Controlling Ferrofluids to Cross an in vitro Blood-Brain Barrier Model
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I. Introduction
Among several intriguing nanoparticles, superparamagnetic iron oxide nanoparticles (SPIONs) have been extensively studied because of their ability to be controlled by magnetic fields. For instance, magnetic fields and nanomaterials have been identified to locate and target nucleic acids within the last decade. Moreover, SPIONs have also been discovered as an excellent contrast agent which can potentially increase image contrast and improve MRI sensitivity [1]. Under normal conditions in the body and outside of the brain, the accumulation of magnetic nanoparticles can be removed by several detoxification and antioxidant mechanisms. But, if the SPIONs cross the blood brain barrier and have not been efficiently cleared, the accumulation of those iron oxide nanoparticles may cause neurodegeneration and be harmful to normal brain function in the long term [2]. 

As there are concerns about both the delivery of drugs across the blood-brain barrier and the accumulation of SPIONs in the body, this study established an in vitro blood-brain barrier model to test the ability of a new type of magnetic material (ferrofluids) to pass through the blood-brain barrier. In this specific case, since primary cultures of brain microvessel endothelial cells can be easily contaminated by other neurovascular cells and lose their function to tighten the blood-brain barrier; we used an immortalized cell line, bEnd.3 cells, in our blood–brain barrier model. We tested several variations of magnetic nanoparticles in an effort to both increase blood-brain barrier passage (for neural drug delivery applications) and decrease blood-brain barrier passage (to minimize toxicity).

II. Materials and Methods
A. Material Characterization
All the five samples, which were GGB (ferrofluids synthesized using 0.001% glycine, 0.001% glutamic acid and 0.01% BSA), GGC (0.001% glycine, 0.001% glutamic acid and 0.01% collagen), GGP (0.001% glycine, 0.001% glutamic acid and 0.01% PVA), BPC (0.001% BSA, 0.01% PEG and 0.01% collagen) and CPB (0.01% Collagen, 0.01% PVA and 0.001% BSA) [3], were characterized by zeta potential to determine their charge and dynamic light scattering for hydrodynamic diameter. TEM was also used to assess the iron oxide inner core diameter.
B. Confirmation of the Blood-Brain Barrier Model [4]
For the in vitro blood-brain barrier model, murine brain endothelioma (b.End3) cells were used and were cultured in DMEM with 10% FBS and 1% P/S. After being diluted down to 3 x 105 cells per mL, cells in the previous cell culture section were pipetted onto membrane inserts combined with 24-well plates. Then, the well plates with inserts were incubated daily changing medium in the outer well for two days or until cell confluency was reached. Following the desired confluency, cell culture medium was replaced with 1:1 DMEM/Ham’s F12 with 1% P/S for the next 96 hours.
To confirm the blood-brain barrier model, all the inserts were transferred to wells that contained 600 μL of HBSS before adding FITC-Dextran. Positive controls were set up by adding 100 μL of 10 μg/mL FITC-Dextran solution with 600 μL of HBSS and negative controls were set up by adding 700 μL of HBSS only. After 2 hours of incubation, 100 μL were taken from each well and transferred to a blank 96-well plate with a clear bottom. A fluorescent plate reader was excited at 490/20 nm and relative fluorescence was measured at 528/20 nm. 
C. Experimental Samples Tested Through the Blood-Brain Barrier Model
The previously described in vitro blood-brain barrier model was then used to test the permeability of GGB, GGC, GGP, BPC and CPB. For this, nanoparticles were diluted 1:19 with HBSS and then inserts were exposed to the nanoparticles for 2 hours. After 2 hours, a 100 μL solution was taken from each well and a iron assay kit was used to determine the iron concentration that passed through the model. Each experiment was conducted in triplicate and repeated at least three times.
III. Results and Discussion
A. Material Characterization
Dynamic light scattering revealed that the hydrodynamic diameters of the samples ranged from 20nm to 200nm. For zeta potential, the lowest absolute zeta value was 29mV for BPC and the highest one was 69mV for GGB. TEM images show that the iron core was about 5-10nm for all of the samples. In addition, according to the paper published by our co-author, all the five samples share the core-shell structure, in which iron oxide acts as the core and the three coatings on the outside were bound to each other by non-covalent, secondary bonds [5].

B. Confirmation of the Blood-Brain Barrier Model
The value representing the permeability rate of the experimental blood-brain barrier model was in accordance with values from the literature. As it has been introduced by Bennett et al., the decline of permeability with increasing exposure times to serum-free medium indicated that the model was successfully established (Fig. 1) [6]. Confocal fluorescent images also proved that tight junctions were successfully established after 96 hours.
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Fig. 1. Permeability of FITC-Dextran across the blood–brain barrier model confirming the establishment of an accurate blood–brain barrier. Data are shown as the mean ± SD; N = 3; *P < 0.01 compared with 24hr. 

C. Experimental Samples Tested Through the Blood-Brain Barrier Model
Results showed that the highest permeability was obtained from CPB (3.36 ng/μL) and the lowest permeability was obtained from GGB (2.19 ng/μL) (Fig. 2). Also, ferrofluids (FF) synthesized using a combination of collagen and PVA generally had higher permeability than those synthesized using glycine and glutamic acid. A regression study was run between blood–brain barrier FF permeability and FF size, and between FF permeability and FF zeta potential. Results support the theory that nanoparticles with a large diameter and low zeta potential (e.g., GGB for192 nm and -68.95mV) have difficulty passing through the blood-brain barrier. These results suggest that for nanoparticles that need to be delivered through the blood-brain barrier (i.e., for treating neurological diseases), FF should be coated with collagen while, FF should be coated with glycine and glutamic acid to keep the nanoparticles from penetrating the blood-brain barrier (i.e., for whole body MRI).  Moreover, in order to determine the cytotoxicity that FFs have 
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Fig. 2. Blood–brain barrier permeability by sample. Data are shown as the mean ± SD; N = 3; *P < 0.01 compared with all other samples.

to cells, a biocompatibility experiment was set up and carried out using an MTS assay. Results indicated that all the five samples have greater biocompatibility with cells when diluted 1:19 with HBSS. 
IV. Conclusions
An in vitro model of a blood-brain barrier was established using b.End3 cells. As the permeability decreased with increasing exposure to serum-free medium, the model was confirmed by comparing the permeability trend of FITC-Dextran in serum-free medium with previous research. With the successfully established model, the permeability of five magnetic nanoparticles ferrofluids was examined. The present results suggest a possibility to manipulate magnetic nanoparticle penetration across the blood–brain barrier by controlling bioactive coatings. Such data lay the foundation for the modification of ferrofluids to be either coated with collagen to pass through blood-brain barrier, or to be coated with glycine and glutamic acid to avoid penetration.
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