticles Determine Their Intracellular Fate 
in and Processing by Human Blood–Brain Barrier Endothelial Cells In Vitro. Mol 
Ther. 2011;19(2):318–25.  

33.  Lesniak A, Salvati A, Santos-Martinez MJ, Radomski MW, Dawson KA, Åberg 
C. Nanoparticle Adhesion to the Cell Membrane and Its Effect on Nanoparticle 
Uptake Efficiency. J Am Chem Soc. 2013;135(4):1438–44.  

34.  Apostolopoulou M, Ligon L. Cadherin-23 Mediates Heterotypic Cell-Cell 
Adhesion between Breast Cancer Epithelial Cells and Fibroblasts. Derksen P, 
editor. PLoS One. 2012;7(3):e33289.  

35.  Anselmo AC, Zhang M, Kumar S, Vogus DR, Menegatti S, Helgeson ME, et al. 
Elasticity of Nanoparticles Influences Their Blood Circulation, Phagocytosis, 
Endocytosis, and Targeting. ACS Nano. 2015;9(3):3169–77.  

36.  Sun H, Wong EHH, Yan Y, Cui J, Dai Q, Guo J, et al. The role of capsule stiffness 
on cellular processing. Chem Sci. 2015;6(6):3505–14.  

37.  Hui Y, Yi X, Hou F, Wibowo D, Zhang F, Zhao D, et al. Role of Nanoparticle 
Mechanical Properties in Cancer Drug Delivery. ACS Nano. 2019;13(7):7410–
24.  

38.  Yi X, Shi X, Gao H. Cellular Uptake of Elastic Nanoparticles. Phys Rev Lett. 
2011;107(9):98101.  

39.  Anselmo AC, Mitragotri S. Impact of particle elasticity on particle-based drug 
delivery systems. Adv Drug Deliv Rev. 2017;108:51–67.  

40.  Guo P, Liu D, Subramanyam K, Wang B, Yang J, Huang J, et al. Nanoparticle 
elasticity directs tumor uptake. Nat Commun. 2018;9(1):130.  

41.  Plamper FA, Richtering W. Functional Microgels and Microgel Systems. Acc 
Chem Res. 2017;50(2):131–40.  

42.  Sadowski G, Richtering W. Intelligent Hydrogels. Springer International 
Publishing; 2014. (Progress in Colloid and Polymer Science).  



 

 22 

43.  Cors M, Wiehemeier L, Oberdisse J, Hellweg T. Deuteration-Induced Volume 
Phase Transition Temperature Shift of PNIPMAM Microgels. Vol. 11, Polymers. 
2019.  

44.  Zhang L, Cao Z, Li Y, Ella-Menye J-R, Bai T, Jiang S. Softer Zwitterionic 
Nanogels for Longer Circulation and Lower Splenic Accumulation. ACS Nano. 
2012;6(8):6681–6.  

45.  Aguiar I, Meireles M, Bouchoux A, Schroën K. Conformational changes influence 
clogging behavior of micrometer-sized microgels in idealized multiple 
constrictions. Sci Rep. 2019;9:9241.  

46.  Bachman H, Brown A, Clarke K, Dhada K, Douglas A, Hansen C, et al. Ultrasoft, 
highly deformable microgels. Soft Matter. 2015;11.  

47.  Wedel B, Brändel T, Bookhold J, Hellweg T. Role of Anionic Surfactants in the 
Synthesis of Smart Microgels Based on Different Acrylamides. ACS Omega. 
2017;2(1):84–90.  

48.  Li Y, Maciel D, Rodrigues J, Shi X, Tomás H. Biodegradable Polymer Nanogels 
for Drug/Nucleic Acid Delivery. Chem Rev. 2015;115(16):8564–608.  

49.  Tseng C-L, Su W-Y, Yen K-C, Yang K-C, Lin F-H. The use of biotinylated-EGF-
modified gelatin nanoparticle carrier to enhance cisplatin accumulation in 
cancerous lungs via inhalation. Biomaterials. 2009;30(20):3476–85.  

50.  Ramos J, Forcada J, Hidalgo-Alvarez R. Cationic Polymer Nanoparticles and 
Nanogels: From Synthesis to Biotechnological Applications. Chem Rev. 
2014;114(1):367–428.  

51.  Wu W, Shen J, Banerjee P, Zhou S. Core–shell hybrid nanogels for integration 
of optical temperature-sensing, targeted tumor cell imaging, and combined 
chemo-photothermal treatment. Biomaterials. 2010;31(29):7555–66.  

52.  Smith MH, Lyon LA. Multifunctional Nanogels for siRNA Delivery. Acc Chem 
Res. 2012;45(7):985–93.  

53.  Sivakumaran D, Maitland D, Hoare T. Injectable Microgel-Hydrogel Composites 
for Prolonged Small-Molecule Drug Delivery. Biomacromolecules. 
2011;12(11):4112–20.  

54.  Wong JE, Gaharwar AK, Müller-Schulte D, Bahadur D, Richtering W. Dual-
stimuli responsive PNiPAM microgel achieved via layer-by-layer assembly: 
Magnetic and thermoresponsive. J Colloid Interface Sci. 2008;324(1):47–54.  

55.  Lee ESM, Shuter B, Chan J, Chong MSK, Ding J, Teoh S-H, et al. The use of 
microgel iron oxide nanoparticles in studies of magnetic resonance relaxation 
and endothelial progenitor cell labelling. Biomaterials. 2010;31(12):3296–306.  

56.  Campbell SB, Patenaude M, Hoare T. Injectable Superparamagnets: Highly 
Elastic and Degradable Poly(N-isopropylacrylamide)–Superparamagnetic Iron 
Oxide Nanoparticle (SPION) Composite Hydrogels. Biomacromolecules. 



 

 23 

2013;14(3):644–53.  

57.  Zhang L, Feng Q, Wang J, Zhang S, Ding B, Wei Y, et al. Microfluidic Synthesis 
of Hybrid Nanoparticles with Controlled Lipid Layers: Understanding Flexibility-
Regulated Cell-Nanoparticle Interaction. ACS Nano. 2015;9(10):9912–21.  

58.  Sun J, Zhang L, Wang J, Feng Q, Liu D, Yin Q, et al. Tunable rigidity of 
(polymeric core)-(lipid shell) nanoparticles for regulated cellular uptake. Adv 
Mater. 2015;27(8):1402–7.  

59.  Hartmann R, Weidenbach M, Neubauer M, Fery A, Parak WJ. Stiffness-
dependent in vitro uptake and lysosomal acidification of colloidal particles. 
Angew Chemie - Int Ed. 2015;54(4):1365–8.  

60.  Liu W, Zhou X, Mao Z, Yu D, Wang B, Gao C. Uptake of hydrogel particles with 
different stiffness and its influence on HepG2 cell functions. Soft Matter. 
2012;8(35):9235–45.  

61.  Alexander JF, Kozlovskaya V, Chen J, Kuncewicz T, Kharlampieva E, Godin B. 
Cubical Shape Enhances the Interaction of Layer-by-Layer Polymeric Particles 
with Breast Cancer Cells. Adv Healthc Mater. 2015;4(17):2657–66.  

62.  Beningo KA, Wang YL. Fc-receptor-mediated phagocytosis is regulated by 
mechanical properties of the target. J Cell Sci. 2002. 

63.  Cui J, De Rose R, Best JP, Johnston APR, Alcantara S, Liang K, et al. 
Mechanically tunable, self-adjuvanting nanoengineered polypeptide particles. 
Adv Mater. 2013;25(25):3468–72.  

64.  Banquy X, Suarez F, Argaw A, Rabanel JM, Grutter P, Bouchard JF, et al. Effect 
of mechanical properties of hydrogel nanoparticles on macrophage cell uptake. 
Soft Matter. 2009;5(20):3984–91.  

65.  Yu M, Xu L, Tian F, Su Q, Zheng N, Yang Y, et al. Rapid transport of deformation-
tuned nanoparticles across biological hydrogels and cellular barriers. Nat 
Commun. 2018;9(1):2607.  

66.  Yi X, Gao H. Cell membrane wrapping of a spherical thin elastic shell. Soft 
Matter. 2015;11(6):1107–15.  

67.  Yi X, Gao H. Kinetics of receptor-mediated endocytosis of elastic nanoparticles. 
Nanoscale. 2017;9(1):454–63.  

68.  Vernerey FJ, Farsad M. An Eulerian/XFEM formulation for the large deformation 
of cortical cell membrane. Comput Methods Biomech Biomed Engin. 
2011;14(5):433–45.  

69.  Bahrami AH, Raatz M, Agudo-Canalejo J, Michel R, Curtis EM, Hall CK, et al. 
Wrapping of nanoparticles by membranes. Adv Colloid Interface Sci. 
2014;208:214–24.  

70.  Wiegand T, Fratini M, Frey F, Yserentant K, Liu Y, Weber E, et al. Forces during 



 

 24 

cellular uptake of viruses and nanoparticles at the ventral side. Nat Commun. 
2020;11(1):32.  

71.  He B, Yuan L, Dai W, Gao W, Zhang H, Wang X, et al. Dynamic bio-adhesion of 
polymer nanoparticles on MDCK epithelial cells and its impact on bio-
membranes, endocytosis and paracytosis. Nanoscale. 2016;8(11):6129–45.  

72.  Papademetriou J, Garnacho C, Serrano D, Bhowmick T, Schuchman EH, Muro 
S. Comparative binding, endocytosis, and biodistribution of antibodies and 
antibody-coated carriers for targeted delivery of lysosomal enzymes to ICAM-1 
versus transferrin receptor. J Inherit Metab Dis. 2012/09/12. 2013;36(3):467–77.  

73.  Ye D, Raghnaill MN, Bramini M, Mahon E, Åberg C, Salvati A, et al. Nanoparticle 
accumulation and transcytosis in brain endothelial cell layers. Nanoscale. 
2013;5(22):11153–65.  

74.  Choi KY, Yoon HY, Kim J-H, Bae SM, Park R-W, Kang YM, et al. Smart 
Nanocarrier Based on PEGylated Hyaluronic Acid for Cancer Therapy. ACS 
Nano. 2011;5(11):8591–9.  

75.  Tian X, Nyberg S, Sharp PS, Madsen J, Daneshpour N, Armes SP, et al. LRP-
1-mediated intracellular antibody delivery to the Central Nervous System. Sci 
Rep. 2015;5(1):11990.  

76.  Jenkins S V, Nima ZA, Vang KB, Kannarpady G, Nedosekin DA, Zharov VP, et 
al. Triple-negative breast cancer targeting and killing by EpCAM-directed, 
plasmonically active nanodrug systems. npj Precis Oncol. 2017;1(1):27.  

77.  Dhar S, Gu FX, Langer R, Farokhzad OC, Lippard SJ. Targeted delivery of 
cisplatin to prostate cancer cells by aptamer functionalized Pt(IV) prodrug-
PLGA–PEG nanoparticles. Proc Natl Acad Sci. 2008;105(45):17356 LP-17361.  

78.  Chung T-W, Tsai Y-L, Hsieh J-H, Tsai W-J. Different ratios of lactide and 
glycolide in PLGA affect the surface property and protein delivery characteristics 
of the PLGA microspheres with hydrophobic additives. J Microencapsul. 
2006;23(1):15–27.  

79.  Passerini N, Craig DQM. An investigation into the effects of residual water on 
the glass transition temperature of polylactide microspheres using modulated 
temperature DSC. J Control Release. 2001;73(1):111–5.  

80.  Zolnik BS, Burgess DJ. Effect of acidic pH on PLGA microsphere degradation 
and release. J Control Release. 2007;122(3):338–44.  

81.  Fredenberg S, Wahlgren M, Reslow M, Axelsson A. The mechanisms of drug 
release in poly(lactic-co-glycolic acid)-based drug delivery systems—A review. 
Int J Pharm. 2011;415(1):34–52.  

82.  Mora-Huertas CE, Fessi H, Elaissari A. Polymer-based nanocapsules for drug 
delivery. Int J Pharm. 2010;385(1):113–42.  

83.  Fessi H, Puisieux F, Devissaguet JP, Ammoury N, Benita S. Nanocapsule 



 

 25 

formation by interfacial polymer deposition following solvent displacement. Int J 
Pharm. 1989;55(1):R1–4.  

84.  Miladi K, Sfar S, Fessi H, Elaissari A. Nanoprecipitation Process: From Particle 
Preparation to In Vivo Applications BT - Polymer Nanoparticles for 
Nanomedicines: A Guide for their Design, Preparation and Development. In: 
Vauthier C, Ponchel G, editors. Cham: Springer International Publishing; 2016; 
p. 17–53.  

85.  SCRIVEN LE, STERNLING C V. The Marangoni Effects. Nature. 
1960;187(4733):186–8.  

86.  Torchilin VP, Levchenko TS, Whiteman KR, Yaroslavov AA, Tsatsakis AM, Rizos 
AK, et al. Amphiphilic poly-N-vinylpyrrolidones:: synthesis, properties and 
liposome surface modification. Biomaterials. 2001;22(22):3035–44.  

87.  Malam Y, Loizidou M, Seifalian AM. Liposomes and nanoparticles: nanosized 
vehicles for drug delivery in cancer. Trends Pharmacol Sci. 2009;30(11):592–9.  

88.  Nemoto R, Fujieda K, Hiruta Y, Hishida M, Ayano E, Maitani Y, et al. Liposomes 
with temperature-responsive reversible surface properties. Colloids Surfaces B 
Biointerfaces. 2019;176:309–16.  

89.  Ta T, Porter TM. Thermosensitive liposomes for localized delivery and triggered 
release of chemotherapy. J Control Release. 2013/04/11. 2013;169(1–2):112–
25.  

90.  Kneidl B, Peller M, Winter G, Lindner LH, Hossann M. Thermosensitive 
liposomal drug delivery systems: state of the art review. Int J Nanomedicine. 
2014;9:4387–98.  

91.  Schroeder A, Avnir Y, Weisman S, Najajreh Y, Gabizon A, Talmon Y, et al. 
Controlling Liposomal Drug Release with Low Frequency Ultrasound:  
Mechanism and Feasibility. Langmuir. 2007;23(7):4019–25.  

92.  Chandan R, Banerjee R. Pro-apoptotic liposomes-nanobubble conjugate 
synergistic with paclitaxel: a platform for ultrasound responsive image-guided 
drug delivery. Sci Rep. 2018;8(1):2624.  

93.  de Matos MBC, Deckers R, van Elburg B, Lajoinie G, de Miranda BS, Versluis 
M, et al. Ultrasound-Sensitive Liposomes for Triggered Macromolecular Drug 
Delivery: Formulation and In Vitro Characterization . Vol. 10, Frontiers in 
Pharmacology . 2019; p. 1463.  

94.  Miranda D, Li N, Li C, Stefanovic F, Atilla-Gokcumen GE, Lovell JF. Detection of 
Sunlight Exposure with Solar-Sensitive Liposomes that Capture and Release 
Food Dyes. ACS Appl Nano Mater. 2018;1(6):2739–47.  

95.  Leung SJ, Romanowski M. Light-activated content release from liposomes. 
Theranostics. 2012;2(10):1020–36.  

96.  Mathiyazhakan M, Wiraja C, Xu C. A Concise Review of Gold Nanoparticles-



 

 26 

Based Photo-Responsive Liposomes for Controlled Drug Delivery. Nano-Micro 
Lett. 2017;10(1):10.  

97.  Fan Y, Chen C, Huang Y, Zhang F, Lin G. Study of the pH-sensitive mechanism 
of tumor-targeting liposomes. Colloids Surfaces B Biointerfaces. 2017;151:19–
25.  

98.  Simões S, Moreira JN, Fonseca C, Düzgüneş N, Pedroso de Lima MC. On the 
formulation of pH-sensitive liposomes with long circulation times. Adv Drug Deliv 
Rev. 2004;56(7):947–65.  

99.  Ong W, Yang Y, Cruciano AC, McCarley RL. Redox-Triggered Contents 
Release from Liposomes. J Am Chem Soc. 2008;130(44):14739–44.  

100.  Li J, Ma YJ, Wang Y, Chen BZ, Guo XD, Zhang CY. Dual redox/pH-responsive 
hybrid polymer-lipid composites: Synthesis, preparation, characterization and 
application in drug delivery with enhanced therapeutic efficacy. Chem Eng J. 
2018;341:450–61.  

101.  Lee Y, Thompson DH. Stimuli-responsive liposomes for drug delivery. Wiley 
Interdiscip Rev Nanomed Nanobiotechnol. 2017;9(5):10.1002/wnan.1450.  

102.  An X, Zhan F, Zhu Y. Smart Photothermal-Triggered Bilayer Phase Transition in 
AuNPs–Liposomes to Release Drug. Langmuir. 2013;29(4):1061–8.  

103.  Kwon HJ, Byeon Y, Jeon HN, Cho SH, Han HD, Shin BC. Gold cluster-labeled 
thermosensitive liposmes enhance triggered drug release in the tumor 
microenvironment by a photothermal effect. J Control Release. 2015;216:132–
9.  

104.  Yavlovich A, Singh A, Blumenthal R, Puri A. A novel class of photo-triggerable 
liposomes containing DPPC:DC8,9PC as vehicles for delivery of doxorubcin to 
cells. Biochim Biophys Acta - Biomembr. 2011;1808(1):117–26.  

105.  Chandra B, Mallik S, Srivastava DK. Design of photocleavable lipids and their 
application in liposomal “uncorking.” Chem Commun. 2005;(24):3021–3.  

106.  Bayer AM, Alam S, Mattern-Schain SI, Best MD. Triggered Liposomal Release 
through a Synthetic Phosphatidylcholine Analogue Bearing a Photocleavable 
Moiety Embedded within the sn-2 Acyl Chain. Chem – A Eur J. 
2014;20(12):3350–7.  

107.  Yao C, Wang P, Li X, Hu X, Hou J, Wang L, et al. Near-Infrared-Triggered 
Azobenzene-Liposome/Upconversion Nanoparticle Hybrid Vesicles for 
Remotely Controlled Drug Delivery to Overcome Cancer Multidrug Resistance. 
Adv Mater. 2016;28(42):9341–8.  

108.  Schimka S, Klier DT, de Guereñu AL, Bastian P, Lomadze N, Kumke MU, et al. 
Photo-isomerization of azobenzene containing surfactants induced by near-
infrared light using upconversion nanoparticles as mediator. J Phys Condens 
Matter. 2019;31(12):125201.  



 

 27 

109.  Koçer A, Walko M, Meijberg W, Feringa BL. A Light-Actuated Nanovalve Derived 
from a Channel Protein. Science (80- ). 2005;309(5735):755 LP-758.  

110.  Cui Z-K, Phoeung T, Rousseau P-A, Rydzek G, Zhang Q, Bazuin CG, et al. 
Nonphospholipid Fluid Liposomes with Switchable Photocontrolled Release. 
Langmuir. 2014;30(36):10818–25.  

111.  Yavlovich A, Smith B, Gupta K, Blumenthal R, Puri A. Light-sensitive lipid-based 
nanoparticles for drug delivery: design principles and future considerations for 
biological applications. Mol Membr Biol. 2010;27(7):364–81.  

112.  Lubbe AS, Böhmer C, Tosi F, Szymanski W, Feringa BL. Molecular Motors in 
Aqueous Environment. J Org Chem. 2018;83(18):11008–18.  

113.  Feringa BL. The Art of Building Small: From Molecular Switches to Motors (Nobel 
Lecture). Angew Chemie Int Ed. 2017;56(37):11060–78.  

114.  Poltavets V, Kochetkova M, Pitson SM, Samuel MS. The Role of the 
Extracellular Matrix and Its Molecular and Cellular Regulators in Cancer Cell 
Plasticity . Vol. 8, Frontiers in Oncology . 2018; p. 431.  

115.  Gattazzo F, Urciuolo A, Bonaldo P. Extracellular matrix: a dynamic 
microenvironment for stem cell niche. Biochim Biophys Acta. 
2014;1840(8):2506–19.  

116.  Brücher BLDM, Jamall IS. Cell-Cell Communication in the Tumor 
Microenvironment, Carcinogenesis, and Anticancer Treatment. Cell Physiol 
Biochem. 2014;34(2):213–43.  

117.  Shakiba D, Babaei B, Saadat F, Thomopoulos S, Genin GM. The fibrous cellular 
microenvironment, and how cells make sense of a tangled web. Proc Natl Acad 
Sci. 2017;114(23):5772 LP-5774.  

118.  Song D, Yang D, Powell CA, Wang X. Cell–cell communication: old mystery and 
new opportunity. Cell Biol Toxicol. 2019;35(2):89–93.  

119.  Cheng Y, Dai Q, Morshed RA, Fan X, Wegscheid ML, Wainwright DA, et al. 
Blood-Brain Barrier Permeable Gold Nanoparticles: An Efficient Delivery 
Platform for Enhanced Malignant Glioma Therapy and Imaging. Small. 
2014;10(24):5137–50.  

120.  Sela H, Cohen H, Elia P, Zach R, Karpas Z, Zeiri Y. Spontaneous penetration of 
gold nanoparticles through the blood brain barrier (BBB). J Nanobiotechnology. 
2015;13(1):71.  

121.  Vorbrodt AW. Ultracytochemical characterization of anionic sites in the wall of 
brain capillaries. J Neurocytol. 1989;18(3):359–68.  

122.  Chang J, Jallouli Y, Kroubi M, Yuan X, Feng W, Kang C, et al. Characterization 
of endocytosis of transferrin-coated PLGA nanoparticles by the blood–brain 
barrier. Int J Pharm. 2009;379(2):285–92.  



 

 28 

123.  Jiang X, Xin H, Ren Q, Gu J, Zhu L, Du F, et al. Nanoparticles of 2-deoxy-d-
glucose functionalized poly(ethylene glycol)-co-poly(trimethylene carbonate) for 
dual-targeted drug delivery in glioma treatment. Biomaterials. 2014;35(1):518–
29.  

124.  Wiley DT, Webster P, Gale A, Davis ME. Transcytosis and brain uptake of 
transferrin-containing nanoparticles by tuning avidity to transferrin receptor. Proc 
Natl Acad Sci. 2013;110(21):8662 LP-8667.  

125.  De Jong E, Williams DS, Abdelmohsen LKEA, Van Hest JCM, Zuhorn IS. A filter-
free blood-brain barrier model to quantitatively study transendothelial delivery of 
nanoparticles by fluorescence spectroscopy. J Control Release. 2018;289:14–
22.  

126.  Stojanov K, Georgieva J V, Brinkhuis RP, van Hest JC, Rutjes FP, Dierckx 
RAJO, et al. In Vivo Biodistribution of Prion- and GM1-Targeted Polymersomes 
following Intravenous Administration in Mice. Mol Pharm. 2012;9(6):1620–7.  

127.  Georgieva J V, Brinkhuis RP, Stojanov K, Weijers CAGM, Zuilhof H, Rutjes 
FPJT, et al. Peptide-Mediated Blood–Brain Barrier Transport of Polymersomes. 
Angew Chemie Int Ed. 2012;51(33):8339–42.  

128.  Yu YJ, Zhang Y, Kenrick M, Hoyte K, Luk W, Lu Y, et al. Boosting Brain Uptake 
of a Therapeutic Antibody by Reducing Its Affinity for a Transcytosis Target. Sci 
Transl Med. 2011;3(84):84ra44 LP-84ra44.  

129.  Grifno GN, Farrell AM, Linville RM, Arevalo D, Kim JH, Gu L, et al. Tissue-
engineered blood-brain barrier models via directed differentiation of human 
induced pluripotent stem cells. Sci Rep. 2019;9(1):13957.  

130.  Booth R, Kim H. Characterization of a microfluidic in vitro model of the blood-
brain barrier (μBBB). Lab Chip. 2012;12(10):1784–92.  

131.  Griep LM, Wolbers F, de Wagenaar B, ter Braak PM, Weksler BB, Romero IA, 
et al. BBB ON CHIP: microfluidic platform to mechanically and biochemically 
modulate blood-brain barrier function. Biomed Microdevices. 2013;15(1):145–
50.  

132.  Herland A, van der Meer AD, FitzGerald EA, Park T-E, Sleeboom JJF, Ingber 
DE. Distinct Contributions of Astrocytes and Pericytes to Neuroinflammation 
Identified in a 3D Human Blood-Brain Barrier on a Chip. PLoS One. 
2016;11(3):e0150360–e0150360.  

133.  Bergmann S, Lawler SE, Qu Y, Fadzen CM, Wolfe JM, Regan MS, et al. Blood–
brain-barrier organoids for investigating the permeability of CNS therapeutics. 
Nat Protoc. 2018;13(12):2827–43.  

134.  DeStefano JG, Jamieson JJ, Linville RM, Searson PC. Benchmarking in vitro 
tissue-engineered blood–brain barrier models. Fluids Barriers CNS. 
2018;15(1):32.  

135.  Sivandzade F, Cucullo L. In-vitro blood–brain barrier modeling: A review of 



 

 29 

modern and fast-advancing technologies. J Cereb Blood Flow Metab. 
2018;38(10):1667–81.  

136.  Cecchelli R, Berezowski V, Lundquist S, Culot M, Renftel M, Dehouck M-P, et 
al. Modelling of the blood–brain barrier in drug discovery and development. Nat 
Rev Drug Discov. 2007;6(8):650–61.  

137.  Helms HC, Abbott NJ, Burek M, Cecchelli R, Couraud P-O, Deli MA, et al. In vitro 
models of the blood–brain barrier: An overview of commonly used brain 
endothelial cell culture models and guidelines for their use. J Cereb Blood Flow 
Metab. 2016;36(5):862–90.  

138.  Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. Nanocarriers 
as an emerging platform for cancer therapy. Nat Nanotechnol. 2007;2(12):751–
60.  

139.  Farokhzad OC, Langer R. Impact of Nanotechnology on Drug Delivery. ACS 
Nano. 2009;3(1):16–20.  

140.  Shi J, Votruba AR, Farokhzad OC, Langer R. Nanotechnology in Drug Delivery 
and Tissue Engineering: From Discovery to Applications. Nano Lett. 
2010;10(9):3223–30.  

141.  Wang AZ, Langer R, Farokhzad OC. Nanoparticle Delivery of Cancer Drugs. 
Annu Rev Med. 2012;63(1):185–98.  

142.  Fernandes C, Suares D, Yergeri MC. Tumor Microenvironment Targeted 
Nanotherapy . Vol. 9, Frontiers in Pharmacology . 2018; p. 1230.  

143.  Ediriwickrema A, Saltzman WM. Nanotherapy for Cancer: Targeting and 
Multifunctionality in the Future of Cancer Therapies. ACS Biomater Sci Eng. 
2015/01/13. 2015;1(2):64–78.  

144.  Kim GJ, Nie S. Targeted cancer nanotherapy. Mater Today. 2005;8(8, 
Supplement):28–33.  

145.  Garnis C, Buys TPH, Lam WL. Genetic alteration and gene expression 
modulation during cancer progression. Mol Cancer. 2004;3:9.  

146.  Testa U, Castelli G, Pelosi E. Genetic Abnormalities, Clonal Evolution, and 
Cancer Stem Cells of Brain Tumors. Med Sci (Basel, Switzerland). 2018;6(4):85.  

147.  Rusciano D, Welch DR, Burger MMBT-LT in B and MB, editors. Homotypic and 
heterotypic cell adhesion in metastasis. In: Cancer Metastasis: In vitro and in 
vivo Experimental Approaches. Elsevier; 2000. p. 9–64.  

148.  Fang RH, Hu C-MJ, Luk BT, Gao W, Copp JA, Tai Y, et al. Cancer Cell 
Membrane-Coated Nanoparticles for Anticancer Vaccination and Drug Delivery. 
Nano Lett. 2014;14(4):2181–8.  

149.  Liu Y, Luo J, Chen X, Liu W, Chen T. Cell Membrane Coating Technology: A 
Promising Strategy for Biomedical Applications. Nano-Micro Lett. 



 

 30 

2019;11(1):100.  

150.  Qian B-Z, Pollard JW. Macrophage Diversity Enhances Tumor Progression and 
Metastasis. Cell. 2010;141(1):39–51.  

151.  Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: 
time for reassessment. F1000Prime Rep. 2014;6:13.  

152.  Prionisti I, Bühler LH, Walker PR, Jolivet RB. Harnessing Microglia and 
Macrophages for the Treatment of Glioblastoma . Vol. 10, Frontiers in 
Pharmacology . 2019; p. 506.  

153.  Hambardzumyan D, Gutmann DH, Kettenmann H. The role of microglia and 
macrophages in glioma maintenance and progression. Nat Neurosci. 
2016;19(1):20–7.  

154.  Gabrusiewicz K, Rodriguez B, Wei J, Hashimoto Y, Healy LM, Maiti SN, et al. 
Glioblastoma-infiltrated innate immune cells resemble M0 macrophage 
phenotype. JCI insight. 2016;1(2):e85841.  

 

  



 

 31 

 
 
 

 
 

 
CHAPTER 2: 

LOW NANOGEL STIFFNESS 

FAVORS NANOGEL 

TRANSCYTOSIS ACROSS THE 

BLOOD-BRAIN BARRIER 

 
 





 

 33 

CHAPTER 2: LOW NANOGEL STIFFNESS FAVORS NANOGEL TRANSCYTOSIS 
ACROSS THE BLOOD-BRAIN BARRIER 

 

Laís Ribovski1,2, Edwin de Jong1, Olga Mergel1, Guangyue Zu1, Patrick van Rijn1, Inge 

S. Zuhorn1,§ 

 
1 University of Groningen, University Medical Center Groningen, Department of 

Biomedical Engineering, Groningen, the Netherlands. A. Deusinglaan 1, 9713 AV 

Groningen, The Netherlands 
2 University of São Paulo, Physics Institute of São Carlos, Nanomedicine and 

Nanotoxicology Group, CP 369, 13560-970 São Carlos, SP, Brazil 

 

 

 
§ Corresponding author: Inge S. Zuhorn 

 

E-mail address: i.zuhorn@umcg.nl 

 

 

Submitted for publication with modifications 

  



 

 34 

ABSTRACT 

 

 Transport of therapeutics across the blood-brain barrier (BBB) is a fundamental 

requirement for effective treatment of numerous brain diseases. However, most 

therapeutics (>500 Da) are unable to permeate through the BBB and do not achieve 

therapeutic doses. Nanoparticles (NPs) are being investigated to facilitate drug 

delivery to the brain. The physicochemical properties of NPs, including size, surface 

charge, and surface chemistry have been shown to affect accumulation of NPs in the 

brain. Here, we investigate the effect of nanoparticle stiffness on NP transport across 

an in vitro BBB model. To this end, poly(N-isopropylmethacrylamide) (p(NIPMAM)) 

nanogels were prepared by precipitation polymerization, while nanogel stiffness was 

varied by the inclusion of 1.5 mol% (NG1.5), 5 mol% (NG5), and 14 mol% (NG14) 

N,N′-methylenebis(acrylamide) (BIS) cross linker. Fluorescently labeled p(NIPMAM) 

nanogels were used to quantify nanogel uptake and transcytosis in an in vitro BBB 

model. The more densely cross-linked p(NIPMAM) nanogels showed the highest level 

of uptake by polarized brain endothelial cells, whereas the less densely cross-linked 

nanogels demonstrated the highest transcytotic potential. These findings suggest that 

nanogel stiffness has opposing effects on nanogel uptake and transcytosis at the BBB. 

 

 

Keywords: nanoparticles, blood-brain barrier, nanogel, stiffness, transcytosis. 
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2.1 INTRODUCTION 
 

Treatment and diagnosis of brain diseases e.g. neurodegenerative diseases 

and brain cancer are hindered by biological barriers, especially the blood-brain barrier 

(BBB). The BBB prevents that compounds reach therapeutic doses in the brain, 

hampering treatment efficacy and increasing side-effects and drug-resistance 

development. Nanoscale materials offer an opportunity to enhance treatment delivery, 

while materials properties critically determine delivery efficacy. Nanoparticle (NP) 

characteristics, including size(1–4), surface chemistry(2,5,6) as well as surface 

functionalization with target-specific ligands.(1,5,7–11) have been shown to influence 

NP transport across the BBB. One approach often used to enhance the transport of 

NPs across the BBB is to promote their endocytic uptake by brain endothelial 

cells.(8,9,12) Notwithstanding NP uptake has an important role in the process, NPs 

transcellular transport is also dependent on subsequent intracellular vesicle trafficking 

and exocytosis. Yu et al.(13) showed that high-affinity antibodies for the transferrin 

receptor accumulate to a lesser extent in the brain than low-affinity antibodies. 

Likewise, Wiley et al.(14) coupled different amounts of transferrin (Tf) to gold 

nanoparticles and investigated their interaction with brain endothelial cells. They 

demonstrated that NPs with larger quantities of Tf bind to the BBB but do not 

accumulate in the brain parenchyma as efficiently as NPs with lower amounts of Tf. 

Understanding both how nanosized materials are transported into cells and how they 

get through cell barriers is essential to design drug delivery strategies. 

It has been shown that hydrophilic rigid NPs show a higher uptake by 

macrophages, cancer, and endothelial cells than soft NPs at in vitro conditions.(15–

22) Also, soft particles favor in vivo circulation which leads to enhanced targeting at 

tumor sites, although the difference in blood persistence and tumor accumulation of 

the NPs seems more pronounced for short observation times.(15,16,18,23) Yi et 

al.(24) suggested that, whereas rigid particles induce plasma membrane deformation, 

for a soft particle the membrane has no initial deformation but still needs to reach full 

enwrapping for its endocytosis, which therefore requires a higher adhesion energy. 

Although considerable efforts have been made to understand the cellular response to 

NP stiffness, both theoretically and experimentally, the effect of NP stiffness on its 

capacity to cross barrier cell types, including the BBB, is largely unexplored.  
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Nanogels (NGs) are nanoparticles composed of a cross-linked hydrophilic 

polymer network. Important aspects of NGs are their customizable stiffness and low 

level of protein adhesion.(25,26) NG stiffness can be easily modulated by varying the 

extent of polymer crosslinking, with minimal alterations to the NG composition. This 

offers an excellent opportunity to evaluate the influence of nanoparticle stiffness on 

fundamental biological cellular processes, including transcellular transport. Here, we 

explored the effect of the stiffness of p(NIPMAM) nanogels on their interaction with an 

in vitro BBB model. NGs of ~200 nm with varying stiffness were made by inclusion of 

1.5 mol%, 5 mol%, and 14 mol% N,N′-methylenebis(acrylamide) (BIS) cross-linker 

during synthesis. The stiffer NG14 nanogel showed higher uptake by brain endothelial 

cells than the softer NG1.5 and NG5 nanogels. In contrast, NG1.5 and NG5 exhibited 

higher levels of transcytosis compared to NG14. An increase in the size of NG particles 

to ~400 nm, while keeping stiffness constant, was shown not to influence uptake nor 

transcytosis. Altogether, our data suggest that nanogel stiffness has opposing effects 

on nanogel uptake and transcytosis at the BBB and that stiffness is a more determinant 

factor than size for the transcytosis of NG particles. Whereas high stiffness of NGs 

promotes uptake by brain endothelial cells, low NG stiffness stimulates transcytosis 

across the in vitro BBB. 

 

2.2 METHODS AND MATERIALS 
 

2.2.1 Nanogel synthesis  
 

Nanogels were synthesized by precipitation polymerization as previously 

described with some adaptations to suit this study purposes.(27) Briefly, NIPMAM 

(Sigma-Aldrich #423548), nile blue acrylamide (NLB, Polysciences #25395), BIS 

(Sigma-Aldrich #146072) and sodium dodecyl sulfate (SDS) were added to a 100 ml 

glass round-bottom flask and dissolved in 45 ml of filtered ddH2O (0.2 µm Whatman 

filter), stirred and purged with N2. The solution was placed in an oil thermal bath at 

70°C and ammonium persulfate (APS, Sigma-Aldrich #A3679) dissolved in ddH2O and 

purged with N2 was added after 30 min. Polymerization time was recorded after 

addition of APS. Prior to use, NIPMAM 97% was purified by recrystallization from n-

hexane and dried at reduced pressure using a rotary evaporator. Table 2.1 details the 
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formulation conditions of the different nanogels used in this study. The crosslinking 

degree affects nanogel stiffness. 

 
Table 2.1 - Synthesis conditions for p(NIPMAM) nanogels with different cross-linking densities. All 
reactions were performed at 70°C in an oil bath. 

Nanogel NIPMAM BIS SDS NLB APS 
Polymerization 

time 

 mg mol% mg mol mM mg mg hours 

NG1.5 626 98.5 12 1.5 1.6 8 11 4 

NG5 604 95 39 5 2.5 10 11 2.5 

NG14 604 86 117 14 2.5 10 11 2.5 

NG5large 604 95 39 5 1.6 10 11 > 6 

 

 The SDS concentration (Figure S1, Appendix A) and polymerization time 

(Figure S2, Appendix A) affect nanogel size and dispersity and were varied to obtain 

monodisperse nanogels of 200 and 400 nm mean diameter. 

 All nanogels were extensively dialyzed in ethanol 96 %vol (AnalaR 

NORMAPUR® – VWR) followed by dialysis in ddH2O using a cellulose dialysis tube (6-

8 kDa cutoff, Spectrum™) and dialysis medium was changed at least once a day. After 

dialysis, the nanogels were freeze-dried. 

 

2.2.2 Nanogel characterization 
 

Size and PdI at 37°C, zeta potential (z-potential) at room temperature and 

temperature-dependent behavior were determined using a Zetasizer Nano ZS 

(Malvern Instruments). The nanogels show a thermoresponsive behavior shifting 

between swollen and collapsed states with volume phase transition temperature 

(VPTT) at 44˚C, being swollen at 37˚C, i.e., at physiological body temperature, and 
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collapsed at temperatures > 44˚C. 20 µg ml-1 nanogels in 1 mM SDS in ddH2O were 

used to obtain the thermoresponsive curves between 20 and 60°C with 2°C intervals 

and an equilibration time of 180 s. TEM images were acquired on a transmission 

electron microscope and analyzed using Fiji.(28) At least 100 particles were measured 

to obtain the size range, except for 1.5 mol% BIS where 25 particles were measured 

due to sample limitation. The swelling ratio reflects the nanogel cross-linking density 

and was determined by calculation of the ratio between the hydrodynamic diameter of 

the nanogel formulation at 50°C and 20°C. 

Negative staining of nanogels drop-casted over carbon film coated copper grids 

was performed with 5 µl of 2% uranyl acetate. Samples were investigated with a Philips 

CM120 electron microscope coupled to a 4k CCD camera operated at 120 kV. Images 

were analyzed using Fiji software.(28) At least 100 particles were measured for each 

nanogel formulation for size analysis, except for 1.5 mol% BIS nanogels where 25 

particles were measured because of sample limitation. 

 
2.2.3 Brain endothelial cell culture 
 

Human cerebral microvascular endothelial cell line (hCMEC/D3) cells were 

cultured in endothelial basal medium 2 (EBM-2; Lonza, #CC-3156) supplemented with 

5% (v/v) foetal bovine serum (FBS), 5 µg ml-1 ascorbic acid (Sigma-Aldrich #A4544), 

1 ng mL-1 basic fibroblast growth factor (PeproTech, #100-18D), 1% (v/v) chemically 

defined lipid concentrate (Gibco #11905-031), 10 mmol L-1 HEPES (Gibco 

#15630106), 1.4 µmol L-1 hydrocortisone (Sigma # H0888) and 1% (v/v) penicillin-

streptomycin in 25 cm2 flasks coated with 150 μg ml-1 rat tail collagen type-I (Enzo Life 

Sciences, #ALX-522-435, LOT 08071815 or LOT 04201734). Cells were grown at 

37ºC in an incubator with 5% CO2 atmosphere and used for experiments at passage 

28 to 38. 

 
2.2.4 Flow cytometry assessment of nanogel uptake in polarized brain 
endothelial cell monolayers 

 

hCMEC/D3 cells were seeded in 24-well plates pre-coated with 150 µg ml-1 rat 

tail collagen type-I at a density of 1x105 cells per cm2. Cells were grown for 5 days and 

medium was changed every other day. At the 5th day, medium was removed and cells 
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were washed once with 1x HBSS. 500 µl of 100 µg ml-1 nanogel in EBM-2 complete 

medium was added to each well and incubated for 15, 30 and 120 minutes. After 

incubation, medium containing nanogels was removed, cells were washed twice with 

1x HBSS and 200 µl trypsin-EDTA was added per well and incubated for 5 min for cell 

detachment. 400 µl of EBM-2 complete medium was added to each well, cells were 

pipetted vigorously up and down at least 10 times and samples were collected. Wells 

were washed once with 200-400 µl of 1x HBSS to collect remaining cells. Samples 

were centrifuged (500 g, 5 min, 4°C), the supernatant was discarded and the cells were 

resuspended in 400 µl of ice-cold 1x PBS supplemented with 2% (v/v) FBS and 5 mM 

EDTA (PFE buffer). For experiments at 4°C, the cell monolayer was incubated at 4°C 

for 30 min and ice-cold 1xHBSS was used to wash the cells prior to ice-cold nanogel 

incubation for 2 hours at 4 °C. Nanogels were removed and cells washed with ice-cold 

1x HBSS two times, followed by trypsinization. Fluorescence in cells was measured 

with a CytoFlex S Flow Cytometer (Beckman Coulter) using the APC channel (670/30 

band pass filter) and laser excitation 640 nm. Data were analyzed using FlowJo V10 

software (Tree Star, Inc.) and Origin. Because the different nile blue-labelled nanogels 

do not have the same fluorescence intensity, the geometric mean fluorescence values 

were corrected according to the fluorescence of each nanogel at 656 nm ( lexcitation = 

633 nm) at 100 µg ml-1 in EBM-2 complete medium (Figure S3, Appendix A) in order 

to compare the cellular uptake of the different nanogels.(29) 

 

2.2.5 Transcytosis assay 
 

Transcytosis assays were performed using a filter-free blood-brain barrier 

model previously described in detail by our group.(30) In short, collagen gels were 

prepared from a 5 mg ml-1 rat tail collagen type-I sterile solution in 0.02 N acetic acid 

that was neutralized by 1 mol L-1 NaOH, made isotonic from 10x phosphate-buffered 

saline (PBS) and diluted to 2 mg ml-1 with sterilized ddH2O and final buffer composition 

of 1x PBS. hCMEC/D3 cell were grown over the collagen gels for 5 days at initial 

seeding density of 1 × 105 cells per cm2, the medium was changed every other day and 

cells were washed with HBSS at day 2 and 5. After 5 days, the cell monolayer reached 

confluency and nanogel transcytosis was assessed as well as monolayer permeability. 

At 100 µg ml-1 in complete EBM-2 medium, 500 µl of NG1.5, NG5, NG5large, and NG15 
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was incubated for 2, 4 or 16 hours after washing the cell layer once with 1x Hank's 

balanced salt solution (HBSS). One hour before the end of the incubation period, 55 

µl of 5 mg ml-1 fluorescein isothiocyanate (FITC)-labelled dextran of 4 kDa (Sigma-

Aldrich #FD-4) was added to the apical compartment to evaluate paracellular 

permeability. Subsequently, the apical medium was aspirated, and hCMEC/D3 cells 

were separated from the basal medium by means of collagenase A treatment, as 

previously described. (29) Fluorescence was measured in the apical, cell, and basal 

fractions (excitation at 633 nm and emission at 680 nm). Cell monolayers that were 

treated without nanogel served as a control for the influence of collagenase A on 

nanogel fluorescence. The percentage of nanogels associated to a compartment - 

apical, cell or basolateral was calculated with the formula below. 

 

%	𝑚𝑖𝑐𝑟𝑜𝑔𝑒𝑙𝑠 = 	
𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝑡𝑜𝑡𝑎𝑙	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
	𝑥	100 (2.1) 

 

Apparent permeability (Papp) was calculated using the following equation 

 

𝑃788 = 	
∆𝑄
∆𝑡

𝐴𝐶= (2.2) 

 

where 𝛥𝑄/𝛥𝑡	represents the rate of permeation of dextran (µg min-1), A is the surface 

area (cm2), 𝐶= is the initial concentration of FITC-dextran (µg ml-1) added to the apical 

side. FITC-dextran fluorescence was recorded at 𝜆AB = 485 nm and 𝜆AC = 520 nm. 

Apparent permeability was verified for all samples and assays. The fluorescence was 

measured using Synergy H1 Hybrid plate reader (BioTek Instruments Inc.)  

 
2.2.6 Confocal microscopy of nanogels in polarized brain endothelial cell 
monolayers 
 

Collagen gels were prepared on glass slides using polydimethylsiloxane 

(PDMS) gel as a mold (Supplementary Information). hCMEC/D3 cells were seeded at 

an initial density of 1 x 105 per cm2 and grown for 5 days in complete EBM-2 medium. 

Medium was changed every day. After 5 days, medium was removed and the 

monolayer was washed once with 1x HBSS, followed by incubation with 50 µg of 
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nanogel in 500 µl of complete EBM-2 medium for 2 hours. 30 minutes before the end 

of the incubation period, Hoechst was added to the cells at a final concentration of 2 

µg ml-1. Apical medium containing nanogels and Hoechst was removed and the cell 

monolayer was washed twice with 1xHBSS before fixation. Cells were incubated with 

3.7% paraformaldehyde (PFA) in 1xPBS for 15 min, followed by 3 washes with 1xPBS 

and incubation with 0.2% (v/v) of Triton X-100 in PBS for 10 minutes. Then, the 

monolayer was washed with 1xPBS thrice for 15 min under mild agitation. Cells were 

incubated with Phalloidin-FITC (Sigma-Aldrich #P5282) at 1:100 dilution for 90 minutes 

protected from light. Wash was performed three times, samples were mounted with 

PBS:glycerol (50:50) and a cover slip was carefully placed over the samples. Images 

were collected using a Leica TSC SP2 confocal microscope (63x immersion oil 

objective) and analyzed with Fiji software.(28) Z slice images were collected 

sequentially using two or three channels and excitation lasers 488 (ArKr) and 633 nm 

(HeNe). Ninety stacks were collected for each image, each image being an average of 

two frames composed of 512 × 512 pixels. 

 

2.3 RESULTS 
 
2.3.1 Nanogel characterization 
 

P(NIPMAM) nanogels of varying stiffness were prepared by tuning their cross-

linking densities and reactant contents. Nanogels of ~200 nm diameter were prepared 

with 1.5, 5, and 14 mol% BIS cross-linker, and nanogels of ~400 nm were prepared 

with 5 mol% BIS cross-linker. The size of the nanogels was determined by means of 

dynamic light scattering, and confirmed by TEM (Table 2.2, Figure 2.1 A-D). All 

nanogels showed a negative zeta potential (Table 2.2). The z-potential distributions at 

RT are equivalent between all nanogels, except between NG1.5 and NG14. Nanogels 

with a similar size and different cross-linking densities showed the highest swelling 

ratio for the nanogel with the lower amount of cross-linker (Table 2.2, Figure 2.1E). 

Moreover, the swelling ratio is significantly different between the nanogels with 

different cross-linking densities (NG1.5, NG5, NG14), but not between nanogels with 

similar crosslinking density (NG5 and NG5large) (Table 2.2, Figure 2.1E). Nanogels with 

different sizes and the same cross-linking density showed a similar swelling ratio 

(Table 2.2, Figure 2.1E).  
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Table 2.2 - p(NIPMAM) nanogel properties. 1Number of particles measured from TEM images to 
estimate nanogel size. 

 

Z-average 

at 37 °C 

(nm) 

PdI 

TEM size 

(mean ± SD) 

(nm) 

Swelling 

ratio 

(d20/d50) 

z-potential 

at RT (mV) 

NG1.5 170 ± 44 0.07 
148 ± 18 

(25)1 
2.4 ± 0.1 -6.8 ± 3.1 

NG5 230 ± 64 0.04 
222 ± 56 

(101)1 
1.9 ± 0.1 -9.9 ± 6.5 

NG14 175 ± 40 0.02 
163 ± 56 

(107)1 
1.5 ± 0.02 -23.4 ± 7.9 

NG5large 423 ± 118 0.06 
474 ± 121 

(379)1 
2.1 ± 0.08 -6.5 ± 5.5 

 

 
Figure 2.1 – p(NIPMAM) nanogel characterization. P(NIPMAM) nanogel images obtained by negative 
staining followed by transmission electron microscopy. A) 1.5 mol% BIS (NG1.5), B) 5 mol% BIS (NG5), 
C) 14 mol% BIS (NG14) and D) 5 mol% BIS (NG5large). E) Swelling ratio of NG1.5, NG5, NG14 and 
NGlarge. Bars: 500 nm. Represented values are mean ± SD of three experiments with at least 40000 
events. Data were analyzed using two-sample t-test and significances are indicated by * for p-value < 
0.05, ** for p-value < 0.01, *** for p-value < 0.005 and **** for p-value < 0.0005. 
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 Overall, the p(NIPMAM) nanogel thermoresponsive behavior revealed an 

inverse correlation between crosslinking density and swelling ratio, which is in 

accordance with literature, i.e., micro/nanogels with higher crosslinking density show 

a lower swelling ratio, which is indicative for an enhanced stiffness.(27,31). p(NIPMAM) 

microgels with similar cross-linking densities and swelling ratios displayed in our earlier 

work stiffnesses of 21 ± 8, 117 ± 20, and 346 ± 125 kPa, for 1.5, 5 and 15 mol% BIS, 

respectively.(27) These results confirm that an increase in crosslinking density results 

in an increase in Young’s modulus, i.e., stiffness (Table 2.2). NGs with the same cross-

linking density but different sizes show the same Young’s modulus (Table 2.2; compare 

NG5large (425 nm, 5 mol% BIS) and NG5 (230 nm, 5 mol% BIS)), indicating that NG 

stiffness is not size-dependent. 

 

2.3.2 High nanogel stiffness favors uptake by polarized brain endothelial cell 
monolayers 
 

Previous studies have indicated that stiffer particles generally present higher 

internalization levels in eukaryotic cells, including endothelial cells.(16,32) This 

phenomenon has been attributed to an easier wrapping of the plasma membrane of 

cells around stiff particles.(33) Here, the uptake of nanogels with varying stiffness, i.e., 

NG1.5, NG5, and NG14, was measured in polarized hCMEC/D3 cell monolayers. 

Fluorescently labeled nanogels were incubated with hCMEC/D3 cell monolayers for 

15, 30, and 120 minutes at 37 °C. Figure 2.2A shows that NG1.5 and NG5 showed 

similar uptake by hCMEC/D3 cells, whereas the uptake of NG14 nanogels was 

significantly higher. In addition, the effect of nanogel size on uptake by hCMEC/D3 cell 

monolayers was investigated. To this end, two NG formulations with the same cross-

linking density but different sizes, i.e., NG5 and NG5large, were incubated with 

hCMEC/D3 cell monolayers for 15, 30, and 120 minutes (37 °C). Both types of NGs 

were internalized by hCMEC/D3 cells to a similar extent (Figure 2.2C), indicating that 

NGs with a size of ~425 nm are internalized as efficiently as NGs of ~230 nm.  
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Figure 2.2 – Effect of NG size and stiffness on NG uptake by hCMEC/D3 cell monolayers. hCMEC/D3 
cell monolayers were incubated with nile blue-labeled NG1.5, NG5, and NG14 at (A) 37 ºC for 15, 30 
and 120 minutes (B) 4 °C and 37 °C for 2 hours, after which intracellular fluorescence was determined 
by flow cytometry. hCMEC/D3 cell monolayers were incubated with nile blue-labeled NG5, and NG5large 
at (C) 37 ºC for 15, 30 and 120 minutes (D) 4 ºC and 37 ºC for 2 hours, after which intracellular 
fluorescence was measured by flow cytometry. The cellular fluorescence intensities were corrected by 
dividing the mean fluorescence intensity of the cells by the fluorescence intensity of the NG stock 
dispersions (100 µg ml-1). Represented values are mean ± SD of three experiments with at least 40000 
events. Data were analyzed using two-sample t-test and significances are indicated by * for p-value < 
0.05, ** for p-value < 0.01, *** for p-value < 0.005 and **** for p-value < 0.0005. 
  

Theoretical models indicate that soft particles must overcome a high-energy 

barrier to induce their enwrapping by the plasma membrane of cells. This is due to the 

fact that soft particles induce low membrane bending, which is caused by their 

spreading over the cell surface due to particle deformation.(24,33,34) Moreover, using 

coarse-grained molecular dynamics Shen et al showed that the difference in wrapping 

efficiency of soft and rigid particles scales with particle size.(35) With that in mind, we 

could explain the lack of significant variation in uptake between NG1.5 and NG5 as an 

insufficient variation in particle stiffness (ΔENG5-NG1.5 = 96 kPa) for particles in the 150-

250 nm size range, and suggest that there is a rather sharp response toward NG 

stiffness.  
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Figure 2.3 – Cellular distribution of NG1.5, NG5, NG14 and NG5large in hCMEC/D3 cell monolayers. 
hCMEC/D3 monolayers were incubated with NG1.5, NG5, NG14 and NG5large for 2 hours at 37°C, 
followed by fixation, F-actin staining, and examination by fluorescence microscopy. Scale bars are 20 
µm. Images were acquired using the same microscopy settings. 
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To determine the intracellular distribution of the NGs in hCMEC/D3 cells, cells 

were incubated with fluorescently labeled NGs and investigated by confocal 

microscopy. Figure 2.3 shows that virtually all cells in the cell monolayer contain NGs 

(quantified in Table S1, Appendix A) which tend to accumulate at the perinuclear 

region. The cellular distribution was similar for all 4 NGs. Of note, because of the 

different fluorescence intensities of the different NG formulations (see Figure S3) a 

comparison of the uptake levels of the different NGs by direct visual inspection of the 

fluorescence images is not possible.  

 

2.3.3 Low nanogel stiffness favors transcytosis across polarized brain 
endothelial cell monolayers  
 

Next, the effect of NG stiffness on NG transport across an in vitro BBB model 

was investigated. To this end, 50 µg of nile blue-labelled NG1.5, NG5, NG5large, and 

NG14 was incubated at 100 µg ml-1 for 2, 4 and 16 hours with the filter-free BBB model, 

after which the fluorescence in the apical, cell, and basal compartments was quantified. 

After 2 h incubation, the softer particles NG1.5 and NG5 showed an enhanced 

accumulation at the basal side of the cell monolayer compared to the stiffest NG14 

nanogel (Figure 2.4A). Longer incubation periods resulted in a modest increase in 

basal accumulation of the NGs with again highest basal accumulation for NG1.5 and 

NG5 (Figure 2.4B, C). NG5large and NG5 exhibited a similar transcytotic capacity 

(Figure 2.4A). To exclude paracellular transport of NGs due to a compromised BBB, 

the Papp of the hCMEC/D3 cell monolayers for 4 kDa dextran, a marker for paracellular 

leakage, was evaluated during the final 60 min of incubation with the NGs. Incubation 

of cell monolayers with NGs did not induce an increase in the Papp for dextran 

compared to control cells, indicating that the barrier properties of the BBB model 

remained intact during incubation with NGs (Figure 2.4F). When calculating the 

percentage of nanogels that interacted with the cellular compartment and reached the 

basolateral compartment, it becomes evident that the softer nanogels NG1.5 and NG5 

are more efficiently secreted at the basal side of the hCMEC/D3 monolayer than the 

stiff NG14 nanogel (Figure 2.4D).  
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Figure 2.4 - Effect of NG size and stiffness on NG transport across an in vitro filter-free BBB model. 
hCMEC/D3 cell monolayers were incubated with nile blue-labeled NG1.5, NG5, and NG14 at 37 ºC for 
(A) 2, (B) 4, and (C) 16 hours, after which fluorescence in the apical, cell, and basal fractions was 
determined by fluorescence spectroscopy. (D) Percentage of exocytosed nanogel (exocytosed nanogel 
(%) = fluorescencebasolateral x 100/(fluorescencecells + fluorescencebasolateral) after 2 h incubation. (E) 
Transcytosis levels for NG5 and NG5large after 2, 4 and 16 h incubation. (F) Apparent permeability (Papp) 
of FITC-dextran (MW 4 kDa) in hCMEC/D3 cell monolayers incubated with NG1.5, NG5, NG14 and 
NG5large for 2, 4 and 16 hours. Control is hCMEC/D3 cell monolayer incubated without nanogel. Values 
are represented as mean ± SD of four independent experiments and each experiment was performed 
in duplicate. Data were analyzed using two-sample t-test and statistically significant differences are 
indicated by * for p-value < 0.05, ** for p-value < 0.01 and *** for p-value < 0.05 
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Taken together, our data show that increased levels of uptake do not 

necessarily lead to improved transport across the BBB. This means that a greater 

internalization level might not lead to enhanced transcytosis. Similarly, Freese et 

al.(36) demonstrated that elevated cell association of poly(2-

hydroxypropylmethacrylamide) coated-gold nanoparticles did not result in their 

improved transport across the BBB, which was attributed to the confinement of the 

particles in intracellular vesicles. A negative correlation between ligand-receptor 

affinity and transcytosis has been observed for TfR antibodies.(13,37) Intermediate 

ligand-receptor affinity was shown to promote TfR antibody transcytosis, while high 

affinity was connected to delivery to lysosomes. A similar positive correlation between 

intermediate ligand-receptor affinity and transcytosis at the BBB has been reported for 

receptors at the BBB other than the transferrin receptor.(38,39) However, intermediate 

affinity of ligand-decorated nanoparticles to cells generally leads to lower uptake 

compared to nanoparticles with high affinity. Clark and Davis ingeniously obviated the 

need to use intermediate ligand-receptor affinity through the use of gold nanoparticles 

decorated with acid-cleavable ligands. (40) They demonstrated that gold nanoparticles 

functionalized with an acid-cleavable transferrin ligand reached the brain parenchyma 

at higher quantities compared to gold with non-cleavable transferrin (Tf). Following 

endocytosis of the gold nanoparticles, the separation between the particle and Tf, as 

induced by a drop in endosomal pH, was held responsible for facilitating nanoparticle 

release at the basal side of the BBB.  

In order to visualize the transcytosed fraction of NGs in the BBB model, 

hCMEC/D3 cell monolayers were grown on collagen gels in a PDMS mold (see 

Material and Methods), incubated for 2 h with fluorescently labeled NGs, and 

investigated by confocal microscopy.  

3D image construction of confocal Z-stacks, as presented in Figure 2.5, shows 

that NG1.5, NG5, as well as NG14 appeared at the basal side of the in vitro BBB and 

penetrated the collagen gel that supported the hCMEC/D3 cell monolayer. 
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Figure 2.5 – Basolateral accumulation of NG1.5, NG5, and NG14 at an in vitro filter-free BBB model. 
hCMEC/D3 cell monolayers were incubated with NG1.5, NG5, and NG14 for 2 hours at 37°C, followed 
by fixation, F-actin staining, and examination by confocal fluorescence microscopy. 3D image 
construction of Z-stacks (left) displays basolateral (top) and apical (bottom) views of cell monolayers 
incubated with (A) NG1.5, (B) NG5, and (C) NG14. XZ orthogonal views (right, top), and three-dimension 
projections (right, bottom). Images were acquired using the same microscopy settings. Red: nanogels; 
Green: F-actin. 
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2.4 CONCLUSION 
 

 To investigate the influence of nanoparticle stiffness on nanoparticle transport 

across the blood-brain barrier, p(NIPMAM) nanogels with varying crosslinking 

densities, i.e., 1.5 mol%, 5 mol%, and 14 mol% BIS were prepared. As expected, the 

crosslinking density of the NGs showed a positive correlation with their stiffness 

(Young’s modulus). Upon their incubation with an in vitro BBB model, composed of a 

polarized hCMEC/D3 cell monolayer grown on a collagen gel, the more densely cross-

linked p(NIPMAM) nanogels (NG14) showed the highest level of uptake by polarized 

brain endothelial cells, whereas the less densely cross-linked nanogels (NG1.5, NG5) 

demonstrated the highest transcytotic potential. These findings suggest that nanogel 

stiffness has opposing effects on nanogel uptake and transcytosis at the BBB. If 

decoration of soft nanogels with ligands would improve their uptake without changing 

their transcytotic capacity remains to be investigated.  

Since the process of transcytosis involves not only cellular uptake via 

endocytosis, but also intracellular vesicle trafficking and exocytosis, we hypothesize 

that low NG stiffness promotes intracellular trafficking and exocytosis. In addition, NGs 

with different stiffnesses may get internalized via different endocytic pathways that are 

intrinsically connected to transcytosis to a different extent. Furthermore, the effect of 

NG stiffness on cellular uptake and transcytosis may (partly) be an indirect effect, 

caused by the formation of distinct protein coronas on soft and more rigid NGs. 

Although, protein corona formation on nanoparticles is extensively being 

investigated(41), there are just few studies describing the protein corona of nanogels 

(25,26,42–44). These studies show that protein adhesion to nanogels is low compared 

to adhesion to nanoparticles, while nanogel hydrophobicity promotes protein adhesion. 

Our finding that soft p(NIPMAM) nanogels are more efficiently transported 

across an in vitro BBB than their stiff counterparts could be exploited in the design of 

soft nanogels for drug delivery across the BBB, to improve current and future treatment 

of brain diseases. 
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Appendix A – Supporting Information: Low nanogel stiffness favors nanogel 
transcytosis across the blood-brain barrier 
 

Nanogels size dependence of sodium dodecyl sulfate (SDS) concentration and 
polymerization time. 
 

The presence of surfactants in the synthesis of nanogels affects size and 

monodispersity.(1,2) To obtain nanogels in the range of 200 and 400 nm, we study the 

polymerization time and SDS concentration effect on 5 mol% BIS nanogels. SDS 

concentration effect on nanogels size and dispersity was studied by preparing a 

solution containing 604 mg of NIPMAM, 39 mg of BIS (5 mol%), 10 mg of NLB and 

different concentrations of SDS from a 0.25 M SDS solution, at a final volume of 45 ml 

of ddH2O in a round flask. This solution was left stirring under a N2 flux for 30 min. After 

30 min, the solution was placed in an oil bath at 70ºC still under stirring (400 rpm) for 

30 min to reach temperature equilibration. In parallel, 11 mg of APS in 5 ml of ddH2O 

was also under N2 flux for 60 min. The initiator was added to the round flask containing 

NIPMAM, BIS, NLB and SDS using a syringe with a needle and the reaction has 

occurred for at least 6 hours. Figure S1 shows the size distribution of hydrodynamic 

diameter with different concentration of SDS. It was observed that there is a limitation 

for SDS amount to produce monodisperse nanogels above 2.7 mM of SDS for 5 mol% 

BIS containing p(NIPMAM) nanogels even at concentrations below SDS critical micelle 

concentration of 8.2 mM in water. 

 
Figure S1 - Hydrodynamic diameter of p(NIPMAM) nanogels with 5 mol% BIS in ddH2O synthesized in 
the presence of 1.6, 2.2 and 2.6 mM of SDS with polymerization time above 6 hours. 
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To investigate nanogels size and dispersity as a function of polymerization time, 

the previously described synthesis conditions were employed although SDS added 

amount was fixed at 38 mg. Polymerization time is considered from the moment the 

initiator was added. To collect the samples at each time point, a syringe with a long 

needle was employed and 0.5 ml was collected every 30 min. Between 90 and 240 

min of reaction an increase in particle size is observed and, from 270 min of reaction 

there was no significant change of the size of the nanogels which relates to the 

consumption of the initiator, APS (Figure S2).  

 
Figure S2 - P(NIPMAM) nanogels (5 mol% BIS) hydrodynamic diameter as function of polymerization 
time Values represented are mean ± SD of 3 measurements from the same batch. 
 

Nanogels fluorescence and flow cytometry 
 

 The nanogels have different fluorescence intensities at same concentration. 

Figure S3a displays the spectra for each nanogels from 645 to 1000 nm with excitation 

at 633 nm. 
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Figure S3 - A) Fluorescence of Nile blue in p(NIPMAM) nanogels in EMB-2 complete medium at 100 

µg ml-1 with excitation at 633 nm and emission was record from 645 to 1000 nm, and B) flow 
cytometry histogram profiles of hCMEC/D3 cells after nanogels incubation for 2 hours at 37ºC using 

the APC channel (670/30 band pass filter) and laser excitation 640 nm. 
 
 Figure S3B show the histogram profile of each nanogel after 2 h incubation with 

hCMEC/D3 polarized cell layer highlighting the different fluorescence intensity 

between nanogels and in agreement with the spectra at Figure S3A. 
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Table S1 - APC positive populations frequency for nile blue-labelled nanogels with different cross-linking 
densities. 

Nanogel 
% positive cells (APC+) 

15 min, 37°C 30 min, 37°C 2 h, 37°C 2 h, 4°C 

1.5 mol% 
BIS 

99.93 ± 0.05 100  99.97 ± 0.05 95.0 ± 4.5 

5 mol% 
BIS 

99.8 ± 0.2 99.9 ± 0.1 99.93 ± 0.05  92 ± 5 

14 mol% 
BIS 

99.7 ± 0.2 99.77 ± 0.09 99.87 ± 0.09 86 ± 6 

 

PDMS mold preparation 
 

Polydimethylsiloxane (PDMS) mold was prepared by mixing PDMS elastomer 

and silicone elastomer curing agent at mixing ratio 10:1 of curing agent to elastomer 

using the SylgardTM 184 Silicone Elastomer Kit. The mix was degassed and poured in 

a plastic plate and left curing overnight at 70ºC. PDMS gel was cut and holes were 

punched to be mold to the collagen gels. The pieces were placed over glass slides and 

plasma treated to bond PDMS to the glass (Figure S4A). To sterilize the pieces, they 

were placed at 180ºC for 4 hours in closed glass containers further opened only under 

flow hood and transferred to 4 wells sterile plate where the collagen gel was placed 

inside the holes.  

 

   

A 
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Figure S4 - A) PDMS mold after plasma treatment, B) hCMEC/D3 polarized layer on collagen gel after 
PDMS mold removal and C) schematic representation of PDMS mold containing collagen gel and 
hCMEC/D3 cell layer. 
  

 Figure S4B displays a collagen gel with a polarized cell layer after nanogel 

incubation and staining for microscopy followed by removal of PDMS mold and careful 

placement of a glass cover slip. 

B 
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ABSTRACT 
 

 Nanoparticles (NPs) are being developed for the delivery of drugs to disease 

targets. The interactions of NPs with biological systems critically determine NP drug 

delivery efficiency and need to be better understood to optimize nanomaterials to better 

serve their intended purpose. Generally, in vitro studies are performed in which NPs 

interact with mono cell cultures. However, in vivo cells are part of a cooperative 

regulated environment that contains multiple cell types. For example, in tumors the 

microenvironment includes, besides cancer cells, macrophages. Macrophages are 

known to have a great impact on the efficacy of nanomedicine, due to their phagocytic 

capacity. In glioma (a form of brain tumor), not only peripheral macrophages are 

associated with the tumor cells but also microglia, the resident macrophages of the 

central nervous system (CNS). Together they form the glioma-associated 

macrophages (GAMs). In addition, macrophages in the circulation impact the 

circulation half-life of NPs and, consequently, their accumulation at the target site. 

Taking these facts into consideration, an appropriate in vitro assessment of NPs 

capacity to target glioma should not only consider the interaction of the NPs with glioma 

cells but also the interaction with GAMs. Here, we explored the interaction of 

monocultures and direct co-cultures of C6 glioma cells and J774 macrophages with 

poly(N-isopropylmethacrylamide) (p(NIPMAM)) nanogels (NGs) of different stiffness 

and sizes.  

We identified that stiff and large NGs are more efficiently internalized by C6 

glioma cells and J774 macrophages than soft and small NGs. In monocultures and co-

cultures the absolute uptake of stiff and large NGs is significantly higher for J774 than 

C6 cells, which is expected based on the phagocytic activity of macrophages. In 

monocultures, the soft NGs are equally internalized by C6 and J774 cells, while in co-

culture uptake of the soft NGs by J774 is enhanced at the expense of uptake by C6 

cells. We hypothesize that the increased internalization of NPs by macrophages in co-

culture may be associated with macrophage stimulation in the presence of glioma cells 

and/or distinct corona profiles on the NGs. Additionally, soft NGs were found to be 

cytotoxic towards C6 glioma cells, which was correlated with higher ROS production 

by C6 glioma cells in the presence of soft NGs. However, in direct co-culture ROS 

levels and cytotoxicity were diminished, which suggests a cytoprotective effect of the 

presence of macrophages on glioma cells. The observed differences in C6 glioma and 
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macrophage responses toward NGs in monocultures compared to co-cultures, 

suggest a potential benefit of investigating NP performance in co-culture systems.  

 

 

Keywords: nanoparticles, glioma, tumor microenvironment, tumor-associated 

macrophages, co-culture, nanogels, stiffness.  
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3.1 INTRODUCTION 
 

 The tumor microenvironment (TME) is a complex system composed of cancer 

cells and a variety of other, non-neoplastic cell types. One particular cell type that 

accounts for roughly 30-50% of the cells present in the TME are macrophages.(1) In 

glioma infiltrating macrophages from the bone marrow and microglia, together termed 

glioma associated macrophages (GAMs), are present.(1,2) GAMs are recruited by 

glioma cells and have an impact on tumor formation and growth, while macrophages 

and microglia are described to distribute to different tumor regions and be recruited at 

different stages of tumor formation and progression.(2,3) For example, both 

macrophages and microglia have been described to influence tumor 

neovascularization.(4–6) However, we should highlight that markers to discriminate 

between microglia and macrophages are still poorly described and literature is 

contradictory. Nonetheless, it is well understood that the presence of macrophages 

and microglia in gliomas modulates the tumor environment and development, and 

ultimately patients’ prognosis. Moreover, the action of macrophages affects the  

concentration of nanomaterials and their drug delivery efficacy at the tumor.(7–11)  

Therefore, it is imperative to understand the interaction between nanoparticles (NPs) 

and glioma cells but also glioma associated macrophages in order to design NPs for 

glioma treatment. 

Strategies for NP evasion from macrophage action are widely sought with 

varying success. One strategy is to modify nanomaterials with CD47, i.e., a “do not eat 

me sign”.(12–14) CD47 is an integrin-associated protein present in normal cellular 

membranes, and commonly overexpressed in cancer cells, which avoids that these 

cells are engulfed and cleared by the mononuclear phagocytic system (MPS). 

Likewise, CD47 anti-phagocytic activity is related to the inability of microglia and 

macrophages to phagocytose glioma cells.(3,15) CD47 has been widely applied in 

immunotherapy(16) and also in nanomedicine to avoid the clearance of NPs by 

macrophages. Main methods employed are the covering of the NP surface with anti-

CD47 or with complete cellular membranes.(12,13) Another strategy for macrophage 

evasion is the use of poly(ethylene glycol) (PEG) coated NPs. PEG coated NPs show 

reduced interaction with the immune system by preventing NP opsonization by serum 

proteins.(17) Several reports show that pegylated NPs avoid macrophages, which can 

be tuned by adjusting the density of PEG.(18) Gold nanoparticles (AuNPs) pegylated 
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with different molecular weights of PEG (2, 5 and 10 kDa) showed longer blood half-

life for the AuNPs with larger PEG brush layers. In addition, the ratio between the 

hydrodynamic diameter of the pegylated particle to its core size was shown to affect 

blood half-life, showing longer circulation for particles with similar hydrodynamic size 

but a smaller gold core.(19) The positive effects of a larger PEG brush layer and a 

smaller NP core on macrophage evasion indicate a role for  NP stiffness in this 

process. Soft poly(carboxybetaine) nanogels loaded with gold nanoparticles are shown 

to have up to 10 h difference in circulation half-life compared to harder NGs, i.e., 19.6 

±1.5 h and 9.1 ± 2.5 h, respectively.(20) Anselmo et al. investigated the effect of 

particle elasticity on blood circulation and –consequently- tissue targeting and showed 

that soft NPs circulated longer than hard NPs, especially at short times, which was 

attributed to their reduced uptake and clearance by the phagocytic system.(21) In 

contrast to making NPs that evade macrophages, macrophages can be exploited to 

bring (hard) NPs to  tumor sites and improve therapeutic effect.(10,22–26) 

Here we investigated the effect of NP stiffness on the uptake and cytotoxicity in 

glioma cells and macrophages. To this end, poly-N-isopropylmethacrylamide 

(p(NIPMAM)) nanogels (NGs) with different cross-linking densities and sizes were 

incubated with C6 glioma cells and J774 macrophages in monoculture and coculture. 

By tuning the cross-linking density of NGs the stiffness is modulated, where lower 

stiffness is associated with a lower elastic modulus i.e. a softer NG.  

 
3.2 METHODS AND MATERIALS 
 

3.2.1 Nanogel preparation and characterization 
 

Nanogels were synthesized by precipitation polymerization as previously 

described with some adaptations to suit this study purposes.(27) Briefly, NIPMAM 

(Sigma-Aldrich #423548), nile blue acrylamide (NLB, Polysciences #25395), BIS 

(Sigma-Aldrich #146072) and sodium dodecyl sulfate (SDS) were added to a 100 ml 

glass round-bottom flask and dissolved in 45 ml of filtered ddH2O (0.2 µm Whatman 

filter), stirred and purged with N2. The solution was placed in an oil thermal bath at 

70°C and ammonium persulfate (APS, Sigma-Aldrich #A3679) dissolved in ddH2O and 

purged with N2 was added after 30 min. Polymerization time was recorded after 

addition of APS. Prior to use, NIPMAM 97% was purified by recrystallization from n-
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hexane and dried at reduced pressure using a rotary evaporator. Table 3.1 details the 

formulation conditions of the different nanogels used in this study. The crosslinking 

degree affects nanogel stiffness. 
 
Table 3.1 - Synthesis conditions for p(NIPMAM) nanogels with different cross-linking densities. All 
reactions were performed at 70°C in an oil bath. 

Nanogel NIPMAM BIS SDS NLB APS 
Polymerization 

time 

 mg mol% mg mol mM mg mg hours 

NG1.5 626 98.5 12 1.5 1.6 8 11 4 

NG5 604 95 39 5 2.5 10 11 2.5 

NG14 604 86 117 14 2.5 10 11 2.5 

NG5large 604 95 39 5 1.6 10 11 > 6 

 

 
3.2.2 Cell culture 
 

C6 glioma cells from rat were cultivated in Dulbecco’s modified Eagle medium 

high glucose (DMEM-HG) medium containing GlutaMAX™ and pyruvate (Gibco™, 

#31966021, Lot 2078361) supplemented with 7.5% (v/v) fetal bovine serum (FBS) and 

1% penicillin-streptomycin (PenStrep; Gibco™, #15140-122). J774 cell line derived 

from murine reticulum cell sarcoma of Mus musculus was also cultivated in DMEM-HG 

medium supplemented with GlutamaxTM-I (GibcoTM, #35050-038) and 10% (v/v) FBS. 

As macrophages continuous subculture may affect the macrophage immune functions, 

we used those cells up to passage 20 for uptake studies and up to passage 22 for 

reactive oxygen species (ROS) assays. 
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3.2.3 Co-culture preparation 
 

Co-cultures were stablished by combining glioma C6 cells and macrophages 

J774 at a 1:1 mixing ratio. First, 4 x 105 macrophages per ml in cell suspension were 

stained with CellTracker™ Green CMFDA Dye (#C7025, Lot 461354, InvitrogenTM) at 

2 µmol L-1 in DMEM-HG supplemented with 10% (v/v) FBS and GlutamaxTM-I for 40 

min at 37°C under moderate orbital shaking. Cells were washed twice with DMEM-HG 

medium by centrifugation at 500 g, 5 min. J774 cells without CellTracker™ Green 

CMFDA Dye were submitted to the same procedures except for the addition of 

CellTracker™ Green CMFDA Dye. Macrophages were seeded at 1 x 105 cells per well 

in a 24 or 6 well plate and incubated for 20 min at 37 °C, 5% CO2 in humidified incubator 

prior to addition of 1 x 105 C6 glioma cells.  

 

3.2.4 Flow cytometry 
 

Monocultures of C6 and J774 cells were prepared by seeding 1 x 105 cells per 

well in a 24-well plate and grown for 22 hours. For co-culture preparation, 2 x 105 cells 

were seeded per well at a 1:1 (C6:J774) ratio in a 24-well plate and grown for 22 hours. 

Staining procedures of macrophages were performed as described in Section 3.2.3. 

In short, the medium was removed, cells were washed one time with 1X PBS 

and 0.5 mL of nanogel suspension was incubated per well at a concentration of 100 

µg mL-1 in 1:1 ratio of C6 and J774 growth media. After 2 h incubation (37 °C, 5% 

CO2), the medium containing the nanogels was collected in flow cytometry tubes, cells 

were washed twice with PBS and 200 µl of PBS containing 4 mg ml-1 lidocaine and 10 

mM EDTA was incubated with the cells for up to 15 minutes. For uptake experiments, 

200 µl of ice-cold 1x PBS supplemented with 2 %(v/v) FBS and 5 mM EDTA (PFE) 

was added per well, cells were detached by thoroughly pipetting and collected in flow 

cytometry tubes. Wells were washed with 200 µl of PFE which was added tothe same 

tubes. Samples were centrifuged at 4°C, 500 g for 5 min twice and resuspended in 

PFE. Cells were kept on ice before being measured.  

ROS level analysis was performed on live cells. Following centrifugation, cells 

were incubated with ROS indicator 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA, Sigma-Aldrich, #D6883) at 1.1000 for 30 min. Data was analyzed using 

FlowJo V10 software (Tree Star, Inc.) and Origin 2020. Single-stained co-cultures and 
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monocultures were employed for compensation. Measurements were obtained using 

a CytoFlex S Flow Cytometer (Beckman Coulter) using the APC channel (670/30 band 

pass filter) and laser excitation 640 nm for NGs fluorescence detection and FITC 

channel (525/40 band pass filter) using laser excitation 488 nm to detect CellTracker-

stained cells. Data were analyzed using FlowJo V10 software (Tree Star, Inc.) and 

Origin. Because different nile blue-labelled NGs do not have the same fluorescence, 

geometric mean was corrected according to the fluorescence of each nanogel at 656 

nm ( lexcitation = 633 nm) at 100 µg ml-1 for comparison between NGs.(28) 

 

3.2.5 Cell viability assay   
 

C6 cells viability following exposure to nanogels NG1.5, NG5, NG14 and 

NG5large was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT, Sigma-Aldrich) assay. Cells were seeded into 96-wells plates at 5 x 103 

cells per well and grown for 24 h at 37 °C, 5% CO2 in humidified atmosphere before 

exposure to NGs at concentrations of 10 to 1000 ng mL-1 for 24 h in DMEM-HG medium 

supplemented with 7.5% (v/v) FBS and 1% (v/v) Pen/Strep in a volume of 100 µl per 

well. After 24 h, medium containing NGs was removed and cells washed once with 1x 

PBS. 0.5 mg ml-1 MTT solution (stock solution 5 mg ml-1 in 1x PBS) in DMEM-HG plus 

supplements was incubated for 3 h at 37 °C, 5% CO2. MTT-formazan crystals were 

dissolved in 100 µl dimethyl sulfoxide (DMSO) per well. Experiments were carried out 

in triplicate and compared to untreated cells. Absorbance was measured using a 

Fluostar-Optima microplate reader (BMG Labtech). 

 

3.2.6 Fluorescence microscopy 
 

Fluorescence microscopy samples were prepared in 6-well plates with initial 

seeding of 1 x 105 cells per well for monocultures and 2 x 105 cells per well for co-

culture with the cell ratio 1:1 (C6:J774). Cells were allowed to attach and grow for 22 

hours at 37°C, 5% CO2 in humidified incubator. For co-culture experiments, J774 cells 

were stained with CellTracker™ Green CMFDA Dye (#C7025, Lot 461354, 

InvitrogenTM) at 2 µmol L-1 as previously described for flow cytometry assay. After 22 

h, medium was removed and NGs were incubated at 1 mg ml-1 with 2 ml per well for 

24 h. NGs were removed, and cells were washed twice with 1x PBS and fixated with 
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3.7% paraformaldehyde (PFA) for 10 minutes. Following fixation, cells were incubated 

with 0.2% (v/v) Triton X-100 in 1x PBS for 3 minutes. Cells were washed with 1 x PBS 

three times and 2 µg ml-1 DAPI in 1x PBS was incubated for 30 min. Again cells were 

washed twice with 1x PBS, samples were mounted with PBS:glycerol (50:50) and a 

cover slip was carefully placed over the cells for each well. Images were acquired using 

an inverted Leica DMI6000 B microscope (Leica Microsystems) and N PLAN 10x/0.25 

DRY and HCX PL FLUOTAR L 40x/0.60 DRY objectives. Fluorescence filter cubes 

used were A4 for DAPI (BP 360/40; 470/40 nm), L5 for CellTracker™ Green CMFDA 

Dye (BP 480/40, BP 527/30) and Y5 (BP 620/60, BP 700/75) for the nanogels. 

 

3.2.7 Confocal microscopy 
 

Confocal microscopy was employed to assess cellular uptake of fluorescently 

labeled nanogels. Cells were seeded on coverslips and grown for 24 hours. 

Macrophages for co-culture were stained with CellTracker™ Green CMFDA Dye prior 

to seeding as previously described. After 24 h, monocultures and co-cultures were 

exposed to NGs for 2 h and incubated with 2 µg ml-1 Hoechst during the last 30 min. 

Then, samples were fixated with 3.7% PFA, mounted with PBS:glycerol (50:50) and a 

cover slip was carefully placed over the samples. Images were collected using a Leica 

TSC SP2 confocal microscope and a 63x immersion oil objective and treated with 

Fiji.(23) Z slice images were collected sequentially using two or three channels and 

excitation lasers 488 (ArKr) and 633 nm (HeNe). Stacks were collected where each 

image is 512 × 512 pixels. 

 

3.3 RESULTS AND DISCUSSION 
 

3.3.1 Nanogel characterization 
 

P(NIPMAM) nanogels of varying stiffness were prepared by tuning their cross-

linking densities and reactant contents. Nanogels of ~200 nm diameter were prepared 

with 1.5, 5, and 14 mol% BIS cross-linker, and nanogels of ~400 nm were prepared 

with 5 mol% BIS cross-linker. The size of the nanogels was determined by means of 

dynamic light scattering, and confirmed by TEM (Table 3.2, Figure 2.1). All nanogels 

showed a negative zeta potential (Table 3.2). The z-potential distributions at RT are 
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equivalent between all nanogels, except between NG1.5 and NG14. Nanogels with a 

similar size and different cross-linking densities showed the highest swelling ratio for 

the nanogel with the lower amount of cross-linker (Table 3.2, Figure 2.1E). Moreover, 

the swelling ratio is significantly different between the nanogels with different cross-

linking densities (NG1.5, NG5, NG14), but not between nanogels with similar 

crosslinking density (NG5 and NG5large) (Table 3.2, Figure 2.1E). Nanogels with 

different sizes and the same cross-linking density showed a similar swelling ratio 

(Table 3.2, Figure 2.1E).  

 
Table 3.2 - p(NIPMAM) nanogel properties. 1Number of particles measured from TEM images to 
estimate nanogel size. 

 

Z-average 

at 37 °C 

(nm) 

PdI 

TEM size 

(mean ± SD) 

(nm) 

Swelling 

ratio 

(d20/d50) 

z-potential 

at RT (mV) 

NG1.5 170 ± 44 0.07 
148 ± 18 

(25)1 
2.4+-0.1 -6.8 ± 3.1 

NG5 230 ± 64 0.04 
222 ± 56 

(101)1 
1.9 ± 0.1 -9.9 ± 6.5 

NG14 175 ± 40 0.02 
163 ± 56 

(107)1 
1.5 ± 0.02 -23.4 ± 7.9 

NG5large 423 ± 118 0.06 
474 ± 121 

(379)1 
2.1 ± 0.08 -6.5 ± 5.5 

 

 Overall, the p(NIPMAM) nanogel thermoresponsive behavior revealed an 

inverse correlation between crosslinking density and swelling ratio, which is in 

accordance with literature, i.e., micro/nanogels with higher crosslinking density show 

a lower swelling ratio, which  is indicative for an enhanced stiffness.(27,29). 

p(NIPMAM) microgels with similar cross-linking densities and swelling ratios displayed 

in our earlier work stiffnesses of 21 ± 8, 117 ± 20, and 346 ± 125 kPa, for 1.5, 5 and 

15 mol% BIS, respectively.(27) These results confirm that an increase in crosslinking 

density results in an increase in Young’s modulus, i.e., stiffness (Table 3.2). NGs with 
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the same cross-linking density but different sizes show the same Young’s modulus 

(Table 3.2; compare NG5large (425 nm, 5 mol% BIS) and NG5 (230 nm, 5 mol% BIS)), 

indicating that NG stiffness is not size-dependent. 

 

3.3.2 Direct co-culture 
 

 Co-culturing cells helps to assess their natural behavior and even improves 

cultivation of certain cell types. As for nanomaterials interaction, co-cultures can more 

reliably mimic the natural system to evaluate nanomaterials performance under the 

combined influence of multiple cell types. According to the environment to be 

mimicked, different spatial arrangements can be employed that can be categorized in 

direct and indirect co-culture. In the indirect co-culture system, only the paracrine 

communication can be evaluated, while direct co-culture will allow to study paracrine 

communication and heterotypic interactions. 

 Concerning the presence of GAMs in the glioma TME, a direct co-culture 

between glioma cells and macrophages could mimic the in vivo conditions more 

accurately. To distinguish between macrophages and cancer cells, macrophages were 

stained with CellTracker™ Green CMFDA Dye, which is well retained by cells and can 

be traced through a number of generations.  

                             
Figure 3.1 – Representation of cell population discrimination in direct co-culture of glioma cells and 
macrophages by gating fluorescence. C6 (glioma cells) and J774 (macrophages) populations were 
distinguished by staining the macrophages populations with CellTracker™ Green CMFDA Dye at 2 µmol 
L-1 in DMEM-HG supplemented with 10% (v/v) FBS and GlutamaxTM-I for 40 min at 37°C and gating 
fluorescence intensity. FITC-A- represents the C6 glioma cells population and FITC-A+, the J774 
macrophages population. 
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Using flow cytometry, the populations were discriminated by gating fluorescence 

intensity (Figure 3.1) and the uptake of NGs was evaluated for each cell type. The 

macrophage population within the co-culture after 24 h growth and 2 h incubation with 

or without NGs treatment represented about 30% of the total cell population. 
 

3.3.2 In vitro cellular uptake of nanogels in monocultures and co-cultures 
 

NG uptake was evaluated in direct co-culture of C6 glioma and J774 

macrophages, as well as in monocultures using flow cytometry. Figure 3.2 shows the 

cellular uptake levels of p(NIPMAM) NGs of different cross-linking densities (NG1.5, 

NG5 and NG14) with C6 rat glioma cells (Figure 3.2A) and murine J774 macrophages 

(Figure 3.2B) monocultures. It is evident that the softer NGs, NG1.5 and NG5, are 

internalized to a lesser extent than the stiffer NG14 by both cell types. These findings 

are in accordance with literature reports for nanoparticles with similar properties in 

monocultures(21,30,31) and also with theoretical models.(32,33) Lower internalization 

of softer NPs is caused by the reduction of plasma membrane bending that affects the 

wrapping process. However, bending variation between NG1.5 and NG5 appears not 

divergent enough to have an influence on NGs internalization levels. This can possibly 

be explained by  the NGs stiffness variation, where NG1.5 elastic modulus is about 20 

kPa and NG5 120 kPa, while NG14 is about 350 kPa, as reported in our earlier 

work.(27) The lower uptake of soft NPs by macrophages is an indication of longer 

blood half-life in vivo and often leads to increased accumulation in tissues. As reported 

by Anselmo et al, not only blood circulation was longer for soft particles, but also organ 

retention was enhanced, including brain accumulation. Because soft NPs remain at 

higher concentrations in the blood than hard NPs, even though significance was 

encountered only in short times, the organs with higher blood output are favored and 

show greater accumulation of soft particles.(21) In addition to NP clearance, NP 

transcytosis across the blood-brain barrier (BBB) is a great limiting factor to the 

treatment of central nervous system (CNS) disorders. Evasion strategies to escape the 

mononuclear phagocytic systems can increase the accumulation of particles at the 

BBB, although it does not guarantee the efficacy in transcytosis.(34–36)  
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Figure 3.2 – Effect of NGs stiffness and size on the interaction with monoculture and co-culture of glioma 
and macrophages cells. NG1.5, NG5 and NG14 (stiffness effect) in A) C6 glioma cells cells in 
monoculture and co-culture with J774+ cells and, B) J774+ cells in monoculture and co-culture with C6 
glioma cells. NG5 and NG5large (size effect) intracellular fluorescence levels evaluation in C) C6 glioma 
cells in monoculture and co-culture with J774+ cells and, D) NG5 and NG5large (size effect) intracellular 
fluorescence levels evaluation in J774+ cells in monoculture and co-culture with C6 glioma cells. C6 
and J774+ cells were exposed to 50 µg (100 µg mL-1) of nile-blue labelled nanogels NG1.5, NG5, 
NG5large and NG14 for 2 h at 37 °C, 5% CO2 and interaction was evaluated by flow cytometry. The 
intracellular fluorescence intensities were corrected by dividing the mean fluorescence intensity of the 
cells by the fluorescence intensity of the NG stock dispersions (100 µg ml-1). Values are represented 
as mean ± SD of four independent experiments and each experiment was performed in duplicate. Data 
was analyzed using two-sample t-test and significances are indicated by * for p-value < 0.05, ** for p-
value < 0.01 and *** for p-value < 0.001. 
 

When comparing particles of similar cross-linking densities but different sizes, 

NG5 and NG5large (Figure 3.2C, D), the larger particles were internalized to a higher 

extent by macrophages (Figure 3.2D). Such behavior is consistent with literature for 

phagocytosis of particles, which describes maximum phagocytosis for particles 

between 1-3 µm. The phagocytic capability increases from smaller to larger particles 

up to 1-3 µm and this effect correlates with the NP propensity to attach to the cellular 

membrane.(37) Modeled by Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, 

particle-membrane adhesion is dependent on surface roughness and particles in the 

optimal size range are able to establish more contact points than smaller or larger 
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particles.(37,38) In addition, NP stiffness as well as size can indirectly influence NP 

internalization due to their influence on corona formation.(39–42)  

When the effect of stiffness and size were investigated in co-culture, the 

preference for uptake of the stiffer NGs and larger NGs remained (Figure 3.2C, D). 

However, if we compare the co-culture uptake levels with the levels in monoculture, 

only the uptake of softer NGs in macrophages presented significant changes (p-value 

< 0.05), showing higher uptake of soft NGs by macrophages under co-culture 

conditions. Macrophage populations are heterogeneous and traditional classification 

of macrophage polarization is M0, M1 and M2. In tumor microenvironments, M2 

macrophages are correlated to tumor progression and M1 polarization to pro-

inflammatory response. Tumor-derived factors like cytokines and growth factors can 

induce macrophage differentiation.(43,44) Stimulated macrophages exhibit greater 

phagocytic capacity than non-stimulated macrophages.(45–47) The evaluation of 

surface markers like CD163 and CD204, and cytokines like IL-10 is used for 

macrophage profiling and labels GAMs as M2 macrophages. However, microarray 

analysis of TMEs of gliomas suggests only a partial correspondence with the gene 

expression patterns of the M1 and M2 polarization states,(48,49) justifying the need of 

co-culturing cancer cells and macrophages to -at least partially- mimic the tumor 

environment response to therapeutics and nanomaterials. 

C6 glioma NG uptake levels were compared to NG uptake in J774 macrophages 

in mono- and co-culture (Figure 3.3A, B). The differences in NG uptake between the 

two cell types is more pronounced in co-culture with increasing differences as stiffness 

and size increase (1.9 (NG1.5), 2.2 (NG5), 2.7 (NG14) and 2.8-fold (NG5large)), than in 

monoculture (1.3 (NG1.5), 1.3 (NG5), 1.8 (NG14) and 2.2-fold (NG5large)). For the soft, 

the stiff and the large NGs the differences in uptake are statistically significant in the 

co-culture system, (Figure 3.3B), whereas for monocultures the differences in uptake 

are statistically significant only for the stiff and large NGs. (Figure 3.3A). Again, these 

results could be explained by a change in macrophage behavior due to the presence 

of glioma-derived factors that stimulate the J774 macrophages.  
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Figure 3.3 – Evaluation of NGs uptake in monoculture and co-culture of glioma cells and macrophages. 
Comparison between intracellular fluorescence of nanogels NG1.5, NG5, NG14 and NG5large by C6 cells 
and J774 CellTracker™ Green CMFDA Dye-stained macrophages in A) mono (C6 and J774+) and B) 
co-culture (coC6 and coJ774+). 500 µL of a 100 µg mL-1 NGs dispersion were incubated for 2 h for 
uptake assessment. The intracellular fluorescence intensities were corrected by dividing the mean 
fluorescence intensity of the cells by the fluorescence intensity of the NG stock dispersions (100 µg ml-
1). Values are represented as mean ± SD of four independent experiments. Data was analyzed using 
two-sample t-test and significances are indicated by * for p-value < 0.05, ** for p-value < 0.01 and *** 
for p-value < 0.001 
 

3.3.3 Nanogels stiffness has an impact on cell viability  
Considering the uptake results for the NGs in both monoculture and co-culture 

conditions, we investigated the in vitro viability of C6 cells exposed to NGs by MTT 

viability assay. As shown in Figure 3.5A, B, NGs toxicity is concentration, stiffness and 

size-dependent. A substantial reduction in cell viability was observed at 500 and 1000 

µg mL-1 for the softer smaller nanogels, NG1.5 and NG5, as supported by the 

fluorescence microscopy images in Figure 3.4C.  
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Figure 3.4 – Glioma cells response to p(NIPMAM) NGs stiffnesses and size. Cell viability evaluation by 
colorimetric MTT viability assay of C6 glioma cells exposed to nanogels with A) different cross-linking 
density, NG1.5, NG5 and NG14, and B) different sizes, NG5 NG5large for 24 hours at 37 °C, 5% CO2. C) 
Toxicity assessment of C6 glioma cells by fluorescence microscopy exposed to 1 mg mL-1 of NG1.5, 
NG5, NG14 and NG5large for 24 hours at 37 °C, 5% CO2. Nuclei were stained with 2 µg mL-1 DAPI for 
30 min and images were acquire with and HCX PL FLUOTAR L 40x/0.60 DRY objective. Values are 
represented as mean ± SD of three independent experiments and each experiment was performed in 
triplicate. Data was analyzed using two-sample t-test and significances are indicated by * for p-value < 
0.05 and *** for p-value < 0.001. Bars: 20 µm. 
 
 To compare the toxic response of C6 glioma cells and J774 macrophages (in 

monoculture) toward NGs, cells were exposed to 2 mg of NGs at 1 mg mL-1 in 6-well 

plates for 24 hours at 37 °C, 5% CO2. Figure 3.5 clearly shows that NG1.5 had a toxic 

effect, especially on C6 glioma cells and, to a lesser extent, on J774 macrophages. 

NG1.5 virtually killed all the cells. It should be highlighted that although the 

internalization of the harder NGs was more pronounced, it did not lead to a higher 

cytotoxicity. The results indicate a more toxic effect of especially soft NGs towards 

glioma than to macrophages. 
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Figure 3.5 - Monocultures response to NGs stiffness. Fluorescence microscopy of monocultures of A) 
C6 glioma cells and B) J774 macrophages after exposed to NG1.5, NG5, NG14 and NG5large for 24 
hours at 1 mg ml-1. Images were acquired with and N PLAN 10x/0.25 DRY objective and nuclei are 
stained with DAPI. Bars: 20 µm. 
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Figure 3.6- Fluorescence microscopy of co-culture of C6 glioma cells and J774 macrophages after 
exposed for 24 h to NG1.5, NG5 and NG14. Nuclei are stained with DAPI and macrophages were 
stained with CellTracker™ Green CMFDA Dye. NGs were labelled with nile blue, although the 
fluorescence intensity is not the identical among them, where NG1.5 shows the higher intensity followed 
by NG5 and NG14. Scale bar: 20 µm. 
 

Figure 3.6 displays the toxic response of softer NGs towards C6 glioma cells in 

co-culture with J774 macrophages. The uptake of NGs by C6 cells in co-culture did 

not show significant variations compared to the uptake in monoculture. It was therefore 

expected that the cytotoxic effect of the soft NGs against C6 glioma cells was also 

unaffected. However, the fluorescence and optical microscopy images (Figure 3.6 and 

Figure 3.7) reveal an improved survival of the cancer cells when they are combined in 

direct co-culture with the macrophages. In optical microscopy images of C6 cells as 

monoculture, the round-shaped bodies are injured cells that detached from the plate, 

and which were removed with the medium containing the nanogels upon processing 

the samples for investigation by fluorescence microscopy.  
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Figure 3.7 – Optical microscopy of monocultures of C6 glioma cells, J774 macrophages and co-culture 
of C6 and J774 cells after exposed for 24 hours to NG1.5, NG5, NG14 and NG5large in 6-well plates. 
First row are the cells without exposure to NGs.  
 

It has been reported that tumor-associated macrophages alter the toxic activity 

of several compounds and nanoparticles.(11,50–53) This has been attributed to the 

upregulation of scavenger receptors and ROS-scavenging enzymes in macrophages 
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in the presence of tumor cells, which lowers the stress level in the tumor cells, thus 

promoting tumor progression.(54,55) 

 
Figure 3.8 – Crystal formation in the presence of NG5 and NG1.5 nanogels. Optical microscopy of 
monocultures of C6 glioma cells exposed to 500 µg ml-1 of A) NG1.5 and B) NG5 for 24 h and of J774 
macrophages 500 µg ml-1 of C) NG1.5 and D) NG5 for 24 h. Optical microscopy images of co-culture of 
C6 and J774 cells after exposed for 24 hours to 1 mg ml-1 E) NG1.5 and F) NG5.  
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Furthermore, in optical microscopy analysis, needle-shaped crystal formation 

was identified in mono and co-culture conditions upon incubation with soft NGs (Figure 

3.8). Crystal formation is linked to ROS induction in diverse diseases, including 

cancer.(56–59) Overall, after exposure of C6 glioma cells and J774 macrophages in 

monoculture and co-culture to soft NGs, we detected the appearance of crystals, as 

well as round-shaped bodies and cell debris, which might indicate apoptotic events 

(Figure 3.7 and 3.8) 

By laser scanning confocal microscopy, we detected few multinucleated 

macrophages in the macrophage monocultures in response to the softer NG1.5. A 

representative image of a multinucleated cell is shown in Figure 3.8. The 

agglomeration of macrophages could be related to a well-known feature of the foreign 

body reaction, i.e., the formation of multinucleated giant cells (MGCs) by the fusion of 

macrophages.(60) MGC formation is a commonly reported reaction towards implanted 

‘foreign’ materials and is often associated with the rejection of the material due to 

rigorous phagocytic activity  to engulf the material for degradation.(61) Before fusion, 

the macrophages try to degrade the material through the production of reactive oxygen 

species (ROS) and enzymes. 

 

 
Figure 3.9 – Confocal images of multinucleated macrophage J774 cell. A) Hoechst staining, B) NGs, C) 
Lysotracker (lysosomes and late endosome staining) and D) Merge of A, B and C.  



 

 84 

 
Figure 3.10 – Intracellular ROS generation by NGs in monoculture and co-culture. A) Evaluation of ROS 
production by NGs with different stiffness, NG1.5, NG5 and N14 in monoculture of C6 and J774 and co-
culture of C6 and J774. B) ROS generation in monoculture and co-culture conditions due to NGs 
response. Cells were treated for 2 h with 50 µg (100 µg ml-1) at 37 °C, 5% CO2. Data was analyzed 
using two-sample t-test and significances are indicated by * for p-value < 0.05, ** for p-value < 0.01 and 
*** for p-value < 0.001. 
 

Next, we investigated the ROS response of C6 glioma cells and J774 

macrophages to incubation with NG1.5, NG5, NG14. Figure 3.10A shows that ROS 

production in C6 glioma cells is inversely correlated with NG stiffness, showing highest 

ROS production in the presence of the softest NG. ROS has quite paradoxical effects 

in cancer cells. Whereas an increase in ROS production stimulates cancer initiation 

and tumor progression, several chemotherapeutic agents are known ROS-inducers 

and –conversely- inhibit cancer growth. The idea is that these chemotherapeutics 

elevate the intracellular levels of ROS in (already stressed) cancer cells and tip the 

balance to the point where ROS inflicts damage to DNA, lipids, carbohydrates, and 

proteins causing cell death.(62–64) The ROS levels in C6 glioma cells upon incubation 

with the different NGs correlate with the levels of cytotoxicity, showing highest ROS 

generation and cytotoxicity for the softest NG. As expected, ROS production in 

macrophages was higher than in glioma cells, although the toxic effect was lower. This 

can be explained by adaptive mechanisms that allow the macrophages to survive to 

increased stress.(65,66). Interestingly, the ROS levels in co-culture were severely 

reduced compared to the monoculture of macrophages (Figure 3.10B) This may 

explain for the reduced NG-induced toxicity in C6 glioma cells in co-culture conditions, 

suggesting a cytoprotective effect of the presence of macrophages on C6 glioma cells 

incubated with NGs. Unfortunately, we could not discriminate between ROS 

generation in macrophages and C6 cells in the co-culture, because of an overlap in 
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the fluorescence spectra of the CMFDA cell tracker dye, that we used to label the 

macrophages, and the ROS indicator H2DCFDA.   

 

3.4 CONCLUSION 
 

 The use of co-cultures to better mimic the interplay of different cell types in the 

in vivo tumor environment can help to predict the behavior of nanomaterials in the in 

vivo biological context, to predict treatment efficacy. Here we focused on an important 

cell type in the glioma microenvironment, the peripheral macrophages.(67) Using 

monocultures and a co-culture of glioma cells and macrophages we were able to 

determine differences in cell behavior in response to nanomaterials, specifically 

P(NIPMAM) nanogels of different stiffness and size. Stiffer NGs (NG14) were more 

internalized compared to the softer ones (NG5 and NG1.5) by both cell types, most 

likely as a response to enhanced cellular membrane bending and wrapping kinetics.  

In addition, distinct corona profiles on the different NGs may have influenced NG 

uptake kinetics, of which the possible relation with particle stiffness requires further 

exploration.(33,39–42,68,69) Generally, soft particles evade phagocytic cells and 

consequently would offer longer blood half-life, contributing to accumulation in organs 

with higher blood demand.(21) As soft NGs were taken-up less by the macrophages, 

we have an indication of lower clearance of those particles by the MPS. Additionally, 

higher levels of transcytosis were achieved by softer NGs in our previous work, as 

described in Chapter 2 of this thesis (26).  

In addition, we found that NG-induced cytotoxicity in C6 glioma cells was 

dependent on the stiffness of NGs, and correlated with intracellular ROS levels. The 

softest NGs induced the highest ROS levels and most pronounced cytotoxicity. 

Moreover, we analyzed the effect of NGs with different hydrodynamic diameters and 

concluded that the larger NGs, NG5large, were internalized more efficiently than the 

smaller NG5 by both macrophages and glioma cells. We hypothesize that  larger NGs 

may be advantageous for CNS disorder therapies targeting macrophages since we did 

not observe a significant alteration in transcytosis level between NG5 and NGlarge.(26)  

In the direct co-culture system, a significant increase in uptake of NG1.5 and 

NG5 by macrophages was observed compared to monoculture. Furthermore, the co-

culture environment led to a reduction in toxicity towards C6 glioma cells, as 

determined by cell morphological investigation by fluorescence and optical 
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microscopy. Combined ROS levels of C6 and J774 macrophages in direct co-culture 

were radically reduced when compared with ROS levels of J774 macrophages in the 

monoculture. This reduction indicates a possible effect on the macrophage 

phenotyping and behavior towards the presence of C6 glioma cells, which augments 

the importance of exploring co-culture systems to better mimic the in vivo condition 

and predict the in vivo fate of nanomaterials. 
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ABSTRACT  

 

 Nanomaterials applied to medicine have been showing great potential and offer 

innovative strategies to the diagnosis, prevention, and treatment of several 

pathologies. Cancer is one of the areas explored by nanomedicine, especially by the 

use of nano-sized carrier systems to the delivery of therapeutics. However, targetability 

and efficacy still requires improvement to enhance treatments. This chapter describes 

the development of cancer cell membrane-coated poly lactic-co-glycolic acid (PLGA) 

nanocarriers (NCs) containing paclitaxel (PTX), a chemotherapeutic drug. We take 

advantage of the homotypic adhesion between cancer cells to improve treatment 

effectiveness. Membranes of breast cancer cells (MCF-7) were extracted by hypotonic 

treatment and coating process was performed by ultrasonication. Cellular uptake in 

MCF-7, lung cancer cells (A549), and non-tumorigenic breast cells (MCF-10A) was 

studied by flow cytometry and confocal microscopy revealing that (MCF-7)-membrane-

coated PLGA NCs interaction is increased in all cell types but more significant in MCF-

7. We evaluated the influence of the PLGA NCs containing paclitaxel (PLGA-PTX NCs) 

with and without membrane coating on cell viability and observed a considerable 

reduction of MCF-7 cells viability when interacting with the (MCF-7)-membrane-coated 

PLGA-PTX NCS (mPLGA NCs). 

 

Keywords: nanoparticles, drug delivery, cancer cell membrane coating, cancer. 
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4.1 INTRODUCTION 
 

 Poly lactic-co-glycolic acid (PLGA) nanocarriers (NCs) are well known delivery 

systems due to their biocompatibility, biodegradability, and versatility. Even though 

these nanocarriers show enhanced delivery efficacy compared to free compounds, 

their outcome still needs to be improved. Many methodologies target enhanced 

specificity by using the permeability and retention effect (EPR) and adhesion between 

nanomaterials in which the cell membrane has been explored as a property to control 

nanoparticle uptake.(1,2) Particle functionalization with targeting ligands is a widely 

applied strategy which improves adhesion, in particular, overexpressed genes are 

targeted to achieve enhanced specificity.(3,4) Adhesion also plays an important role in 

tumor progression and metastasis. Those variations in adhesion, commonly regulated 

by variations in gene expression, allow for the detachment of malignant cells and 

attachment to a new site, generating secondary tumors.(5,6)  

Cell membrane-coated NCs are an emerging platform addressing the 

development of specific targeted treatments. The cellular membrane material can be 

obtained from a range of sources such as, immune cells,(7) stem cells,(8,9) red blood 

cells(10–12), and cancer cells(13–15). Each source will bring an advantage associated 

with their membrane properties and composition. Membrane extracts can be derived 

from a series of processes including hypotonic or hypotonic lysis, a treatment 

commonly followed by mechanical disruption and ultracentrifugation, freezing-thawing 

also combined with centrifugation. The methodology usually will depend on the cellular 

type. After extraction and isolation, the nanoparticles can be coated with cell 

membrane by different methodologies, in particular, ultrasonication, and membrane 

nanoparticles coextrusion.(16,17)  

Cancer-cell-biomimetic nanocarriers benefit from the homotypic cell adhesion 

between cancer cells to improve nanoparticle adhesion at the cancer site and 

consequently, NCs internalization is favored.(13) Hu and colleagues were among the first 

to show that polymeric nanoparticles coated with red blood cells have a longer blood 

circulation time than those coated with PEG.(18) Additionally, Fang et al. showed that 

the coating of PLGA nanoparticles with cell membranes derived from B16–F10 

melanoma cells allows to deliver tumor associated antigens or homotypically target 

cancerous cells.(13)  
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Here we focus on breast cancer, still one of the most diagnosed cancer among 

women.(19) We propose the use of PLGA nanocarriers containing a chemotherapy 

drug paclitaxel, with MCF-7 cancer cell membranes, a cell line derived from an invasive 

breast ductal carcinoma. The interaction of dye-loaded PLGA, and membrane-coated 

dye-loaded PLGA NCs (mPLGA NCs) with cancerous and non-cancerous epithelial 

cells lines was studied using flow cytometry and confocal laser scanning microscopy 

(CLSM). Our study revealed higher levels of interaction of mPLGA NCs for all cell types 

showing not only homotypic adhesion with the source cancer cell but also with non-

cancerous breast cells and lung cancer cells. To assess the mPLGA NCs potential as 

a treatment for cancer, cell viability was tested for those same cells with systems 

containing paclitaxel. We anticipate that the mPLGA-PTX NCs improve NCs specificity 

and efficacy against the breast cancer cell, but not against lung cancer and non-

tumorigenic breast cell lines.  

 

4.2 MATERIALS AND METHODS 
 
4.2.1 Preparation of PTX-loaded and dye-loaded PLGA nanocarriers 
 

PLGA nanocarriers were prepared by the nanoprecipitation method with solvent 

evaporation as described in literature by Fessi et al with some modifications.(20) 

Briefly, 160 µL of 5 mg mL-1 PTX (0.8 mg) in acetonitrile were added to 2 mL of a 10 

mg mL-1 PLGA (Resomer 503H 50:50 MW 24000-38000, acid terminated, # 719870, 

Sigma-Aldrich) solution prepared in acetone and it was kept under magnetic stirring at 

room temperature. 6 mL of a 10 mg mL-1 Pluronic®-F127 (#P2443, Sigma-Aldrich) 

were added at once to the organic phase still under magnetic stirring (700 rpm). 

Following up to 5 minutes of magnetic stirring, acetone was evaporated under reduced 

pressure. NCs were centrifuged prior to use and resuspended in the appropriated 

solvent according to use.  

 Nile red (NLR, #N3013, Sigma-Aldrich), fluorescein (#F2456, Sigma-Aldrich) or 

curcumin-loaded NCs were similarly prepared but instead PTX, 500 µg of nile red or 1 

mg of fluorescein dissolved in acetone were added to the organic phase containing the 

polymer. As for curcumin-loaded NCs, 2 mg of curcumin dissolved in DMSO were 

mixed with the organic phase. After evaporation under reduced pressure, the NLR and 

curcumin-loaded NCs were centrifuged (10000 g, 20 min, 15 °C), resuspended in 
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ddH2O and placed in dialysis for 2 days, also in ddH2O, using a dialysis membrane (14 

kDa cutoff, #D9277, Sigma-Aldrich). After dialysis, the dispersion was collected, 

centrifuged and resuspended in 1 x PBS. These particles were employed to obtain the 

confocal images and flow cytometry experiments. Blank nanocarriers (PLGA NCs) 

were prepared by the same procedure as described above except by the addition of 

the drug or dye to the organic phase.  

 

4.2.2 Cell lines and cell culture 
 

 Breast cancer (MCF-7) and adenocarcinomic human alveolar basal epithelial 

(A549) cells were culture in Dulbecco's Modified Eagle Medium (DMEM, Vitrocell or 

Gibco #21885025) with 10 %(v/v) FBS. MCF-10A cells, a non-tumorigenic epithelial 

cell line, were cultivated in MEBMTM Mammary Epithelial Cell Growth Basal Medium 

(MEBM, Lonza, #CC3151) supplemented with 100 ng mL-1 cholera toxin (#C8052, 

Sigma-Aldrich) and MEGMTM Mammary Epithelial Cell Growth Medium 

SingleQuotsTM Kit (Lonza, #CC4136) at 37 °C in a humidified atmosphere with 5% 

CO2. For confocal samples MCF-10A cells were cultivated in DMEM/F12 (#11330-032, 

Thermo Fisher) supplemented with 5 %(v/v) horse serum (HS, #16050122, Thermo 

Fisher), 20 ng mL-1 epidermal growth factor (EGF, Peprotech), 0.5 mg mL-1 

hydrocortisone (#H0888, Sigma-Aldrich), 100 ng mL-1 cholera toxin (#C8052, Sigma-

Aldrich), 10 µg mL-1 insulin (#I1882, Sigma-Aldrich) and 1 %(v/v) penicillin/ 

streptomycin.  

 

4.2.3 Cell membrane isolation 
 

 Cell membranes were isolated from MCF-7 breast cancer cell line cultivated in 

DMEM low glucose medium supplemented with 10% (v/v) FBS and 1% (v/v) Penicillin-

streptomycin. At confluence, the cells were detached from the flask by trypsinization 

and 0.5-1x107 cells were collected and washed twice with PBS (300 g, 5 min). Then, 

the pellet was resuspended in hypotonic buffer (10 mM Trisbase, 10 mM NaCl, 1.5 mM 

MgCl2, pH 6.8) and incubated for 5 min at 4 °C followed by centrifugation at 300 g for 

5 min. Supernatant was discarded and lysis buffer (0.255 M sucrose, 20 mM HEPES, 

1 mM ethylenediaminetetraacetic acid disodium salt (EDTA), pH 7.4) was added to the 

cells. To separate cell debris from membrane, the extract was centrifuged at 10000 g 
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for 20 min at 4 °C. Pellet was discarded and supernatant was spun down at 100000 g 

for 130 min at 4 °C using an ultracentrifuge Optima MAX-XP (Beckman Coulter, USA) 

or a in TLA100.3 rotor at 4 ºC. Cell membrane was suspended in 1x PBS containing 

1:100 protease inhibitor cocktail (Sigma-Aldrich #8340) or SIGMAFASTTM protease 

inhibitor cocktail tablets according to product specifications (Sigma-Aldrich #S8830). 

For short-term storage, membrane extract was kept at 4 °C and for long-term storage 

at -80 °C. 

 

4.2.4 PLGA-PTX and PLGA-dye NCs coating with MCF-7 cells membrane extract 
 

 Nanocarriers coating was performed by sonication. First, PLGA NCs were 

centrifuged (10000 g, 20 min, 15 °C), resuspended in 1x PBS followed by 15 min 

sonication. Cell membrane extract was also sonicated for 15 minutes. Thereafter, cell 

membranes and PLGA NCs were mixed to dilute the NCs 10 times from the stock and 

sonicated for more 15 min (See Table 4.1). Size distribution and zeta potential (z-

potential) of all NCs and membrane extract were evaluated using a Malvern Zetasizer 

Nano ZS instrument. To estimate the number of particles per mL as well as particle 

size distribution, Nanoparticle Tracking Analysis (NTA) was performed using a 

Nanosight NS300, Malvern.  

 

4.2.5 Transmission electron microscopy and cryogenic transmission electron 
microscopy 
 

For transmission electronic microscopy (TEM), 3 µL of each sample was 

deposited on copper grids for 60 s and dried with filter paper. Samples were stained 

with 3 µL of 2% uranyl acetate for 30 seconds and again blotted with filter paper. 

Cryogenic transmission electron microscopy (CryoTEM) samples were prepared by 

depositing 3 µL of the sample on a copper grid, the excess was blotted for 3 s with 

filter paper and the grid was dipped in liquid ethane. The procedure was performed by 

Vitrobot Mark, Thermo Fischer. The images were obtained in JEOL 1400, in 

LNNano/CNPEM facilities, and JEM-2100 Transmission Electron Microscopes. 
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4.2.6 Scanning electron microscopy (SEM) 
 

 Field-emission Scanning Electron Microscopy (FE-SEM) was employed to 

observe NCs size distribution and morphology. Samples were prepared by drop-

casting PLGA-PTX NCs diluted in ddH2O onto clean silicon substrates and dried under 

reduced atmosphere. Images were collected using a ZEISS SIGMA VP field emission 

scanning electron microscope (FE-SEM). 

 

4.2.7 Fourier-transform infrared spectroscopy (FTIR) 
 

 Fourier-transform infrared spectroscopy (FTIR) was used to analyze the 

differences in functional groups present in NC coated and non-coated with cell 

membrane extract. Samples were prepared by drop-casting copolymer PLGA, 

nonionic surfactant Pluronic®-F127, blank PLGA NCs, PLGA-PTX NCs and MCF-7 

membrane coated PLGA-PTX NCs diluted in PBS 1x and ddH2O onto clean silicon 

substrates and dried under reduced atmosphere. 128 scans were collected per sample 

with 4 cm-1 resolution from 4000 to 400 cm-1 using an Infrared spectrometer Nicolet 

6700/GRAMS Suite.  

 

4.2.8 High-performance liquid chromatography (HPLC) for paclitaxel 
quantification 
 

Encapsulation efficiency (EE) was determined by HPLC. Samples were 

analyzed in a Waters® e2695 HPLC system equipped with the 2489 UV-Visible 

detector using a Brownlee Analytical C8 (150 x 4.6 mm, 5 µm) and precolumn 

Brownlee Analytical C8 (10 x 4 mm, 5 µm) from PerkinElmer. The mobile phase was 

composed of acetonitrile and ddH2O (50:50, v/v) and flow rate was 1 mL min-1. 

Quantification was performed by UV detection at 227 nm at 30 °C. Method validation 

was performed according to the International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) Q2(R1) guidelines by the 

European Medicines Agency (EMEA) analyzing linear range, quantification limit 

(LOQ), precision, accuracy, selectivity and robustness. 
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Linear range and limit of quantification  
 

 Calibration curves were acquired using 5 concentrations of the reference 

standard (#Y0000698, Sigma-Aldrich) obtained by plotting the integrated peak area vs 

paclitaxel concentration from 0.5 to 25 µg mL-1. The limit of quantification (LOQ) was 

determined by equation (Equation 4.1) 

 

𝐿𝑂𝑄 = 	
10𝜎
𝑎

 (4.1) 

 

where s is the standard deviation of linear coefficient and 𝑎 is the slope from 3 

analytical curves. 

 

Precision, accuracy and system suitability test 
 

 Precision and accuracy were evaluated for the same day (repeatability, intra-

day) and for 3 distinct days (inter-day). Precision is determined by the percent 

coefficient of variation (CV%) (Equation 4.2) 

 

𝐶𝑉% =	
𝑆𝐷
𝑀𝑒𝑎𝑛

	 (4.2) 

 

𝑆𝐷 is the standard deviation and 𝑀𝑒𝑎𝑛 is the average values of the calculated 

concentrations from standard curve. 

 Accuracy was calculated by the error’s percentage to the nominal concentration 

by Equation 4.3 

 

𝐸𝑅% =	
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑛𝑜𝑚𝑖𝑛𝑎𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
	𝑥	100 (4.3) 

 

 As for the system suitability, 10 injections were performed for a 10 µg mL-1 

samples under the previously describe conditions evaluating retention time and 

integrated-peak area. Additionally, the method robustness was tested by changing 

temperature, flow rate and mobile phase composition. 
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PLGA NCs and PLGA-PTX NCs sample preparation for paclitaxel quantification 
and HPLC method validation 
 

A volume of NCs dispersion was ultracentrifuged (100000 g, 120 min, 4 C) in a 

Beckman Coulter Optima L-90k, rotor SW32. Supernatant was carefully removed from 

the tube and the pellet was resuspended in the same volume of acetonitrile. 100 µL 

was transferred to a new tube and acetonitrile was evaporated under a dry nitrogen 

stream. The sample was resuspended in 1 mL of starting mobile phase (50:50 

acetonitrile:ddH2O) and filtered with 0.22 µm pore-size nylon filter. Three batches (n=3) 

were used to determine encapsulation efficiency in quadruplicate as follows 

 

𝐸𝐸 % =	
𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑃𝑇𝑋	𝑖𝑛	𝑁𝐶𝑠	

(𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑃𝑇𝑋	𝑖𝑛	𝑁𝐶𝑠 + 𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑓𝑟𝑒𝑒	𝑃𝑇𝑋)
	𝑥	100 (4.4) 

 

Selectivity and stability in matrix 
 

To assess method selectivity, samples of PLGA NCs, PLGA-PTX NCs and PTX 

were prepared as previously described and their chromatograms compared to 

investigate the effect of the presence of interferents, in this case the NCs composition 

besides PTX. Those samples were also used to analyze the stability of the method in 

the matrix by comparing the slope of standard curves obtained from samples 

containing only PTX and samples containing processed PLGA-PTX NCs.  

 
4.2.9 Cellular uptake studies by flow cytometry 
 

Non-coated PLGA NCs and MCF-7 cell-membrane coated PLGA NCs 

containing curcumin as probe were used to study the effect of the membrane coating 

in the NCs interaction with MCF-7, A549 and MCF-10A cells. In 24-well plates, 2x105 

cells were seeded and grown for 20-24 hours. Medium was removed and cells washed 

one time with 1X PBS followed by the incubation of 5x1010 NCs containing curcumin. 

Incubation times were 2, 4 and 24 h for MCF-7 cells, 2 h and 4 h for A549 cells and 4 

h for MCF-10A cells. After incubation, medium was removed, and cells were washed 

twice with 1X PBS and detached by trypsinization. Samples were collected and 

centrifuged (500 g, 5 min). Finally, cells were resuspended in Sheath Fluid (#342003 
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BD FACSFlowTM, BD Bioscience) supplemented with 0.5% (w/v) bovine serum 

albumin (BSA, Fluka #05411) and kept on ice prior to flow cytometry measurements. 

All measurements were performed in a BD FACSCalibur™ equipped with one laser 

(488 nm) and excitation measured using channel FL1 (530/30). Data analysis was 

performed using FlowJo V10 software (Tree Star, Inc.) and Origin 2020. 

 

4.2.10 Confocal laser scanning microscopy 
 

 MCF-7 and MCF-10A interaction with coated and non-coated NCs was 

observed using a confocal laser scanning microscopy (CLSM). Cells were incubated 

in eight-well LabTek® chamber slide (Nalgene Nunc International) at initial seeding of 

1x104 cells per chamber and grown for 20 hours at 37 °C, 5% CO2. Prior to incubation, 

cells were washed once with 1X PBS and 5x1010 NCs were incubated per well. 

LysoTracker™ Red DND-99 (Thermo Fisher #L7528) was incubated at 75 mol L-1 for 

one hour with the NCs as well as Hoechst for 30 min at 1 µg mL-1. PLGA-Fluorescein 

and mPLGA-Fluorescein NCs were incubated for 4 hours at 37 °C, 5% CO2 in a 

humidified incubator. After incubation, cells were washed twice with 1X PBS, fixed with 

3.7% paraformaldehyde (PFA) for 10 minutes and washed again with 1X PBS. Slides 

were mounted with PBS:glycerol (50:50) and a cover slip was carefully placed over the 

samples. Image acquisition was performed on a Leica TSC SP2 confocal microscope 

using a 63x/1.32 immersion oil objective. Z-stacks were obtained with 0.2 µm intervals 

for PLGA-Fluorescein and mPLGA-Fluorescein NCs treated samples and 0.4 µm 

intervals for PLGA-NLR and mPLGA-NLR NCs treated samples. Each acquired image 

is composed of 512 x 512 pixels from one single frame. Samples were excited using 

405 nm UV diode and excitation lasers at 488 nm (ArKr) and 543 nm (GreNe). Images 

were prepared using Fiji.(21) 

 

4.2.11 Cell viability 
 

To evaluate if the coated NCs would be a potential and more advantageous 

cancer treatment compared to the non-coated NCs, paclitaxel-encapsulated PLGA 

NCs were prepared and cell viability was investigated by MTT viability assay after 48 

h incubation. Breast and breast cancer cells from mammary gland (MCF-10A and 

MCF-7), as well as adenocarcinoma lung cancer cells (A549) were seeded at 2 x 103 
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cells per well in 96-well plates and grown for 24 hours. Prior to incubation, media was 

removed and 200 µL of mPLGA-PTX and PLGA-PTX NCs suspension in DMEM 

medium supplemented with 10% (v/v) FBS were added to each well. For MCF-10A 

cells, NCs were in MEBM medium without horse serum as recommended by the 

manufacturer. After 48 h, PLGA-PTX NCs containing media were removed, cells 

washed twice with 1xPBS and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) was incubate at 0.5 mg mL-1 for 4 h. Further, formazan crystals were 

dissolved in 100 µL of dimethyl sulfoxide (DMSO) per well and left under orbital 

agitation for at least 15 min. Measurements were performed at 570 and 630 nm using 

a microplate reader SpectraMax M3 (Molecular Devices). Cell viability was calculated 

compared to controls without treatment as described in Equation 4.5 

 

𝑐𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = 	
𝐴WX=Y7C8ZA 	−	𝐴[\=Y7C8ZA
𝐴WX=]^_`a^Z 	− 	𝐴[\=]^_`a^Z

	𝑥	100 (4.5) 

 

where 𝐴WX=Y7C8ZA is the absorbance at 570 nm and 𝐴[\=Y7C8ZA at 630 nm of treated 

samples, while 𝐴WX=]^_`a^Z and 𝐴[\=]^_`a^Z represent the absorbance of non-treated 

samples or controls. Data analysis was performed using Origin 2020. 

 
4.3 RESULTS  
 
4.3.1 PLGA-PTX NCs and mPLGA-PTX NCs characterization 
 

PLGA NCs and membrane-coated PLGA NCs size distribution was analyzed by 

dynamic light scattering (DLS) and Nanoparticle Tracking Analysis (NTA). NTA was 

also employed to estimate the number of particles per mL.  
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Figure 4.1 - Representative size distributions of A) PLGA-PTX NCs, B) MCF-7 membrane-coated PLGA-
PTX NCs and C) MCF-7 membrane extract. D) PLGA-PTX, mPLGA-PTX and MCF-7 membrane extract 
zeta potential in 0.1 x PBS (pH 7.4). PLGA-PTX and mPLGA-PTX zeta potential values are represented 
as mean ± SD of three batches, MCF-7 membrane is representative of one extraction. 
 

Table 4.1 - Z-average, PdI (polydispersity index) and z-potential of PLGA-PTX (n=3), mPLGA-PTX 
(n=3) and MCF-7 (n=1) membrane extract were measured in 0.1x PBS. NTA size values are the mean 
of 2 different batches for PLGA-PTX and mPLGA-PTX NCs as well as particles concentration. MCF-7 
membrane is representative of one extraction. 

 
Z-average 

(nm) 
PdI 

NTA Size 
(nm) 

Particles 
concentration 

(NCs mL-1) 

z-potential 
(mV) 

PLGA-PTX 195 0.125 170 8.3 x 1012 -5 ± 2 

MCF-7 

membrane 
181 0.228 212 1.5 x 1011 -13 ± 2 

mPLGA-PTX 293 0.235 216 8.1 x 1011 -24 ± 1 
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MCF-7 membrane extracts were obtained by hypotonic lysis followed by 

mechanical membrane disruption using a homogenizer (Dounce glass homogeneizer 

or Glass homogenizer VIRTUS PII), and ultracentrifugation. A change in z-potential is 

observed, as well as a shift in the hydrodynamic diameter, when the PLGA NCs are 

combined with MCF-7 membrane sonication (Figure 4.1, Table 4.1), which indicates 

that the NCs are coated with MCF-7 membranes. 

NCs morphology was observed by transmission electron microscopy, cryogenic 

transmission electron microscopy and scanning electron microscopy. 

 
Figure 4.2 – Characterization of PLGA NCs by electron microscopy techniques. A) Scanning electron 
microscopy (SEM) image of PLGA-PTX NCs imaged at 2 kV at high vacuum with Inlens detector where 
scale bar represents 500 nm. Negative staining transmission electron microscopy (TEM) of B) PLGA-
PTX NCs and C) mPLGA-PTX NCs where scale bars represent 100 nm. CryoTEM of D) PLGA-PTX 
NCs, B) MCF-7 extracted membranes and C) (MCF-7)-membrane-coated PLGA-PTX NCs measured 
in 0.1 x PBS (pH 7.4) where scale bars represent 100 nm.  
 

 Scanning electron microscopy images support the monodisperse nature of 

PLGA-PTX NCs as represented in Figure 4.2A. Negative-stain transmission electron 

microscopy images (Figure 4.2B and 4.2C) illustrate the NCs spherical nature, 

although it was not possible to observe the membrane coating, as negative staining 

effects can lead to misinterpreted assumptions. CryoTEM analysis (Figure 4.2D, 2E 

and 2F) did not enable the membrane visualization with the NCs since contrast 

between membranes and NCs was not distinguishable. Although, it was noticeable the 
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lack of overspread membranes in samples of mPLGA-PTX NCs (Figure 4.2F) when 

compared to MCF-7 membrane samples (Figure 4.2E) and PLGA-PTX (Figure 4.2D) 

NCs, which indicates the coating of the NCs with the membranes.  

 Additionally, Fourier Transform-Infrared Spectroscopy (FTIR) of copolymer 

PLGA, nonionic surfactant Pluronic®-F127, blank PLGA NCs, PLGA-PTX NCs and 

MCF-7 membrane coated PLGA-PTX NCs was performed. Figure 4.3 displays FTIR 

spectra and permits to discriminate the mPLGA-PTX spectrum distinctive bands.  

 
Figure 4.3 - FITR spectra of PLGA nanocarriers variations, PLGA and Pluronic®-F127 with 4 cm-1 
resolution over 128 scans from 4000 to 400 cm-1. 
 

Membranes are mainly composed of lipids, proteins and carbohydrates and the 

presence of few characteristic bands of these components can be observed like amide 

I (1650 cm-1) band related to C=O stretching of peptide bonds, indicative for proteins. 

The presence of carbohydrates and phosphate could be evidenced in the spectral 

range from 1250 to 1000 cm-1, but lipid phosphate head groups were not taken into 

consideration because phosphate groups from PBS can lead to misreading of the 

spectrum.(22) 
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4.4.2 Encapsulation efficiency of paclitaxel in PLGA NCs  
 

 A HPLC method was developed and validated to estimate the encapsulation 

efficiency (EE%) of PLGA-PTX NCs. Briefly, the method consists of a mobile phase 

composed of acetonitrile and ddH2O (50:50, (v/v)), an analytical C8 column (150 x 4.6 

mm, 5 µm) and a precolumn analytical C8 (10 x 4 mm, 5 µm) as stationary phase. 

Detection wavelength was 227 nm and columns were kept at 30 °C. The retention time 

of paclitaxel was about 6.7 minutes and a symmetrical peak shape was observed 

(Figure 4.4). 

    
Figure 4.4 - Representative HPLC chromatograms of pure paclitaxel at 227 nm in the concentration 
range from 0.5 to 25 µg mL-1. Detection wavelength was 227 nm and retention time for paclitaxel was 
6.7 min with a symmetrical peak.  
 

 The assumption of homoscedasticity was not met for the data and a weighted 

least squares linear regression (Table 4.2) was employed to compensate for the effect 

of higher concentrations as reported by Almeida et al.(23)  
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Table 4.2 - Regression parameters for weighted regressions of the analytical curve (𝑦 = 𝑎𝑥 + 𝑏) where 
wi is the weight tested for the calibration with wi = 1 representing the unweighted regression and SER(%) 
respective sums of the relative errors (n=4). 

 wi 
Linear 

coefficient 
Slope R2 Σ ER (%) 

1 10540 102146 1 -103 

1/x 1008 103229 1 0 

1/x2 -214 103757 1 0 

1/y 1063 103155 1 0.7 

1/y2 286 103631 1 1.5 

 
Models 1 𝑥 and 1 𝑥b presented the lowest values of SER and 1 𝑥 was chosen 

to evaluate PTX concentrations in the linear range from 0.5 to 25 µg mL-1. Table 4.2 

displays the analytical parameters for the method. 

 
Table 4.2: Analytical parameters for the HPLC method using UV/ Vis detector at 227 nm and 30 °C.  

Parameter Paclitaxel 

Analytical curve y = 107035.91x - 1963.10  

Linear range (µg mL-1) 0.5 - 25 

LOQ (µg mL-1) 0.1  

Accuracy (ER%) £ 3.4 

Precision (CV%) 0.5-3.3 

 

No co-eluting peaks were detected at the retention time of PTX when NCs 

components were present in the sample (Appendix C Figure S1) exhibiting good 

stability on the matrix. System suitability tests revealed that retention time of PTX 

shows a CV% of 0.3% and for the peak integrated area, the coefficient was 0.1%. In 

addition, the method did not remain unaffected by changes in temperature, flow rate 

and mobile phase composition, implying lack of robustness. However, all those 

parameters are controlled by the analytical system and the method was suitable for 

paclitaxel quantification. 

Employing the validated method, three batches of paclitaxel-containing PLGA 

NCs were analyzed, regarding their encapsulation efficiency (EE). Samples were 

prepared as described in the Materials and method section and EE for the three 

batches was (98 ± 1) % (Mean ± SD) (See in Figure S1). 
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4.4.3 (MCF-7)-membrane-coated PLGA NCs preferential cellular uptake 
 

 Flow cytometry experiments were performed to evaluate the cellular uptake of 

cell (MCF-7)-membrane-coated and non-coated PLGA NCs. Curcumin was used as 

fluorescent probe. An increase in internalization is observed when the membrane-

coated NCs are incubated with cancer cells (Figure 4.5A and 4.5B) and non-cancer 

cells (Figure 4.5C).  

 

 
Figure 4.5 - Cellular uptake comparison between PLGA-Curcumin NCs and mPLGA-Curcumin NCs by 
A) MCF-7 breast cancer cells incubated for 2, 4 and 24 hours B) A549 lung cancer cells incubated for 2 
and 4 hours and C) MCF-10A non-tumorigenic breast cells incubated for 4 hours. Measurements are 
average ± SE of three independent experiments. Data was analyzed by analysis of variance (ANOVA) 
and Tukey’s test. Significances are indicated with * for p-value < 0.05, ** for p-value < 0.01 and *** for 
p-value < 0.001. 
 
However, mPLGA NCs show a superior effect for the MCF-7 breast cancer cells 

(Figure 4.6), the same cell line as the membrane covering the NCs. Increased 

interaction in the presence of membrane coating with MCF-7 relates to the capability 
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of homologous binding between cancer cells, which reflects as a better targetability. 

Nevertheless, adhesion seems to play a role also in the interaction between A549 and 

MCF-10A cell lines, since the interaction levels of membrane-coated NCs are superior 

to the ones observed for non-coated NCs, suggesting the involvement of common cell 

adhesion molecules, e.g. epithelial cell adhesion molecule (EpCAM).(24)  
 

 
 
 
Figure 4.6 - Effect of MCF-7 membrane coating of PLGA NCs in cellular uptake. A) Cellular uptake and 
B) percentage of cells positive for curcumin-loaded PLGA NCs coated with MCF-7 membrane (mPLGA) 
and non-coated (PLGA) after 4 h incubation with MCF-7, A549 and MCF-10A cells at 37 °C in 
atmosphere with 5% CO2. Measurements are average ± SE of three independent experiments. Data 
was analyzed by ANOVA and Tukey’s test. Significances are indicated with * for p-value < 0.05, ** for 
p-value < 0.01 and *** for p-value < 0.001. 
 

MCF-7 membrane coated and non-coated PLGA-Fluorescein and PLGA-NLR 

NCs were incubated with MCF-7 and MCF-10A cells at 5x1010 NCs per chamber for 

confocal microscopy analysis. Figure 4.7 shows the cellular uptake of PLGA-

Fluorescein and mPLGA-Fluorescein NCs by MCF-7 and MCF-10A after 4 h 

incubation. The images evidence that the presence of MCF-7 cells membrane coating 

affects the internalization of PLGA NCs by both cancerous and non-cancerous cell 

types, being more pronounced in MCF-7 cells, corroborating the results obtained by 

flow cytometry. 
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Figure 4.7 - Confocal laser scanning images of MCF-7 and MCF-10A cells treated with coated and non-
coated PLGA-Fluorescein NCs for 4 hours. Cell were imaged with a 63x oil-immersion objective and 
acquired in z-stacks at 0.2 µm intervals. Images were acquired with the same system and laser settings. 
 

Because PLGA-Fluorescein NCs did not provide a strong fluorescent signal, 

PLGA-NLR NCs were employed to observe the interaction with both cells lines and to 

verify if the NCs signal was truthful or a possible effect of microscopy settings. PLGA-

NLR NCs were incubated for 1 h and other staining procedures were kept the same 

as previously described. Representative acquired images are in Appendix C, Figure 

S2.  
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4.3.4 In vitro evaluation of (MCF-7)-membrane coated PLGA-PTX NCs against 
epithelial cell types  
 

Based on the previous results, it is important to evaluate the potential of coated 

NCs for clinical application. For this purpose, paclitaxel, a chemotherapy agent, was 

entrapped in PLGA NCs and cell viability was assessed for MCF-7 (Figure 4.8A) and 

A549 (Figure 4.8B) epithelial cancer cells, and MCF-10A (Figure 4.8C) non-

tumorigenic breast cells. NCs concentration was estimated using NTA and 

concentrations from 1 x 108 to 1x1010 NCs per mL were tested, with 200 µL per well, 

meaning paclitaxel concentration was in the range of few to hundreds of ng per mL. 

NCs were incubated for 48 h and cell viability tested using MTT assay. 

 
Figure 4.8 - Cellular viability of A) MCF-7, B) A549 and C) MCF-10A after 48 h incubation with different 
concentrations of mPLGA-PTX and PLGA-PTX NCs evaluated by MTT viability assay. Data was 
analyzed using using two-sample t-test and significances are indicated. Significances are indicated by 
** for p-value < 0.01. 
 

In Figure 8a, the anti-cancer improved ability of cell-membrane coated PLGA-

PTX NCs is evidenced by the significantly lower viability of MCF-7 cells treated with 



 

 115 

MCF-7-membrane coated PLGA-PTX NCs, compared to non-coated PLGA-PTX NCs. 

Likewise, the viability of MCF-10A and A549 cells was investigated and no significant 

changes were observed between cells treated with membrane-coated or non-coated 

PLGA-PTX NCs. 

 

4.4 DISCUSSION 
 

This chapter focusses on the development of cancer cell membrane-coated 

PLGA NCs containing paclitaxel, a chemotherapeutic drug, to explore the homotypic 

adhesion between cancer cells to improve treatment effectiveness.  

 After the extraction of MCF-7 membranes by hypotonic lysis, PLGA NCs were 

coated by sonication and characterized according to their size, z-potential, and 

concentration. An increase in size and surface charge were observed, which are 

indications that NCs functionalization with membranes extract was successful (Figure 

4.1).(13,18) Microscopy analysis showed a distinctive vesicular characteristic in the 

membranes confirming the extraction without structural modification. For the coated 

NCs, transmission electron microscopy images revealed a lack of spare membrane in 

the images, evidencing the interaction and colocalization of the membrane on PLGA 

surface (Figure 4.2).(25) Additionally, FTIR analysis exhibited bands characteristic of 

lipids (Figure 4.3). Paclitaxel encapsulation efficiency in PLGA-PTX NCs was 98 ± 1% 

according to the described HPLC method. The encapsulation of the drug by 

nanoprecipitation obtained a high encapsulation yield, given the hydrophobic 

characteristic of the agent. 

The interaction analysis between the membrane-coated NCs and non-coated 

NCs by flow cytometry revealed an increase in cell-nanocarrier interaction with MCF-

7, A549 and MCF-10A, indicating the occurrence of homotypic and heterotypic 

adhesion (Figures 4.5, 4.6 and 4.7) with higher interaction for the cell line which 

membrane was extracted (Figure 3.5). These results suggest the presence of common 

membrane antigens, e.g. EpCAM, expressed in normal epithelia, and often 

overexpressed in epithelial tumor.(24,26) The increase in the percentage of positive 

cells shows clearly the influence of the cell membrane coating on particle adhesion to 

the cancer cells. An increase of more than 26-fold for the source cells is observed, in 

contrast to about 13 and 6-fold for MCF-10A and A549, respectively, when (MCF-7) 

cell membrane-coated PLGA NCs are incubated with those cells compared to the non-
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coated PLGA NCs. The variations in uptake levels between non-coated NCs and 

membrane-coated NCs were of 1.8, 1.5 and 1.4-fold for MCF-7, MCF-10A and A549, 

respectively. The preferential cancer cell self-recognition is also substantiated by the 

confocal microscopy images in Figure 4.7. Reported cancer cell membrane-coated 

systems showed an increase in interaction with other cell types that not the source of 

the membrane extract. However, the increase is often reported as a minor variation 

which can be associated to the low similarities between the cellular types and many 

fail to evaluate the effect on normal cells from the same tissue as the cancer. Fang et 

al.(13) coated PLGA nanoparticles with B16–F10 mouse melanoma cells membrane 

and evaluate their interaction with MDA-MB-435, also a human melanoma cell line,(27) 

and HFF-1, a human foreskin fibroblast cell line. They describe the homotypical 

interaction between the NCs and the MDA-MB-435 melanoma cells, but not from the 

source melanoma cell line. This already indicates the homotypical interaction with 

different cancer cells. Although, normal cell interaction is assessed for skin fibroblast 

and only a minor variation is observed, as expected.  

It should be notice that the occurrence of increased interaction with normal cells 

does not invalidate the technology. Tissue invasion is one of the classical hallmarks of 

cancer development together with uncontrolled division, that combined with tumor 

heterogeneity humper tumor treatment and is a major issue to homogenous distribution 

of chemotherapeutics.(28,29) The technology efficacy was also tested in in vivo 

systems and presented interesting results. Rao and colleagues(30) used head and 

neck squamous cell carcinoma patient-derived tumor cells to coat gelatin nanoparticles 

loaded with cisplatin. They demonstrate not only almost complete tumor elimination by 

treatment with the membrane-coated gelatin particles loaded with cisplatin, but also a 

good response against tumor recurrence in postsurgery model.  

To substantiate the effectiveness of the MCF-7 cells membrane-coated PLGA 

NCs, cell viability studies with mPLGA-PTX and PLGA-PTX NCs (Figure 4.8) were 

performed. The results confirmed that the coating of NCs with cell membranes can be 

beneficial to the cancer treatment where at higher concentrations of mPLGA-PTX NCs 

the viability of MCF-7 cells was reduced in 25% when comparing to PLGA-PTX NCs. 

The cell viability of A549 and MCF10A cells exposed to the coated and non-coated 

NCs were not significantly different with lowest viability about 60% for MCF-10A at the 

highest tested concentration, while viability was between 20 and 25% for MCF-7 cells 

exposed to mPLGA-PTX NCs for 48h. 
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4.5 CONCLUSIONS 
 

Here we successfully functionalized PLGA NCs with MCF-7 cells membrane 

extracts which led to preferential interaction of MCF-7 cells with mPLGA NCs and 

improved treatment efficacy against the breast cancer cell line. The increased 

interactions between MCF-7 membrane-coated NCs compared to non-coated 

counterparts combined with their improved efficacy against MCF-7 breast cancer cells 

make them suitable and an attractive improvement from traditional cancer treatments. 

This work contributes to elucidating how coated-nanocarriers interact with different cell 

types and highlights the versatility of PLGA systems and easily transferable coating 

employing other cell types. However, further work is required to prove the efficacy in 

vivo and in personalized clinical applications, based on primary cells isolated from 

tumorigenic-tissue.  
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Appendix B – Supporting Information: Epithelial cancer-cell membrane coated 
PLGA nanocarriers enhanced uptake leads to more effective cancer treatment 
	

 The HPLC method presented good stability in matrix and no coeluted peaks 

were observe with the paclitaxel peak at retention time 6.7 minutes. 

	
Figure S1: HPLC chromatograms for evaluation of matrix influence for the determination of 
encapsulation efficiency of paclitaxel in PLGA NCs. 
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Representative images of PLGA-NLR and mPLGA-NLR NCs interaction with MCF-7 

and MCF-10A cells after 1 h incubation. 

	
Figure S2 -Confocal laser scanning images of MCF-7 and MCF-10A cells treated with coated and non-
coated PLGA-NLR NCs for 4 hours. Cell were imaged with a 63x oil-immersion objective and acquired 
in z-stacks at 0.4 µm intervals, 512 x 512 pixels. 
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ABSTRACT 
 

Controllable release of therapeutic compounds from delivery vehicles is 

essential to successfully reduce drug toxicity and improve therapeutic efficacy. Many 

new nanomaterials that display responsive character to external stimuli are being 

developed in order to achieve such controlled release. However, introducing on 

demand release in established and approved drug delivery systems would better 

facilitate their clinical translation. Light-induced rotating hydrophobic molecular motors 

were therefore incorporated in the lipid bilayer of established phospholipid vesicles 

(liposomes) with the aim of using molecular rotation to destabilize the bilayer and 

facilitate on-demand release of liposomal content. To evaluate the phospholipid bilayer 

response to the molecular motion we investigated the release of a model hydrophilic 

molecule, calcein, from liposomes composed of the unsaturated lipid 1,2-dioleoyl-sn-

glycero-3-phosphocholine ((∆9-cis)PC). The presence of molecular motors in 

liposomes together with irradiation triggered calcein release, which did not occur from 

liposomes with molecular motors without irradiation, nor from liposomes without 

motors with irradiation. Additionally, an increase in calcein release was obtained upon 

prolonged irradiation. The integration of sophisticated molecular components with well-

established clinically relevant nanocarrier systems provides the possibility to enhance 

nanomedical treatments without the need to redesign completely new carrier systems 

that would be a long way from clinical use. 

 
Keywords: liposomes, molecular motors, light-triggered release, on-demand release.  
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5.1 INTRODUCTION 
 

Within the field of nanomedicine, specialized approaches to transport 

pharmaceutically active compounds to target sites by means of nanostructures is one 

of the main goals.(1) The use of specialized nanocarriers (NCs) are considered to be 

highly promising in treating various diseases including combating infections, 

inflammation, fibrosis, and cancer.(2,3) Many nanoparticle systems have been 

developed over the years for diagnosis and therapy of diseases, which includes solid 

inorganic nanoparticles, polymeric nanoparticles such as micelles and polymersomes, 

protein nanoparticles, and lipid-based nanoparticles such as liposomes and lipid 

nanoparticles (LNPs).(2,4–8) A key aspect of NCs is not only to accommodate the 

drugs that need to be delivered but particularly to release them on demand in order to 

increase local drug concentrations to achieve therapeutic effectiveness, while 

preventing side effects.(6) 

For on demand drug release from NCs, external triggers or local factors are 

often envisioned. Local factors that can be exploited are e.g. a change (drop) in pH 

(such as in tumor tissues)(9) or alterations in temperature and pH due to inflammation 

of the tissue(10). Many stimuli-responsive systems that have been developed are often 

polymer-based, because of the ease of polymer synthesis that allows for good control 

over their composition, which is necessary to fine-tune their response to specific 

stimuli.(11–13) In light of the possibilities using polymers as responsive structures to 

deliver pharmaceutical cargo, highly interesting drug delivery systems have been 

developed. Small micellar structures that respond to redox conditions have been 

designed to release the anti-cancer drug camptothecin in the presence of high 

glutathione concentration and reactive oxygen species inside tumors. Similarly, 

thermo-sensitive (e.g. poly(N-alkylacrylamide)s) and pH-responsive polymers 

(ionizable polymers containing e.g. amines or carboxylates) are used to trigger release 

in response to an environmental stimulus.(14) These polymers have been used to 

develop systems that mediate immunogenic cell death(15), and deliver anti-

inflammatory as well as anti-cancer drugs such as doxorubicin to tumors.(10,16). Lipid-

based systems are also extremely attractive as triggered release systems. Easy to 

prepare, they also present flexibility of design, low immune response and are capable 

of containing large payloads which facilitate clinical translation.(17,18) LNPs are often 

employed to delivery genetic material,(18,19) but they are also used for drug delivery 
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in cancer therapy,(20–22) delivery of hormones(23) and imagining.(24–26) Liposomes 

applications in medicine are also broad, including drug and genetic material 

delivery.(27,28) The lipid-delivery systems can also rely on controlled/triggered-

release. Relying on local factors of the microenvironment in diseased tissue is not 

desirable in case of inter-patient and intra-patient heterogeneity. Hence, other triggers 

that are not purely related to the local environment are being used in the development 

of nanocarriers, including magnetic fields,(29) ultrasound,(30) and light.(31) 

Temperature-sensitive liposomes are a well-known system described long ago.(32) 

The temperature input relies on other compounds or materials, e.g. inorganic 

nanoparticles that can produce heat with light or magnetic field input. Particularly the 

use of photo-responsive particles and delivery approaches are interesting as these will 

allow on demand release. Photo- responsive polymersomes have been developed to 

release molecular payloads,(34) including light-triggered nitric oxide release for 

corneal wound healing.(35) Light-dependent release has the disadvantage of 

presenting phototoxicity,(33) where if the systems allows short exposure, phototoxicity 

can be prevented or reduced. Another disadvantage is that most release mechanisms 

induce membrane destabilization or permeabilization and membrane stability cannot 

be recuperated. 

 We propose as an alternative MM liposomes that show light-triggered release 

through mechanical action without inducing phototoxicity, and allow for controlled step-

wise release through reversibility of molecular motion. It is clear that polymers and 

lipids have a great potential future within the clinic concerning nanomedicine. However, 

most formulations that have been approved in the clinic and are historically much 

longer investigated, are phospholipid-based structures.(4,5) Liposomes have since 

long times been used in drug formulations, imaging, and delivery.(36–38) Light-

triggered release using amphiphilic phthalocyanine in conventional liposomes have 

been designed to release payload using near-infra red(39) irradiation but also adding 

gold to the liposome surface to utilize the plasmon-resonance effect facilitate 

release,(40) or embedding graphene-oxide inside liposomes as the light-responsive 

moiety.(41) In most cases, light is being transformed into heat that in turn locally 

increases the temperature and facilitates release from the liposomes. An alternative 

approach would be not to rely on heat transfer properties but directly influence the local 

structural features of e.g. a selective channel (42) in a lipid bilayer without the need for 

chemical alterations or heat induced phase changes. 
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We hypothesized that small unidirectional molecular motors that are hydrophobic in 

nature and reside inside the lipid bilayer would open up the membrane upon irradiation. 

Recently, such unidirectional molecular motors have been used to direct stem cell fate 

as well as interacting with cell membranes in order to permeabilize it and facilitate 

cellular uptake.(43,44) These unidirectional molecular motors are tunable in chemistry 

and rotation speed and offer direct mechanical interaction with their surrounding 

mediated by light.(45–47) The molecular motor was embedded inside a phospholipid-

based nanocarrier, a liposome, and the hydrophobic nature of the molecular motor 

enables it to reside in the hydrophobic interior of the membrane. It was found that 

calcein-loaded liposomes displayed enhanced release upon irradiation. This release 

was only triggered when both the molecular motor was present and when irradiation 

was applied offering control and on demand release capabilities. By increasing the 

irradiation time, the amount of calcein released from the liposome was controlled. The 

proposed system opens up possibilities of adding sophisticated small molecular 

components via simple mixing and self-assembly to interfere in a direct fashion with 

the local structural features and thereby allowing on demand events to occur such as 

controlled delivery as depicted in Scheme 5.1. 

 

 
 
Figure 5.1 - Schematic representation of the mode of operation of on demand release from liposomes 
with molecular motors incorporated in the lipid bilayer. The unidirectional molecular rotation disturbs the 
bilayer and thereby facilitates release of liposomal cargo, here calcein as a model compound. 
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5.2 MATERIALS AND METHODS 
 
5.2.1 Preparation of liposomes with molecular motors: Liposomes with 10 mM 1,2-

dioleoyl-sn-glycero-3-phosphocholine (#850375P, 18:1 (Δ9-Cis) PC (DOPC)), Avanti 

Polar Lipids, Inc.) were prepared by hydration method followed by extrusion through 

polycarbonate 100 nm pore membrane. Lipid was dissolved in chloroform and mixed 

with pure methanol (#1060092511, Emsure® Merck) or methanol containing molecular 

motors (MM; synthesis of 5,5'-(9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-

1-ylidene)-9H-fluorene-3,6-diyl)diisophthalic acid, the MM, is described in the 

Supplementary Information of (46)) in a ratio 1:1 (v/v). Liposomes containing MM were 

prepared at two different mixing ratios, 1:50 (MM1) and 2:25 (MM2) of MM to lipid 

(MM:lipid, w/w). The mixtures were dried under a stream of N2 followed by evaporation 

under reduced pressure. The dry lipid films were hydrated with 100 mmol L-1 solution 

of calcein (#C0875, Sigma-Aldrich) in HEPES (10 mM, 7.4), followed by vigorous 

mixing for 2-3 hours to generate liposomes. Liposomes were extruded 17 times using 

an Avestin LiposoFast - Basic extruder with two gas tight glass syringes and 

assembled with two filter supports (#610014, Avanti) and one 100-nm pore 

polycarbonate membrane (Avestin) prewetted in HEPES buffer. Liposome purification 

was performed using a gel filtration resin Sephadex® G-100 (#17006001, GE 

Healthcare) in HEPES (10 mM, 7.4) buffer. The purification setup was protected from 

light during purification. 

Liposome characterization: Liposomes size and zeta potential (z-potential) were 

determined by a Zetasizer Nano ZS (Malvern Instruments) after purification in 10 mM 

HEPES, pH 7.4.  

Calcein release assay: Fluorescence of calcein-loaded liposomes with and without 

motors (MM1, 1:50 (w/w)) was measured before and after UV light irradiation in a 

Synergy HTX Multi-mode plate reader (BioTek Instruments Inc.) with excitation 485/20 

nm and emission 528/20 nm using 96-well black flat bottom plates. Number of 

excitation flashes was set at 3 flashes per well to reduce photobleaching. UV light 

irradiation (λmax = 365 nm) of the liposomal formulations was performed with a 

Spectroline lamp model ENB-280C/FE kept ≈10 cm from the 96-well plate with a 

delivery intensity of ≈ 0.2 mW cm-2. 
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5.3 RESULTS 
 

The molecular motor (MM) is water-insoluble and similar to other small 

molecular components can be stored inside the hydrophobic domain of a phospholipid 

membrane. Liposomes (SUVs) with MM were made at phospholipid:MM molar ratios 

of 1:50 (MM1) and 2:25 (MM2), by means of lipid film rehydration and subsequent 

extrusion. From dynamic light scattering analysis, it was observed that control 

liposomes without MM and  MM1 liposomes showed similar sizes of 120 nm and 110 

nm, respectively (Figure 5.2). Higher loading of MM into the liposome (2:25) resulted 

in a larger diameter of ~200 nm for the MM2 liposomes.  

 
 

Figure 5.2 - Dynamic Light Scattering of (∆9-cis)PC liposomes without MM (no MM), and with MM at 
mixing ratio 1:50 (MM1) and 2:25 (MM2) after purification with Sephadex® G100. Size control was 
induced via extrusion through a polycarbonate filter (pore-size 100 nm) and the measurements were 
performed at 20°C.  
 

The zeta-potential (surface charge) of the non-loaded liposomes and the MM1 

liposomes was similar, while MM2 liposomes displayed a significantly reduced surface 
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charge (Figure 5.3). In order to compare release kinetics from liposomes with and 

without molecular motors we chose to compare MM1 liposomes with liposomes without 

motors, to prevent a potential difference in release kinetics caused by a difference in 

liposome size and/or zeta. 

 
Figure 5.3 - The zeta(z)-potential of (∆9-cis)PC liposomes without MM (no MM), and with MM at mixing 
ratio  1:50 (MM1) and 2:25 (MM2) after purification with Sephadex® G100. z-potential values are mean 
± SD of three measurements of the same batch. Data was analyzed using two-sample t-test and 
significance is indicated by * for p-value < 0.05. 
 

The liposomes were loaded with calcein as a model compound as it is very 

suitable to analyze the release due to the fluorescent properties of calcein. Liposomes 

were loaded with a calcein solution at a concentration above the self-quenching 

concentration. Above the self-quenching concentration, calcein displays a substantially 

reduced fluorescence intensity. The self-quenching calcein concentration is 

maintained inside the liposome, but upon release of calcein into its environment as 

would occur after destabilization of the loaded liposomes, its concentration will 

decrease causing an increase in fluorescence. Therefore, released calcein will 

become clearly measurable and distinguishable from the non-released calcein. By 

measurement of the fluorescence intensity over time and comparing it with the state 

where liposomes are fully destroyed (full release), the percentage release (%) over 

time can be determined. 

Both control liposomes and MM1 liposomes were subjected to the same 

treatments (Figure 5.4). The calcein release over time was first assessed in the 
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absence of irradiation to identify the overall stability of the liposomes over time (Figure 

5.4A). Figure 5.4A shows the release over time and for the duration of the analysis up 

to 70 minutes, no significant release was detected in both the liposomes without and 

with MM. These results indicate that the low abundance of MM inside the lipid bilayer 

does not cause enhanced leakiness of the membrane. Then the calcein loaded 

liposomes were irradiated using UV-light for 30 seconds with a wavelength of 365 nm. 

UV irradiation causes the molecular motors to rotate and induce molecular 

motion.(46,48)  

Upon a single irradiation for 30 seconds, the irradiated MM1 liposomes 

displayed enhanced release compared to the control liposomes. A calcein release up 

to 10% was observed within 60-70 minutes after which the release leveled off. Of note, 

during this period, no irradiation was applied and therefore molecular motion is no 

longer destabilizing the membrane. The partial release indicates that moderate release 

is facilitated rather than that all content is liberated at once, which in turn indicates that 

the molecular motion of the motor inside the lipid bilayer does not result in destruction 

of the membrane. Restoration of the membrane integrity allowed the liposome to 

regain its initial stability. The liposome without MM did not display any release (Figure 

5.4B). Therefore it is not UV-irradiation that causes a local increase in temperature or 

induces molecular alterations to the lipid membrane that induces the calcein release, 

but it is the rotating molecular motor that is responsible. 

 
Figure 5.4 - Liposomes without and with MM (1:50) without irradiation (A) and with irradiation for 30 
seconds (B) of which the calcein release was studied using fluorescence spectroscopy. Measurements 
are average ± SD of three independent experiments. 
 

Figure 5.5 shows the quantified release at intermediate time points to further 

exemplify the difference between MM1 liposomes and control lipsomes. It is clearly 
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distinguishable that most of the release occurs shortly after the irradiation-step and 

only for the liposomes that have the molecular motor incorporated into the lipid 

membrane. A small amount of release, up to 1%, is detected for the liposomes without 

the MM inside the membrane. This indicates that there is a very minor amount of 

unspecific release, which was not detected in the samples without irradiation. It 

indicates that the UV-irradiation influence the system to some degree, most like due to 

(local) heating of the system that faciliates slight permeabilization of the membrane of 

the liposomes. 

 
Figure 5.5 - Liposomes without and with MM (1:50) with irradiation for 30 seconds of which the calcein 
release was studied at fixed time-points using fluorescence spectroscopy. Measurements are average 
± SE of three independent experiments. Data was analyzed by analysis of variance (ANOVA) and 
Tukey’s test. Significances are indicated with * for p-value < 0.05, ** for p-value < 0.01 and *** for p-
value < 0.001. 
 

In order to identify the extent of control over the calcein release from MM-

containing liposomes, also a higher irradiation time was investigated. By increasing the 

amount of irradiation dosage, either by time or intensity, the molecular motors would 

provide more molecular rotatory motion. Liposomes from the same batch prepared 
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with a lipid to MM ratio of 1:50 (w/w) were subjected to 0, 30, and 60 seconds of UV-

irradiation after which the fluorescence intensity was analyzed over time (Figure 5.6). 

It is clearly visible that upon increasing the irradiation time, the release of calcein is 

enhanced. After 60 s exposure to UV-light, 18 ± 3 % release was observed compared 

to 10 ± 3 % after 30 s exposure. This difference in release profile simply by adjusting 

the dosing of UV-irradiation illustrates the ease of control over the system. It enables 

us to appropriately tailor the amount of molecular components to meet either the 

required dosing for an active compound to function, or control the release over several 

events. It has to be noted that irradiation times > 60 s were avoided as well as repetitive 

irradiation as it inflicted photo-bleaching of calcein, preventing proper fluorescence 

data analysis. For future studies, non-bleaching fluorescent moieties should be used 

or molecular motors that respond to visible light rather than UV-light to not inflict 

oxidative alterations to molecular structures. 

 
Figure 5.6. Liposomes with MM (1:50) without irradiation and with irradiation for 30 and 60 seconds of 
which the calcein release was studied using fluorescence spectroscopy. 
 

5.4 CONCLUSION 
 

Redesigning new nanocarriers is something that is a challenge but highly 

important to advance the field of nanomedicine and facilitate controlled active, on-

demand delivery at the right location at the right time. However, while still many new 
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materials are under development and far from the clinical application, novel 

approaches that are more straightforward will provide the opportunity to impact the 

nanomedicine and controlled release field in an immediate fashion. By bringing 

together the well-established and clinically relevant liposomal nanocarrier system with 

the sophisticated responsive small molecular rotating motor, new innovative 

approaches for controlled release are possible. Here we show that the UV-induced 

rotation of a hydrophobic molecular motor, stored inside the lipid membrane, disrupts 

the membrane to such an extent that small molecules (calcein) are released. This 

release only occurs in the presence of the molecular motor and combined with UV-

irradiation. Without either the molecular motor or the UV-irradiation no significant 

release was found. An increase in irradiation dose produced enhanced calcein release, 

which indicates that with this relatively simple approach a high degree of control over 

drug release can be obtained. The incorporation of such an approach is not limited to 

phospholipid systems but is also envisioned to be compatible with polymer-based NCs. 

By further tuning the system by using visible light to become responsive to visible light, 

it will be possible to reduce potential oxidative damage due to irradiation events and to 

improve the biocompatibility of the approach as biological systems generally poorly 

tolerate UV-irradiation. 
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
 

Nanoparticles as carriers for therapeutic compounds and nutrients are 

promising platforms from which several areas in medicine may benefit, including 

treatment and diagnosis of diverse pathologies like cancer and central nervous system 

disorders. Nevertheless, it is essential to evaluate the cellular response to those 

nanosized materials in pre-clinical phases to properly translate them to clinical 

applications. However, many reports are missing important parallels to in vivo 

conditions and often do not describe and discuss the drawbacks or possible 

alternatives to better understand and improve the nanosystem. 

While nanomaterial properties such as size and surface charge have been 

extensively studied, many other properties are less highlighted. This thesis discusses 

the role of stiffness in the interaction with polarized endothelial cells mimicking the 

blood-brain barrier (BBB) in Chapter 2. As model particle, we employed poly(N-

isopropylmethacrylamide) (p(NIPMAM)) nanogels prepared by precipitation 

polymerization of which the stiffness was tuned due to the presence of a cross-linker, 

N,N′-methylenebis(acrylamide), at different densities. Results reveal that even though 

harder nanogels (NG14, 14 mol% BIS) present higher levels of uptake by the polarized 

monolayer, the softer nanogels (NG1.5 and NG5, respectively 1.5 and 5 mol% BIS) 

are favored in the transcytosis through the BBB. No significant variation was detected 

for particles of the same cross-linking density and a 2-fold difference in size. 

Interestingly, the internalization as well as the transcytosis level was identical for 

NG1.5 and NG5, but significantly different from the internalization and transcytosis of 

NG14, suggesting a rather sharp response to particle stiffness. Based on theoretical 

models,(1,2) we speculate that the cell membrane bending induced by the softer 

nanogels is low when compared to the harder nanogel due to the spreading of soft 

nanogels over the membrane and consequent decreased pressure applied to the 

membrane. The variation in membrane bending will affect the kinetics of nanogel 

wrapping and, ultimately, the levels of uptake. Protein corona formation dissimilarities 

between softer and stiffer nanogels can also contribute to the observed particle 

interaction with the monolayer. It is noteworthy that protein adhesion on nanogels is 

low compared to nanoparticles.(3) The opposing effect of nanogel stiffness on their 

uptake and transcytosis highlights the importance of vesicular trafficking mechanisms 

and exocytosis in determining transcytosis efficiency, emphasizing that enhanced 
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internalization does not lead to improved transcytosis. This was also noted  when 

comparing the use of high affinity ligands with low affinity ligands in receptor mediated-

transcytosis of ligand-functionalized nanoparticles,(4–6) which brought important 

insight in the transport mechanism across the BBB. Our finding with non-functionalized 

particles of different stiffnesses suggests the existence of stiffness-dependent non-

ligand-mediated transcytosis. Techniques that can avoid the use of ligands may be 

beneficial to clinical translation as the efficacy of ligands is subject to inter-patient and 

intra-patient heterogeneity. 

With the applicability of -especially soft- nanogels for crossing the BBB, we next 

evaluated the role of nanogel stiffness in their interaction with glioma cells and 

phagocytic cells, specifically nonpolarized macrophages (Chapter 3). The uptake of 

softer nanogels was significantly lower in both cancer and phagocytic cells compared 

to the uptake of the stiffer nanogel, which correlates with the observed behavior in 

brain endothelial cells. In macrophages the larger sized nanogels were considerably 

more internalized than the smaller nanogels. Such variation may be attributed to the 

augmented contact between the cellular membrane and nanogels of larger sizes. 

Because the cellular membrane is not completely flat but filled with ruffles, 

nanoparticles may also interact with those ruffles. Particles with a diameter that is 

larger than the “flat” regions between ruffles will be able to establish multiple additional 

points of contact with the membrane (i.e., with ruffles), whereas particles that are 

smaller than the flat regions maximally connect with the flat region and one ruffle. The 

optimal particle size for maximal phagocytosis is reached when the particles can 

connect with a flat region and two ruffles. Below and above this optimal NP size, NP 

phagocytosis is reduced.(7) The lower uptake of softer nanogels is an important 

indication of the evasion of those particles from the mononuclear phagocytic system, 

which increases particles blood half-life. Taking into consideration that soft NG1.5 and 

NG5 nanogels more efficiently cross the BBB than hard NG14 nanogels, we believe 

that soft nanogels show great promise for brain targeting. 

Nanogel stiffness also showed an effect on cellular viability. Glioma cells 

showed an inverse relationship between ROS induction and NG stiffness, i.e., highest 

ROS induction with the softest NG. This is a very interesting response, considering 

that ROS production is one of the main mechanisms by which chemotherapeutics kill 

cancer cells  The ROS levels exhibited by the macrophages were  higher than by C6 

cells for all NGs, but adaptive mechanisms allow them to survive the increased 
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stress.(8,9) In direct co-culture, the cytotoxic effect of the soft NG (NG1.5) was reduced 

and the ROS level of the combined cell populations was considerably lower than the 

combined levels of the monocultures. Direct co-culture also influenced the 

internalization of nanogels, causing enhanced uptake by the macrophages. The 

changes in toxicity and internalization behaviors could be ascribed to changes in 

phenotyping and function of the macrophages as induced by the concomitant presence 

of cancer cells. The phagocytic capacity of macrophages is enhanced when they are 

stimulated,(10–12) which occurs in the presence of tumor-derived factors secreted by 

the glioma cells. Also, ROS trigger the activity of ROS-scavengers promoting the 

scavenging of excessive ROS, which will lead to the reduction of the toxic effect by 

NGs in the glioma cells. The ROS generation by soft (p(NIPMAM)) NGs in cancer cells 

can be exploited in drug delivery systems to control the release of therapeutic 

compounds.(13,14) Also, other stimuli-dependent triggers can be incorporated in the 

system like nanoparticle-mediated hyperthermia to chemosensitize cancer cells, which 

can in the case of the thermoresponsive p(NIPMAM) NGs can also promote drug 

release drug due to the collapse of the NGs.(15–17)  

Moreover, results from Chapter 2 and 3 support the need of evaluating 

nanomaterial potential in conditions more relatable with in vivo settings, considering 

possible biological barriers, e.g. blood-brain barrier and phagocytic cells. 

In Chapter 4, homotypic adhesion between breast cancer cells was exploited 

to achieve a more effective nanotherapeutic system. Poly (D, L-lactic-co-glycolic acid) 

nanocarriers (NCs) were coated with MCF-7 breast cancer cells membrane and their 

interaction with MCF-7 breast cancer cells, non-tumorigenic breast cells, and lung 

cancer cells was analyzed and showed an increase in interaction between membrane-

coated NCs for all cellular types when compared to non-coated-nanocarriers. The 

enhanced nanoparticle-cell adhesion for all cellular types relates to the presence of 

common membrane proteins e.g. epithelial cell adhesion molecule (EpCAM).(18–20)  

However, when the membrane-coated NCs were loaded with paclitaxel, a 

chemotherapeutic, there was a statistically significant reduction in cellular viability only 

for MCF-7 cells, i.e., the cell line that the membrane was derived from.  Engineering 

nanoparticles with tumor-derived material seems an effective way to improve 

nanotherapeutics efficacy and targetability. Also, it is a less arduous process to design 

tailored nanotherapeutics, avoiding the identification and production of specific ligands. 

Tumor cell membrane extraction can be envisioned as part of a personalized treatment 
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where patient tumor cells can be proliferated ex vivo prior to membrane extraction for 

custom-made patient-specific nanotherapeutics, while avoiding inefficacy related to 

intra-patient heterogeneity. Rao et al(21) already brought some important results to 

this topic employing head and neck squamous cell carcinoma patient-derived tumor 

cells as coating for nanoparticles and describing a superior effect for treatments and 

postsurgery treatments that were targeted with cellular coating from the same source 

as the produced in vivo model. In addition, cells can be genetically engineered to 

produce specific molecules at the cell surface or associated with extracellular vesicles 

which can be used to coat NPs to target the tumor microenvironment.  

 To conclude, Chapter 5 reports the development of light-induced release from 

liposomes by means of photochemical and thermal isomerization mediated by 

synthetic molecular motors. Control of light-driven molecular motors shows spatial and 

temporal precisions. By incorporating the molecular motors into the lipid bilayers of 

liposomes, calcein was released only with the input of UV irradiation and longer 

exposure times were shown to increase the calcein release from the liposomes. 

Gaining precise control over the release of molecules from drug delivery system is 

essential and the molecular motors showed an outstanding regulation with a simple 

strategy. These results unlock possibilities for the application of molecular motors in 

nanomedicine and advances towards precisely controlled-release systems. Valuable 

advancements would be the use of molecular motors that respond to longer 

wavelength, allowing for better penetration of tissues, or their use in polymersomes, a 

versatile system thanks to the ease of polymer synthesis.(22) Delivery systems that 

can identify and respond precisely to external or internal cues aiming at “on demand” 

release kinetics are of great interest for the delivery of therapeutic compounds. 

However, to be able to create these systems a deeper understanding of nanomaterial-

cell and -tissue interaction is necessary. 

This thesis presents novel nanosized delivery systems, specifically nanogels, 

membrane-coated PLGA particles, and liposomes with molecular motors, that were 

designed to improve therapeutic efficacy. The described studies expand our 

knowledge of nanoparticle properties, specifically stiffness, size, and cell affinity, that 

affect NP interactions with biological systems.   
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Future perspectives 
 

The study of nanomaterials-cell interaction in this thesis has provided insights 

into the field of nanotechnology applied to medicine. We demonstrated that transport 

across the blood-brain barrier and internalization of polymeric nanogels can be 

regulated by tuning particle stiffness. As a next step, we would be interested in 

investigating the nanogels intracellular with vesicular trafficking and its impact on the 

exocytosis of the nanogels. Further, in vivo experiments are needed to confirm if the 

stiffness effect observed in the filter-free blood-brain barrier model agrees with the in 

vivo behavior of soft NPs, and if soft NPs would be advantageous as a drug delivery 

system to the brain. Likewise, the effect of nanoparticle stiffness on the in vivo drug 

delivery to glioblastoma needs to be evaluated, and compared with the results from in 

vitro co-culture of glioma cells and peripheral macrophages mimicking the tumor 

microenvironment (TME) in order to assess the predictive value of the co-culture 

system. In addition, exploring NP behavior in 3D co-culture systems will take the 

possible influence of the extracellular matrix and tissue structure into account. It would 

be of our interest to prepare cancer-cell coated nanocarriers using patient-derived 

tumor cells, and analyse their interaction with primary tumors and circulating tumor 

cells (CTCs). Finally, studying on demand drug release from molecular motor-

containing liposomes in cells is essential to determine the level of control over drug 

delivery as well as safety in response to the illumination of cells with different light 

sources. The technology should also be translated to other carrier systems, e.g. 

polymerosomes and polymeric nanoparticles, and be explored in areas as 

photodynamic therapy. 
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ALGEMENE DISCUSSIE EN TOEKOMSTPERSPECTIEVEN 
 

Nanodeeltjes als dragers van therapeutische verbindingen en voedingsstoffen 

zijn veelbelovende platforms waarvan verschillende werkvelden in de geneeskunde 

kunnen profiteren, waaronder de behandeling en diagnose van diverse ziektebeelden 

zoals kanker en aandoeningen van het centrale zenuwstelsel. Desalniettemin is het 

essentieel om de cellulaire respons op die materialen van nanoformaat in preklinische 

fasen te evalueren om ze correct te kunnen vertalen naar klinische toepassingen. Veel 

publicaties missen echter belangrijke parallellen met in vivo omstandigheden en 

beschrijven en bespreken vaak niet de gebreken of mogelijke alternatieven om het 

nanosysteem beter te begrijpen en te verbeteren. 

Hoewel de eigenschappen van nanomaterialen zoals grootte en 

oppervlaktelading uitgebreid zijn bestudeerd, worden veel andere eigenschappen 

minder benadrukt. Dit proefschrift bespreekt in Hoofdstuk 2 het effect van stijfheid van 

nanodeeltjes op hun interactie met gepolariseerde endotheelcellen, die de bloed-

hersenbarrière (BHB) nabootsen. Als modeldeeltje gebruikten we poly(N-

isopropylmethacrylamide) (p(NIPMAM)) nanogels, bereid door middel van 

precipitatiepolymerisatie, waarvan de stijfheid werd gereguleerd door de aanwezigheid 

van verschillende concentraties crosslinker, N,N′-methyleenbis(acrylamide). De 

resultaten laten zien dat hoewel hardere nanogels (NG14, 14 mol% BIS) hogere 

niveaus van opname door de gepolariseerde monolaag vertonen, de zachtere 

nanogels (NG1.5 en NG5, respectievelijk 1.5 en 5 mol% BIS) een hogere transcytose 

door de BHB laten zien. Er werd geen significante variatie gedetecteerd voor deeltjes 

met dezelfde crosslinkdichtheid en een tweevoudig verschil in grootte. Interessant is 

dat voor NG1.5 and NG5 de mate van zowel internalisatie als transcytose identiek 

waren, maar significant verschilden van de mate van internalisatie en transcytose van 

NG14, wat een scherpe respons op de stijfheid van het deeltje suggereert. Op basis 

van theoretische modellen(1,2) speculeren we dat de buiging van het celmembraan 

veroorzaakt door de zachtere nanogels laag is in vergelijking met de hardere nanogel, 

vanwege de verspreiding van zachte nanogels over het membraan en als gevolg 

daarvan verminderde druk op het membraan. De variatie in buiging van het membraan 

zal de kinetiek van het omsluiten van de nanogel en uiteindelijk de mate van opname 

door de cel beïnvloeden. Variaties in de vorming van de eiwitcorona tussen zachtere 

en stijvere nanogels kunnen ook bijdragen aan de waargenomen interactie van 
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deeltjes met de endotheelcellen. Het is opmerkelijk dat eiwithechting op nanogels laag 

is in vergelijking tot andere nanodeeltjes,(3) Het tegengestelde effect van 

nanogelstijfheid op hun opname en transcytose benadrukt het belang van vesiculaire 

traffickingmechanismen en exocytose bij het bepalen van de transcytose-efficiëntie, 

en onderstreept dat verbeterde internalisatie niet leidt tot verbeterde transcytose. 

Ditzelfde werd opgemerkt bij nanodeeltjes die werden voorzien van liganden met 

verschillende affiniteit voor een specifieke receptor: nanodeeltjes met hoge affiniteit 

liganden lieten hoge opname, maar lage transcytose zien,(4-6) wat een belangrijk 

inzicht opleverde in het mechanisme van transport over de BBB. Onze bevinding met 

niet-gefunctionaliseerde deeltjes met verschillende stijfheden suggereert het bestaan 

van stijfheidsafhankelijke niet-ligand-gemedieerde transcytose. Technieken die het 

gebruik van liganden kunnen vermijden kunnen gunstig zijn voor klinische vertaling, 

aangezien de werkzaamheid van liganden onderhevig is aan inter-patiënt en intra-

patiënt variabiliteit. 

Met de toepasbaarheid van met name zachte nanogels voor het passeren van 

de BHB, evalueerden we vervolgens de rol van nanogelstijfheid in hun interactie met 

gliomacellen en fagocyterende cellen, specifiek niet-gepolariseerde macrofagen 

(Hoofdstuk 3). De opname van zachtere nanogels was significant lager in zowel de 

gliomacellen als macrofagen in vergelijking met de opname van de stijvere nanogel, 

wat correleert met het waargenomen gedrag in de hersenendotheelcellen. In 

macrofagen werden de grotere nanogels aanzienlijk meer geïnternaliseerd dan de 

kleinere nanogels. Een dergelijke variatie kan worden toegeschreven aan het 

verbeterde contact tussen het celmembraan en de nanogels van grotere afmetingen. 

Omdat het celmembraan niet helemaal vlak is, maar vol met uitstulpingen, kunnen 

nanodeeltjes ook een interactie aangaan met die uitstulpingen. Deeltjes met een 

diameter groter dan de "vlakke" gebieden tussen de uitstulpingen zullen in staat zijn 

om meerdere additionele contactpunten met het membraan tot stand te brengen 

(d.w.z. met de uitstulpingen), terwijl deeltjes die kleiner zijn dan de vlakke gebieden 

ten hoogste aansluiten op het vlakke gebied en één uitstulping. De optimale 

deeltjesgrootte voor maximale fagocytose wordt bereikt wanneer de deeltjes zich 

kunnen verbinden met een vlak gebied en twee uitstulpingen. Onder en boven deze 

optimale grootte is de fagocytose van nanodeeltjes verminderd.(7) De lagere opname 

van zachtere nanogels is een belangrijke indicatie voor de ontsnapping van die 

deeltjes aan het mononucleaire fagocytische systeem (MPS), wat de halfwaardetijd 
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van de deeltjes in het bloed verhoogt. Gezien het feit dat zachte NG1.5- en NG5-

nanogels de BHB efficiënter passeren dan harde NG14-nanogels, geloven we dat 

zachte nanogels veelbelovend zijn voor het targeten van medicijnen naar de hersenen. 

Nanogel-stijfheid bleek ook een effect te hebben op de levensvatbaarheid van 

cellen. Gliomacellen vertoonden een omgekeerde relatie tussen de inductie van ROS 

en NG-stijfheid, d.w.z. de hoogste ROS-inductie door de zachtste NG. Dit is een zeer 

interessante respons, aangezien de productie van ROS een van de belangrijkste 

mechanismen is waarmee chemotherapeutica kankercellen doden. De ROS-niveaus 

die door de macrofagen werden vertoond waren hoger dan door de C6-cellen bij alle 

NGs, maar dankzij adaptieve mechanismen kunnen macrofagen de verhoogde stress 

overleven.(8,9) In een directe co-cultuur was het cytotoxische effect van de zachte NG 

(NG1.5) verminderd, en was het ROS-niveau van de gecombineerde celpopulaties 

aanzienlijk lager dan de som van de ROS-niveaus van de twee monoculturen. De 

directe co-cultuur beïnvloedde ook de mate van internalisatie van nanogels, en 

resulteerde in een verhoogde opname door de macrofagen. De veranderingen in 

toxiciteit en internalisatiegedrag kunnen worden toegeschreven aan veranderingen in 

de fenotypering en functie van de macrofagen zoals veroorzaakt door de gelijktijdige 

aanwezigheid van kankercellen. De fagocyterende capaciteit van macrofagen neemt 

toe wanneer ze worden gestimuleerd,(10-12) hier door tumor-afkomstige factoren die 

worden uitgescheiden door de gliomacellen. Ook activeert ROS de activiteit van ROS-

scavengers die het opruimen van overmatige ROS bevorderen, wat zal leiden tot een 

vermindering van het toxische effect door NGs in de gliomacellen. De ROS-generatie 

door zachte (p(NIPMAM)) NGs in kankercellen kan worden benut in systemen voor 

medicijnafgifte om de afgifte van therapeutische verbindingen te reguleren.(13,14) Ook 

kunnen andere stimuli-afhankelijke triggers in het systeem worden opgenomen, zoals 

nanodeeltjes-gemedieerde hyperthermie om kankercellen te chemosensibiliseren, wat 

in het geval van de thermoresponsieve p(NIPMAM) NGs ook de medicijnafgifte kan 

bevorderen als gevolg van de collaps van de NGs.(15-17)  

Bovendien ondersteunen de resultaten van Hoofdstuk 2 en 3 de noodzaak om 

het potentieel van nanomaterialen te evalueren in omstandigheden die beter 

overeenkomen met in vivo omgevingen, rekening houdend met mogelijke biologische 

barrières zoals de bloed-hersenbarrière en de aanwezigheid van macrofagen. 
In Hoofdstuk 4 werd gebruik gemaakt van homotypische adhesie tussen 

borstkankercellen om een effectiever nanotherapeutisch systeem te realiseren. 
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Poly(D, L-lactic-co-glycolic acid) nanocarriers (NCs) werden bekleed met het 

membraan van MCF-7 borstkankercellen en hun interactie met MCF-7 

borstkankercellen, niet-maligne borstcellen, en longkankercellen werd geanalyseerd. 

Een toename in interactie van met membraan beklede NCs ten opzichte van niet-

beklede NCs werd aangetoond voor alle celtypes. De verbeterde adhesie tussen de 

membraan-beklede NCs en cellen houdt vermoedelijk verband met de aanwezigheid 

van gemeenschappelijke membraaneiwitten, b.v. epithelial cell adhesion molecule 

(EpCAM).(18-20) 

 Echter, op het moment dat de membraan-beklede NCs geladen werden met 

paclitaxel, een chemotherapeutisch middel, was er enkel een statistisch significante 

vermindering van de cellulaire levensvatbaarheid van MCF-7-cellen, d.w.z. de cellijn 

waarvan het membraan was afgeleid. Het bekleden van nanodeeltjes met van tumor 

afkomstig materiaal lijkt een effectieve manier om de effectiviteit en doelgerichtheid 

van nanotherapeutica op tumorcellen te verbeteren. Het biedt bovendien een 

eenvoudige manier om nanotherapeutica ‘op maat’ te ontwerpen, waarbij de 

identificatie en productie van specifieke liganden wordt vermeden. 

Tumorcelmembraanextractie kan worden overwogen als onderdeel van een 

gepersonaliseerde behandeling waarbij tumorcellen van de patiënt ex vivo kunnen 

worden vermenigvuldigd voorafgaand aan membraanextractie voor op maat gemaakte 

patiënt-specifieke nanotherapeutica, waarbij inefficiëntie met betrekking tot intra-

patiënt heterogeniteit wordt vermeden. Rao et al (21) gebruikten deze strategie door 

nanodeeltjes te coaten met membraanmateriaal van tumorcellen van patiënten met 

plaveiselcelcarcinoom van hoofd en nek, en beschreven een superieur effect voor 

(post-chirurgische) behandelingen die getarget werden met behulp van een cellulaire 

coating afkomstig van de in vivo target. Bovendien kunnen cellen genetisch 

gemanipuleerd worden om specifieke moleculen aan het celoppervlak te produceren 

of gekoppeld aan extracellulaire blaasjes (exosomen), die gebruikt kunnen worden om 

nanodeeltjes te coaten die de micro-omgeving van de tumor targeten. 

Tot slot rapporteert Hoofdstuk 5 de ontwikkeling van licht-geïnduceerde afgifte 

uit liposomen door middel van fotochemische en thermische isomerisatie gemedieerd 

door synthetische moleculaire motoren. Besturing van door licht aangedreven 

moleculaire motoren toont ruimtelijke en temporele precisie. Door de moleculaire 

motoren in de lipide dubbellaag van liposomen op te nemen werd calceïne alleen 

vrijgegeven onder invloed van UV-straling en werd aangetoond dat langere 
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blootstellingstijden de calceïne-afgifte uit de liposomen verhoogden. Het verkrijgen van 

nauwkeurige controle over de afgifte van moleculen uit een medicijnafgiftesysteem is 

essentieel en de moleculaire motoren toonden een uitstekende regulering met een 

eenvoudige strategie. Deze resultaten ontsluiten mogelijkheden voor de toepassing 

van moleculaire motoren in de nanogeneeskunde en verdere ontwikkeling naar 

nauwkeurig gecontroleerde afgiftesystemen. Een waardevolle vooruitgang zou het 

gebruik van moleculaire motoren die reageren op langere golflengten zijn, waardoor 

weefsels beter binnengedrongen worden, of hun gebruik in polymerosomen, een 

veelzijdig systeem dankzij het gemak van polymeersynthese.(22) Afgiftesystemen die 

externe of interne signalen kunnen identificeren en daar nauwkeurig op reageren, 

strevend naar ’on-demand’ afgifte kinetiek, zijn van groot belang voor de 

gecontroleerde afgifte van therapeutische verbindingen. Om deze systemen te kunnen 

creëren is beter begrip van de nanomateriaal-cel en -weefsel interactie echter 

noodzakelijk. 

Dit proefschrift presenteert nieuwe afgiftesystemen op nanoschaal:nanogels, 

membraan-beklede PLGA-deeltjes en liposomen met moleculaire motoren, die allen 

werden ontworpen om de therapeutische werkzaamheid te verbeteren. De beschreven 

studies vergroten onze kennis over eigenschappen van nanodeeltjes, d.w.z. de 

stijfheid, grootte, en celaffiniteit, die de interacties met biologische systemen 

beïnvloeden. 

 

Toekomstperspectieven  
 

De studie van nanomateriaal-cel interactie in dit proefschrift heeft inzichten 

opgeleverd op het gebied van nanotechnologie toegepast op geneeskunde. We 

hebben aangetoond dat transport over de bloed-hersenbarrière en internalisatie van 

polymere nanogels kan worden gereguleerd door de stijfheid van deeltjes aan te 

passen. Als volgende stap zouden we geïnteresseerd zijn in het onderzoeken van de 

intracellulaire trafficking van nanogels en de impact ervan op de exocytose van de 

nanogels. Verder zijn in vivo experimenten nodig om te bevestigen of het effect van de 

stijfheid dat wordt waargenomen in het filtervrije bloed-hersenbarrièremodel 

overeenkomt met het in vivo gedrag van zachte NGs en of zachte NGs voordelig 

zouden zijn als medicijnafgiftesysteem naar de hersenen. Evenzo moet het effect van 

stijfheid van nanodeeltjes op de in vivo afgifte van geneesmiddelen aan glioblastoma 
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worden geëvalueerd en worden vergeleken met de resultaten van de in vitro co-cultuur 

van gliomacellen en perifere macrofagen, die beide deel uitmaken van de tumor-micro-

omgeving (TMO), om de voorspellende waarde van het co-cultuursysteem te 

beoordelen. Het verkennen van het gedrag van nanodeelthes in 3D-co-

cultuursystemen zal tevens rekening houden met de mogelijke invloed van de 

extracellulaire matrix en weefselstructuur. Het zou interessant zijn om, gebruikmakend 

van tumorcellen van patiënten, membraan-beklede nanocarriers te produceren en hun 

interactie met primaire tumoren en circulerende tumorcellen (CTC's) te analyseren. 

Ten slotte is het bestuderen van de on-demand medicijnafgifte uit moleculaire motor-

bevattende liposomen in cellen essentieel om de mate van controle over 

medicijnafgifte en te bepalen alsmede de veiligheid in reactie op de belichting van 

cellen met verschillende lichtbronnen. De technologie zou ook vertaald moeten worden 

naar andere dragersystemen, b.v. polymerosomen en polymere nanodeeltjes, en 

worden onderzocht voor toepassing in gebieden als fotodynamische therapie. 
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DISCUSSÃO GERAL E PERSPECTiVAS FUTURAS 
 

O uso de nanopartículas como carreadores de compostos terapêuticos e 

nutrientes é uma plataforma da qual diversas áreas da medicina se beneficiam, 

incluindo tratamento e diagnósticos de diversas patologias como câncer e patologias 

do sistema nervoso central. Ainda assim, é essencial avaliar a resposta celular na 

presença de materiais nanométricos em fases pré-clínicas para que a tecnologia seja 

apropriadamente transferida a aplicações clínicas. Contudo, muitos trabalhos ainda 

carecem importantes paralelos às condições in vivo e frequentemente não descrevem 

e discutem as desvantagens ou possíveis alternativas para melhor entender e 

melhorar o sistema nanométrico. 

Enquanto propriedades de nanomateriais como tamanho e carga de superfície 

têm sido extensivamente estudadas, muitas outras propriedades são menos 

exploradas. Esta tese discute o papel da rigidez de nanomateriais na interação com 

células endoteliais polarizadas simulando a barreira hematoencefálica no Capítulo 2. 

Como partícula modelo foram utilizados poli(N-isopropilmetacrilamida) (p(NIPMAM)) 

nanogéis sintetizados por polimerização por precipitação sendo que a rigidez dos 

nanogéis foi modificada de acordo com a presença de diferentes densidade do agente 

de intercalação N,N′-metilenobis(acrilamida) (BIS). Os resultados revelam que embora 

os nanogéis mais rígidos (NG14, 14 mol% BIS) apresente maior internalização pelas 

monocamada de células polarizadas, os nanogéis de menor rigidez (NG1.5 e NG5, 

respectivamente 1.5 e 5 mol% BIS) são favorecidos na transcitose através da barreira 

hematoencefálica. Nenhuma diferença significativa foi observada para partículas com 

mesma densidade de intercalação e tamanhos diferindo em duas vezes. 

Curiosamente, os níveis de internalização bem como os de transcitose foram 

indistinguíveis para NG1.5 e NG5, mas significativamente diferentes da internalização 

e transcitose de NG14, sugerindo uma resposta expressiva em relação à rigidez da 

partícula. Com base em modelos teóricos,(1,2) especula-se que a deformação da 

membrana celular induzida pelos nanogéis de menor rigidez é pequena quando 

comparada aos de maior rigidez devido ao espalhamento daqueles nanogéis sobre a 

membrana e, consequentemente, uma pressão reduzida é aplicada à membrana. A 

variação da amplitude de deformação afeta a cinética de envelopamento dos nanogéis 

e, consequentemente, os níveis de internalização. As diferenças na formação de 

corona de proteínas entre nanogéis menos e mais rígidos também pode contribuir 
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para a interação observada com a monocamada de células. Deve-se notar que a 

adesão de proteínas aos nanogéis é baixa se comparada a outras nanopartículas.(3) 

O efeito antagônico da rigidez dos nanogéis na sua capacidade de internalização e 

transcitose destaca a importância dos mecanismos de tráfico vesicular e exocitose na 

eficiência de transcitose, enfatizando que uma internalização superior não implica em 

uma melhor transcitose. Tal efeito também foi observado quando se compara o uso 

de ligantes de alta e baixa afinidade na funcionalização de nanopartículas para a 

transcitose mediada por receptores,(4-6) o que trouxe um insight ao transporte através 

da barreira hematoencefálica. Os resultados com partículas não funcionalizadas e de 

diferentes durezas sugere a existência de transcitose dependente de rigidez e não 

mediada por ligante. Técnicas que evitam o uso de ligantes podem ser benéficas para 

o uso clínico já que a eficácia dos ligantes está sujeita à heterogeneidade inter-

paciente e intra-paciente. 

Devido a aplicabilidade de nanogéis - especialmente os menos rígidos – para 

atravessar a barreira hematoencefálica, também avaliamos o efeito da rigidez dos 

nanogéis na interação com células de glioma e células fagocíticas, em especial 

macrófagos não-polarizados (Capítulo 3). A internalização de nanogéis menos rígidos 

foi significativamente menor nas células de câncer e nas fagocíticas comparada à 

internalização de nanogéis mais rídigos, o que se correlaciona com o comportamento 

observado em células endotelials cerebrais. Em macrófagos, os nanogéis de maior 

tamanho foram mais internalizados que os menores. Tal variação pode ser atribuída 

ao maior contato entre membrana celular e nanogéis maiores. Porque a membrana 

celular não é completamente lisa mas repleta de irregularidades, nanopartículas 

também podem interagir com estas irregularidades. Partículas com diâmetro maior 

que a região lisa entre as irregularidades estabelecerão pontos adicionais de contato 

com a membrana (i.e., com as rugosidades), enquanto partículas menores que a 

região lisa se conectarão no máximo com a região lisa e com uma rugosidade. O 

tamanho ótimo da partícula para máxima fagocitose será quando a partícula é capaz 

de conectar com a região lisa e duas rugosidades. Abaixo ou acima desse tamanho a 

fagocitose das nanopartículas será reduzida.(7) A internalização reduzida dos 

nanogéis menos rígidos é uma importante indicação da evasão destas partículas do 

sistema mononuclear fagocitário, aumentando o tempo de meia-vida das partículas. 

Considerando que os nanogéis NG1.5 and NG5 de menor rigidez atravessam a 
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barreira hematoencefálica mais eficientemente que o NG14 mais rígido, acredita-se 

que os nanogéis de menor rigidez são promissores para terapias dirigidas ao cérebro. 

A rigidez dos nanogéis teve efeito na viabilidade celular. As células de glioma 

mostraram uma relação inversa entra produção de espécies reativas de oxigênio 

(ROS) e rigidez dos nanogéis, i.e., houve maior indução de ROS pelos nanogéis 

menos rígidos. Esta é uma resposta bastante interessante, considerando que a 

produção de ROS é um dos principais mecanismos pelo qual quimioterápicos matam 

células de câncer. Os níveis de ROS exibidos pelos macrófagos foram mais elevados 

que os exibidos pelas células C6 de glioma para todos os nanogéis, entretanto 

mecanismos de adaptação permitem que os macrófagos sobrevivam ao estresse 

elevado.(8,9) Em co-cultura direta, o efeito citotóxico do nanogel de menor rigidez 

(NG1.5) foi menor e o nível de ROS das populações celulares combinadas foi 

consideravelmente menor que os níveis combinados das monoculturas. A co-cultura 

direta também influenciou a internalizaçnao dos nanogéis, levando a uma maior 

internalização pelos nanogéis. As mudanças em toxicidade e internalização podem 

ser atribuídas a mudanças em fenótipo e função dos macrófagos induzidas pela 

presença das células de câncer. A capacidade fagocítica de macrófagos é aumentada 

quando estes são estimulados,(10–12) o que ocorre na presença de fatores 

secretados por células de glioma. Ainda, ROS desencadeada a atividade de “ROS-

scavengers” promovendo a captura do ROS em excesso, reduzindo o efeito dos 

nanogéis nas células de glioma. A produção de ROS pelos (p(NIPMAM)) nanogéis de 

menor rigidez em células de câncer pode ser explorada em sistemas de entrega de 

fármacos para controlar a liberação de compostos terapêuticos.(13,14) 

Adicionalmente, outros gatilhos podem ser incorporados ao sistema como hipertermia 

mediada por nanopartículas para quimiossensibilizar células de câncer, o que no caso 

dos p(NIPMAM) termoreponssivos nanogéis também pode promover liberação devido 

ap colapso dos nanogéis.(15–17)  

Ainda, resultados do Capítulo 2 e 3 suportam a necessidade de avaliar o 

potencial de nanomaterials em condições mais condizentes com as configurações in 

vivo, considerando possíveis barreiras biológicas, e.g. barreira hematoencefálica e 

células fagocíticas.  

No Capítulo 4, a adesão homotípica entre células de câncer foi explorada para 

obter um sistema nanoterapêutico mais efetivo. Nanocarreadores (NCs) de poli (ácido 

láctico-co-ácido glicólico) (PLGA) foram recobertos com membrana de células MCF-7 
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de câncer de mama e sua interação com células MCF-7 de câncer de mama, célula 

não-tumorigênicas de mama, e células de câncer de pulmão foi analisada e mostrou-

se um aumento na interação entre NCs recobertos com membrana e todos os tipos 

celulares quando comparado aos NCs não recobertos. O aumento da adesnao celular 

para todos os tipos celulares se relaciona à presença em comum de proteínas de 

membrana e.g. molécula de adesão celular epitelial (EpCAM, do inglês epithelial cell 

adhesion molecule).(18–20)  

Contudo, qunado os NCs recobertos com membrane são carregados com 

paclitaxel, um quimioterápico, houve uma redução estatisticamente significante em 

viabilidade celular apenas para células MCF-7, i.e., a linhagem celular da qual as 

membranas se derivam. A construção de nanopartículas com material derivado de 

tumores parece ser uma forma efetiva de melhorar a eficácia e seletividade de 

nanoterapêuticos. Ainda, é um processo menos árduo para o design personalizado de 

nanoterapêuticos, evitando a identificação e produção de ligantes específicos. A 

extração de membrana celular tumoral pode ser vista como parte de um tratamento 

personalizado onde células tumorais do paciente podem ser proliferadas ex vivo para 

posteriormente extrair membrana para um nanoterapêutico personalizado para o 

paciente, enquanto evita ineficácia devido a heterogeneidade intra-paciente. Rao et 

al.(21) já contribuíram com resultados nessa direção empregando membrana de 

células derivadas de tumores de pacientes com carcinoma de células escamosas de 

cabeça e pescoço para recobrir nanopartículas e descrevem um efeito superior para 

o tratamento e o tratamento pós-operatório que utilizaram as nanopartículas 

recobertas com membrana da mesma célula que se originou o modelo produzido in 

vivo. Além disso, células também podem ser geneticamente modificadas para produzir 

moléculas especificas na superfície celular ou associadas a vesículas extracelulares 

que podem ser utilizadas para recobrir as nanopartículas para atingir o microambiente 

do tumor. 

Para concluir, o Capítulo 5 reporta o desenvolvimento de liberação induzida 

por luz em lipossomos por meio de isomerização fotoquímica e térmica mediada por 

motores moleculares sintéticos. O controle de motores moleculares ativados por luz 

mostra precisão espacial e temporal. Incorporando os motores moleculares na 

bicamada lipídica de lipossomos, calceína foi liberada apenas quando o sistema foi 

exposto à radiação UV e tempos de exposição mais longos levaram a um aumento da 

liberação de calceína dos lipossomos. Tendo controle preciso sobre a liberação de 
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moléculas de sistemas de entrega de fármacos é essencial e motores moleculares 

mostraram uma regulação excepcional com uma estratégia simples. Estes resultados 

abrem possibilidades para a aplicação de motores moleculares em nanomedicina e 

avanços para sistemas precisos de liberação controlada. Avanços valiosos seriam o 

uso de motores moleculares que respondam a comprimentos de onda mais longos, 

permitindo melhor penetração nos tecidos, ou o uso de polimerossomos , um sistema 

versátil devido a facilidade da síntese de polímeros.(22) Sistemas de entrega capazes 

de identificar e precisamente responder a estímulos externos e internos visando uma 

cinética de liberação “on demand” são de grande interesse para a entrega de 

compostos terapêuticos. Contudo, para ser capaz de criar esses sistemas, uma 

compreensão profunda da interação nanomaterial-célula e nanomaterial-tecido é 

necessária. 

Esta tese apresenta sistemas de entrega inovadores, especificamente 

nanogéis, partículas de PLGA recobertas com membrana, e lipossomos contendo 

motores moleculares, que foram planejadas para melhores a eficácia terapêutica. Os 

estudos descritos expandem nosso conhecimento sobre propriedades de 

nanopartículas, em específico, rigidez, tamanho, e afinidade celular, que afetam as 

interações de nanopartículas com sistemas biológicos. 

 

Perspectivas futuras  

 

O estudo da interação nanomateriais-célula nesta tese fornece insights para a 

área de nanotecnologia aplicada à medicina. Demonstrou-se que o transporte através 

da barreira hematoencefálica e internalização de nanogéis poliméricos pode ser 

regulada ajustando a rigidez da partícula. Como próximo passo, seria interessante 

investigar o tráfico intracelular vesicular dos nanogéis e seu impacto na exocitose. 

Além disso, experimentos in vivo são necessários para confirmar se o efeito 

observado devido à rigidez no modelo sem filtro de barreira hematoencefálica se 

repete para os nanogéis de menor rigidez, e se estas nanopartículas seriam 

vantajosas como um sistema de entrega de fármacos para o cérebro. Da mesma 

forma, o efeito da rigidez de nanopartículas na entrega de fármacos in vivo para 

glioblastoma deve ser avaliada, e comparada com os resultados obtidos em co-cultura 

in vitro de células de glioma e macrófagos periféricos mimetizando o microambiente 

do tumor a fim de avaliar o valor preditivo do sistema de co-cultura. Além disso, 
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explorar o comportamento das nanopartículas em sistema 3D de co-cultura incluiria a 

influência da matriz extracelular e estrutura de tecido. Seria de nosso interesse 

preparar nanocarreadores recobertos com membrana celular de células derivadas de 

tumores de pacientes, e analisar a interação desses carreadores com tumores 

primários e células tumorais circulantes. Finalmente, estudar a liberação “on demand” 

dos lipossomos contendo motores moleculares em células é essencial para 

determinar o nível de controle sobre a entrega de fármacos bem como estabelecer 

uma resposta segura à iluminação das células com diferentes fontes de luz. A 

tecnologia também deve ser transferida a outros sistemas de carreamento, e.g. 

polimerossomos e nanopartículas poliméricas, e ser explorada em áreas como terapia 

fotodinâmica. 
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