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Summary 

Most of the potential drugs for treatment of brain disorders cannot cross the blood-

brain barrier (BBB) thus seriously frustrating their clinical application. Although much 

effort has been invested in developing effective brain drug delivery, as yet there is no 

effective treatment for disorders such as Parkinson’s and Alzheimer’s disease, brain 

cancer or stroke. The main problem in brain drug delivery arises at the point of 

translation of in vitro experiments to in vivo applications. Specifically, the brain 

concentrations of promising drugs that can be reached in vivo are frequently too low to 

be clinically effective [1]. In this thesis we presented novel brain drug delivery devices, 

i.e. neural stem cells, plasma membrane vesicles, and polymersomes, together with 

methods for their visualization in vitro and in vivo. Apart from measuring the 

therapeutic activity of drugs, in vivo tracking of drug delivery devices is instrumental 

in the design of brain drug delivery protocols for use within the clinic.   

Chapter 1 presents a general introduction to brain drug delivery, the potential of both 

stem cells and nanocarriers as drug delivery vehicles and their major hurdle, the BBB. 

While many reviews have discussed the role of imaging in drug delivery and 

development in general, only few have focused on the imaging of drug delivery into 

the brain.  In Chapter 2 currently available methods to label nanocarriers and stem cells 

for their use as brain drug delivery devices, and to visualize such carriers by means of 

the major imaging modalities, including PET, SPECT, MRI and optical imaging were 

reviewed. In general there is no ideal label that fits all purposes and a proper labeling 

strategy should be selected for each experimental setting. Both the labeling and 

imaging procedure require validation by carrying out proper controls. In particular 

knowledge of the distribution and elimination routes of free label are critical for proper 

interpretation of in vivo data of labeled cells and nanocarriers. The in vivo imaging of 

brain-targeted drug delivery devices allows for their real-time tracking and can give 

information on the potential (in)efficacy of a drug long before the end of treatment. 

With appropriate (immuno)histological labeling of brain tissue  ex vivo detection of 

drug delivery devices aimed at brain delivery allows, next to detection of their 

accumulation within the brain, for a more detailed visualization of their localization 

with respect to various brain regions and/or cell types. Finally, current progress in 

multimodal imaging is discussed which will further promote possibilities of in vivo 

imaging of drug delivery devices entering the brain. 

In the subsequent experimental chapters, examples of the reviewed labeling and 

imaging techniques for monitoring and evaluation of drug delivery into the brain, were 

presented. For the purpose of in vivo tracking upon systemic administration, we first 

examined the labeling efficacy of C17.2 neural stem cells (NSCs) with the PET tracer 
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[
18

F]-FDG, and the SPECT tracers 
99m

Tc-HMPAO and 
111

In-oxine (Chapter 3). NSC 

labeling with [
18

F]-FDG appeared feasible. Nevertheless, the efflux of the tracer 

constituted a significant drawback for in vivo imaging. Although phloretin, a glucose 

transport inhibitor, efficiently blocked the efflux in vitro, its activity in vivo did not 

suffice to allow for accurate tracking of C17.2 NSCs in a rat tumor inflammation 

model. The coincidental finding that the phloretin solvent, i.e., DMSO, efficiently 

reduced the capture of NSCs in capillary networks of lung, spleen and liver, which is 

likely due to a vasodilatation effect of DMSO, could be a lead for improving delivery 

of intravenously administered stem cells in general. On the other hand, 
99m

Tc-HMPAO 

labeling showed to be stable and suitable for following C17.2 NSCs migration in rats 

for 24 hours.  For the purpose of long term (days) tracking, 
111

In-oxine labeling of 

C17.2 NSCs was examined. However, due to cellular toxicity at concentrations too low 

for in vivo imaging, this label proved to be inappropriate for the in vivo detection of 

NSCs.  

Since 
111

In-oxine labeling of C17.2 NSCs failed, labeling with superparamagnetic 

beads as tracer for long term in vivo tracking was examined in Chapter 4. In contrast 

to
111

In-oxine, superparamagnetic beads were well tolerated by the cells. Also, C17.2 

NSC differentiation into neurons was not significantly influenced by the presence of 

internalized beads. Active expulsion of the beads by the cells was not observed. The 

reduction in cellular iron content in time could be attributed to dilution of the label due 

to cell division. Larger beads (500 nm) required complexation with transfection agents 

(Lipofectamine 2000 or JetPEI) to yield similar amounts of intracellular iron as in cells 

incubated with 100 nm beads.  Importantly, C17.2 NSCs labeled with 500 nm beads 

gave better contrast enhancement in MRI compared to cells labeled with the same 

amount of iron contained within 100 nm beads.  

In order to examine the migratory potential of C17.2 neural stem cells across the BBB, 

we investigated their interaction with polarized hCMEC/D3 cells, an in vitro model of 

the BBB, using fluorescence microscopy. We revealed that C17.2 NSCs cross the BBB 

via a paracellular route (Chapter 5). Next we tested the hypothesis that plasma 

membrane vesicles (PMVs) reconstituted from C17.2 NSCs might preserve their 

affinity for the BBB. We demonstrated that hCMEC/D3 cells internalize PMVs via 

multiple endocytic pathways. Moreover, PMVs efficiently transcytosed across the in 

vitro BBB model without perturbing monolayer integrity. In contrast to the paracellular 

pathway of C17.2 NSCs, PMVs cross the BBB via a transcellular route. Preliminary in 

vivo experiments showed that PMVs accumulated in the brain parenchyma, indicating 

a brain-targeting as well as a transcytotic capacity. Although the molecular mechanism 

was not analyzed in detail so far, the results indicate that PMVs derived from NSCs are 

potential biological nanocarriers for delivery of therapeutics into the brain. 
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In Chapter 6 we examined the biodistribution of drug delivery devices, i.e., 

polymersomes. The block copolymer polybutadiene-block-poly(ethylene glycol) was 

used to prepare polymersomes of three different sizes, i.e. 90 nm, 120 nm and 250 nm 

in diameter, which were labeled with indium-111 for SPECT/CT imaging and 

biodistribution studies. In vitro the labeling showed to be stable over 24 hours. In vivo, 

the size of the different polymersome samples had a drastic effect on the blood 

circulation times. It was found that the majority of polymersomes of ≥120 nm were 

cleared from the blood within 4 hours, presumably due to their capture by the 

recticuloendothelial system. In contrast, smaller polymersomes of around 90 nm 

circulated much longer. Apparently, for long-circulating preparations, polymersomes 

need to be prepared with diameters well below 100 nm.  

In Chapter 7 we examined the transcytotic- and brain-targeting potential of novel 

peptide-functionalized polymersomes. Since prion protein has been shown to cross the 

BBB, while the glycosphingolipid GM1 is the transcytotic receptor for cholera toxin B, 

the polymersomes were functionalized with prion-targeting (P50 and P9) and GM1-

targeting (G23) peptides, as obtained by a phage display procedure. We showed that 

the prion-targeting peptides do not induce transcytosis of polymersomes across the 

BBB in vitro nor do they induce accumulation of polymersomes in the brain in vivo. In 

contrast, the G23 peptide was shown to display transcytotic activity in vitro as well as a 

brain-targeting potential in vivo. G23-polymersomes accumulated in the brain in vivo 

at a level comparable to that of RI7217-functionalized polymersomes, which are 

targeted towards the transferrin receptor thought to mediate a transcytotic pathway. 

Interestingly, next to their accumulation in brain, G23-polymersomes also efficiently 

accumulated in the lung. This accumulation was specific since the lung to blood ratio 

of G23-polymersomes after 24 h was an order of a magnitude higher than that of 

polymersomes decorated with a scrambled version of the G23 peptide.  

 

Perspectives 

The research described in this thesis was focused on investigating novel nanocarriers 

for drug delivery into the brain. In the first part of this thesis we showed that the 

pulmonary first pass effect (lung trapping), as revealed upon intravenous 

administration of C17.2 neural stem cells, can be alleviated by the DMSO. It would be 

of future interest to examine whether other, more physiologically compatible 

vasodilatators show a similar effect. Further it would be important to determine 

whether vasodilatation influences cell behavior after administration, in other words to 

examine whether NSCs maintain tumor/inflammation-targeting potential. Positive 

findings in these experiments would open up possibilities for efficient noninvasive 
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brain cell replacement therapy for inflammatory brain diseases and brain tumors. 

Furthermore, we showed that for tracking migration in vivo, radiotracer labeling of 

stem cells is feasible. However, due to potential radiation toxicity upon prolonged 

radiation exposure it is not favorable for long term tracking. On the other hand, 

labeling of stem cells with magnetic beads as a contrast agent for MRI appeared to be 

stable and non-toxic, as revealed in in vitro experiments. Further studies are necessary 

for investigation of their in vivo stability, i.e., their suitability for long term 

experiments.  

In recent years a great number of different nanocarriers have been developed and 

applied for delivery of genes and therapeutics. However, the majority if not all of these 

systems appeared highly inefficient in crossing the BBB. For successful delivery of 

therapeutics into the brain, fundamental cell biological knowledge of BBB transport of 

(targeted) nanoparticles is required. For example, although mechanisms of transcytosis 

of molecules across the BBB have been examined to some extent, the evidence 

indicates that effectuation of the same mechanisms cannot be extrapolated by simply 

decorating the much larger nanocarriers with the same molecules. We demonstrated 

that NSC-derived plasma membrane vesicles efficiently accumulate in brain 

parenchyma. Similarly, G23-polymersomes showed to efficiently cross an in vitro 

model of the BBB and to result in their accumulation into the brain to an extent similar 

to that of RI7217-polymersomes, targeted to the transferrin receptor. Evidently, 

identification of the ligands on the surface of the PMVs that are responsible for brain 

accumulation could help in the development of targeting other types of nanoparticles 

into the brain. In particular, revealing the molecular mechanisms underlying the 

transcytosis of both nanoparticulate systems, i.e. NSC-derived PMVs and G23-

polymersomes, and their accumulation into the brain, is of utmost importance, since 

this insight will be highly instrumental in the further development of efficient drug 

delivery devices, targeted to the brain, by rational design.  

 

References 

[1] Misra A, Ganesh S, Shahiwala A, Shah SP (2003) Drug delivery to the central nervous system: a 
review. J Pharm Pharm Sci 6: 252-273. 
 

 

 

 


	Summary and Perspectives
	Summary
	Perspectives
	References


