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Abstract: Inefficient drug delivery across the blood–brain barrier (BBB) and into target cells in the 

brain hinders the treatment of neurological diseases. One strategy to increase the brain penetration 

of drugs is to use vesicular nanoparticles functionalized with multiple ligands of BBB transporters 

as vehicles. Once within the brain, however, drugs must also be able to reach their therapeutic 

targets in the different cell types. It is, therefore, favorable if such nanocarriers are designed that 

can deliver their cargo not only to brain endothelial cells, but to other cell types as well. Here, we 

show that alanine-glutathione dual-targeting of niosomes enhances the delivery of a large protein 

cargo into cultured cells of the neurovascular unit, namely brain endothelial cells, pericytes, 

astrocytes and neurons. Furthermore, using metabolic and endocytic inhibitors, we show that the 

cellular uptake of niosomes is energy-dependent and is partially mediated by endocytosis. Finally, 

we demonstate the ability of our targeted nanovesicles to deliver their cargo into astroglial cells 

after crossing the BBB in vitro. These data indicate that dual-labeling of nanoparticles with alanine 

and glutathione can potentially be exploited to deliver drugs, even biopharmacons, across the BBB 

and into multiple cell types in the brain. 

Keywords: blood–brain barrier; neurovascular unit; alanine; glutathione; nanoparticle; niosome; 

brain endothelial cell; pericyte; astrocyte; neuron 

 

1. Introduction 

Pharmaceutical treatment of neurological diseases is hindered by the inability of most drugs, 

especially biopharmacons, to cross the blood–brain barrier (BBB). To this day, numerous clinical 

trials have failed because of low penetration of therapeutics into the brain parenchyma [1]. One 

promising strategy to solve this problem is the use of nanoparticles (NPs) to deliver drugs into the 

central nervous system (CNS) [2,3]. Among nanocarriers, vesicular NPs are especially versatile as 

they are biocompatible, biodegradable, non-immunogenic and can accomodate both hydrophilic and 
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lipophilic, high and low molecular weight cargoes, with controlled release properties [4,5]. Non-ionic 

surfactant-based vesicular NPs, so-called niosomes, have the additional advantage of being less 

sensitive to oxidation, therefore having greater physical stability than lipid-based vesicles [6]. 

Since NPs administered into the bloodstream get sequestered by several organs, especially the 

liver, spleen and kidneys, specific BBB-targeting of NPs is also needed to ensure sufficient brain 

delivery of therapeutics [7,8]. There is a large number of blood-to-brain transport systems at the 

cerebral endothelium that show a specific expression pattern [9–11] and can potentially be exploited 

to target NPs to the BBB. A major class of transporters that supply the CNS with nutrients are solute 

carriers (SLCs), a large family of proteins with many highly expressed members in brain endothelial 

cells [12–14]. Besides nutrients, SLCs transport clinically relevant small molecular drugs across the 

BBB [15] and are widely investigated as drug targets, yet these carriers and their ligands are not fully 

exploited for targeting NPs to the BBB [16,17]. Although its transporter(s) have not yet been 

identified, the antioxidant tripeptide glutathione is one of the most successful BBB targeting ligands 

of NPs. Glutathione PEGylated liposomes increased brain delivery of several small molecule drugs 

in different studies and are currently being tested in clinical trials [18–20]. In our previous study [21], 

we demonstrated that targeting niosomes with the SLC ligand alanine elevated the BBB penetration 

of a large protein cargo compared to non-targeted niosomes in vitro and in vivo. We also showed 

that dual ligand-labeling of niosomes with the combination of alanine and glutathione was even 

more effective to increase BBB transfer than single ligand-labeling with either alanine or glutathione 

[21]. 

However, penetration of NPs across the BBB still might not be enough for therapeutic success 

by itself. The endothelial layer of cerebral microvessels is covered with pericytes, ensheathed by 

astroglial endfeet and all these cells are in communication with neurons, collectively termed as the 

neurovascular unit (NVU) [22,23]. That means drugs have to travel through multiple cell layers to 

reach their therapeutic targets, usually in neurons or glial cells. It is, therefore, important that such 

nanocarriers are designed that can potentially deliver their cargo to each cell type of the NVU. 

Despite this, little is known about the fate of targeted NPs in pericytes, astrocytes or neurons 

after having crossed the BBB. Gromnicova et al., for example, reported that glucose-coated, 4 nm 

gold NPs cross the brain endothelium and enter astrocytes [24], while other studies claim that 

polimeric or dendrimer-based nanocarriers are able to cross the BBB and may facilitate the delivery 

of small molecule drugs into astroglial cells or neurons [25,26]. To our best knowledge, however, 

there are no reports on targeted NPs successfully delivering large protein cargoes across the BBB 

and subsequently into pericytes, astrocytes or neurons. Furthermore, studies concerned with the 

uptake of a single type of targeted NP in multiple NVU cell types are scarce. 

To fill this gap in our knowledge, our aim here was to test whether our previously described 

NPs targeting SLC transporters at the BBB [21] are also able to reach the cell types of the NVU. We 

show that alanine-glutathione dual-targeting of niosomes enhances the delivery of a large protein 

cargo (i) not only into brain endothelial cells but pericytes and astrocytes, as well as neurons, and (ii) 

into astroglial cells after crossing the BBB in vitro. Using metabolic and endocytic inhibitors, we also 

show that the process of cellular uptake is active and partially mediated by endocytosis. Our findings 

are further supported by gene expression data on SLCs, and characterization of niosomes as well as 

their effect on cell viability. 

2. Materials and Methods 

2.1. Animals 

For primary cell isolations, brain tissues were obtained from 3-week-old and newborn outbred 

Wistar rats (Harlan Laboratories, Bicester, UK) of both sexes. The animals were fed on standard 

rodent chow and water ad libitum and were kept under a 12 h light/dark cycle in the conventional 

animal house of the Biological Research Centre, Szeged. Organ harvest from animals was performed 

following the regulations of the 1998. XXVIII. Hungarian law and the EU Directive 2010/63/EU about 

animal protection and welfare. 
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2.2. Materials and Reagents 

All reagents were purchased from Sigma-Aldrich Kft. Hungary (part of Merck Life Science), 

unless otherwise indicated. 

2.3. Cell Cultures 

All cell cultures were grown in a humidified incubator at 37 °C with 5% CO2. For morphological 

characterization, phase-contrast microscopy images were taken of cultures of each cell type with a 

Motic AE2000 inverted microscope (Motic Instruments, Wetzlar, Germany). 

2.3.1. Primary Cell Cultures 

Isolation of primary rat brain endothelial cells, pericytes and astrocytes were performed 

according to the method described in our previous studies [27,28]. After isolation, brain endothelial 

cells were seeded onto culture dishes (Corning Costar, New York, NY, USA) coated with collagen 

type IV (100 μg/mL) and fibronectin (25 μg/mL) and were cultured in DMEM/HAM’s F-12 (Gibco, 

Waltham, MA, USA) supplemented with 15% plasma-derived bovine serum (PDS, First Link, UK), 

10 mM HEPES, 100 μg/mL heparin, 5 μg/mL insulin, 5 μg/mL transferrin, 5 ng/mL sodium selenite 

(ITS, Pan-Biotech, Aidenbach, Germany), 1 ng/mL basic fibroblast growth factor (bFGF, Roche, Basel, 

Switzerland) and 50 μg/mL gentamicin. During the first 3 days of culture, the medium of endothelial 

cells also contained 3 μg/mL puromycin to eliminate P-glycoprotein negative, contaminating cell 

types [29]. After the first 3 days of culture, the amount of PDS was decreased from 15% to 10% in the 

culture medium. 

After isolation, pericytes were seeded onto culture dishes (VWR International, Radnor, PA, 

USA) coated with collagen type IV (100 μg/mL), whereas astrocytes were plated onto uncoated 75 

cm2 flasks (TPP, Trasadingen, Switzerland). Both pericytes and astrocytes were cultured in DMEM 

medium (low glucose, Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, 

Pan-Biotech, Aidenbach, Germany) and 50 μg/mL gentamicin. Glial cells gave positive 

immunostaining for glial fibrillary acidic protein (GFAP) and pericytes for α-smooth muscle actin 

(α-SMA) as shown in Figure 1b, in accordance with our previous studies [27,30] and literature data 

[31]. 

2.3.2. Cell Lines 

The hCMEC/D3 human brain endothelial cell line was purchased from Merck Millipore. 

Cultures of hCMEC/D3 (passage number ≤ 35) were grown in MCDB 131 medium (Pan-Biotech, 

Aidenbach, Germany) supplemented with 5% FBS (Sigma, Darmstadt, Germany), GlutaMAX (100×, 

Life Technologies, Carlsbad, CA, USA), lipid supplement (100×, Life Technologies, Carlsbad, CA, 

USA), 10 mM HEPES, 5 μg/mL insulin, 5 μg/mL transferrin, 5 ng/mL sodium selenite (ITS, Pan-

Biotech, Aidenbach, Germany), 100 μg/mL heparin, 10 μg/mL ascorbic acid, 550 nM hydrocortisone, 

1 ng/mL bFGF (Roche, Basel, Switzerland) and 50 μg/mL gentamicin [32]. Before each experiment 

the culture medium of hCMEC/D3 cells were supplemented with 10 mM LiCl for 24 h to improve 

barrier properties [33]. 

The SH-SY5Y human neuroblastoma cell line was purchased from ATCC (ATCC CRL-2266). 

Cultures of SH-SY5Y were grown in DMEM/HAM’s F-12 medium (Gibco, Waltham, MA, USA) 

supplemented with 10% FBS (Pan-Biotech, Aidenbach, Germany) until reaching confluency. As 

undifferentiated SH-SY5Y cells can grow as epithelioid cells or neuroblasts, we used a retinoic acid-

based differentation method [34]. Confluent cultures were differentiated for 5 days in a medium 

containing DMEM/HAM’s F-12 (Gibco, Waltham, MA, USA) supplemented with 2% FBS (Pan-

Biotech, Aidenbach, Germany), 0.5% dimethyl-sulfoxide (DMSO) and 10 μM retinoic acid to induce 

a more branched, neuronal phenotype in SH-SY5Y cells [34]. For experiments, only differentiated 

cultures of SH-SY5Y were used. 
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2.4. Immunohistochemistry 

For immunohistochemical characterization, all cell types were cultured on rat tail 

collagen-coated glass cover slips (borosilicate; VWR International, Radnor, PA, USA). Primary rat 

brain endothelial cells were stained for claudin-5, pericytes for α-SMA and astroglial cells for GFAP. 

hCMEC/D3 cells were stained for β-catenin and SH-SY5Y cells for βIII-tubulin. After removing the 

culture medium, cells were fixed with ice cold methanol-acetone 1:1 solution at −20 °C for 5 min 

(claudin-5, β-catenin) or with 4% paraformaldehyde at room temperature for 10 min (α-SMA, GFAP, 

βIII-tubulin), blocked with 3% bovine serum albumin (BSA) diluted in phosphate buffer (PBS) for 1 

h at room temperature and incubated with primary antibodies at 4 °C overnight. Primary antibodies 

used were rabbit anti-claudin-5 (1:200; Sigma), mouse anti-α-SMA (1:300, Agilent Dako, Santa Clara, 

CA, USA), goat anti-GFAP (1:1000; Abcam, Cambridge, UK), rabbit anti-β-catenin (1:200, Agilent 

Dako, Santa Clara, CA, USA) and mouse anti-β-tubulin (1:250; Invitrogen, Life Technologies, 

Carlsbad, CA, USA). Cells were then incubated with secondary antibodies (Cy3-labeled anti-rabbit 

and Alexa Fluor 488-labeled anti-mouse and anti-goat, Invitrogen, Life Technologies, Carlsbad, CA, 

USA) as well as Hoechst 33342 (1 μg/mL) for nuclei staining for 10 min at room temperature. Between 

each incubation, cells were washed 3 times with PBS. After mounting the samples (Fluoromount-G, 

Southern Biotech, Birmingham, AL, USA), stainings were examined with a Leica TCS SP5 confocal 

laser scanning microscope (Leica Microsystems, Wetzlar, Germany). 

2.5. RNA Isolation and Quality Control 

In the case of primary rat brain endothelial cells, pericytes, astrocytes and hCMEC/D3 cells, total 

RNA isolation and quality control was performed according to the method described in our previous 

studies [15,35]. Shortly, cells were cultured for 5 days, after reaching confluency washed with ice 

cold PBS, scraped and collected. Total RNA was isolated from cell pellets using RNAqueous-4PCR 

Kit (Ambion, Life Technologies, Carlsbad, CA, USA) with DNase1 (RNase-free) treatment according 

to the manufacturer’s instructions. In the case of SH-SY5Y cells, total RNA was isolated from cell 

pellets using TRI reagent, and the concentration and purity of RNA samples were assessed by a 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). 

2.6. Quantitative Real-Time Polymerase Chain Reaction and Data Analysis 

For all samples, cDNA synthesis was performed on 1 μg total RNA samples by High Capacity 

cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA) using random 

hexanucleotide primers and MultiScribe Reverse Transcriptase in the presence of RNase inhibitor 

according to the manufacturer’s instructions. The expression of genes encoding alanine transporters 

(sodium-coupled neutral amino acid transporters SNAT1/SLC38A1, SNAT2/SLC38A2 and 

SNAT5/SLC38A5; neutral amino acid transporters ASCT1/SLC1A4 and ASCT2/SLC1A5) were 

analyzed by quantitative real-time polimerase chain reaction (qPCR) using TaqMan Low Density 

Array 384-well microfluidic cards preloaded with TaqMan Gene Expression Assays (Life 

Technologies, Carlsbad, CA, USA) [15]. qPCRs were performed using ABI TaqMan Universal Master 

Mix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) by the ABI Prism 7900 system 

(Applied Biosystems, Life Technologies, Carlsbad, CA, USA). qPCR data were analyzed using the 

ABI SDS 2.0 software (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). 

For SH-SY5Y cells, the expression of the above mentioned genes were analyzed by qPCR using 

TaqMan Gene Expression Assays (Hs01562175_m1, Hs01089954_m1, Hs01012028_m1, 

Hs00161719_m1, Hs00194540_m1, respectively; Applied Biosystems, Life Technologies, Carlsbad, 

CA, USA). For this cell type, qPCR was performed using TaqMan Gene Expression Master Mix 

(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) by the ABI Prism 7500 system 

(Applied Biosystems, Life Technologies, Carlsbad, CA, USA). qPCR data were analyzed using the 

ABI SDS 1.4 software (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). 

In all cases, the expression of genes was normalized to 18S rRNA, which was used as an 

endogenous control (ΔCt = Ctgene−Ct18S rRNA). In all samples, rRNA was quantified by qPCR using 
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TaqMan Gene Expression Assay (Hs99999901_s1) (Applied Biosystems, Thermo Fisher Scientific, 

Waltham, MA, USA). Expression values of studied genes were determined based on the normalized 

expression of genes calculated with 2−ΔCt formula, and were correlated to the lowest normalized 

expression measured by the applied qPCR method, as in our previous studies [35,36]. 

2.7. Synthesis of the Targeting Ligands of Niosomes 

Dodecanoyl alanine was prepared according to Liu et al. [37]. Briefly, 100 mL NaOH (1 M) and 

1.34 g (0.015 mol) L-alanine were added into a one-neck flask. The system was cooled to 0 °C, then 

3.31 mL (0.014 mol) dodecanoyl chloride was added dropwise to the mixture and maintained at 0 °C 

for 5 h. After that, 16 mL hydrochloric acid (12 M) was added to the reaction and the white precipitate 

was filtrated. Finally, the product was washed three times with deionized water and dried at 45 °C 

for 24 h. 

For the synthesis of DSPE-PEG-glutathione, 13.5 mg glutathione (0.044 mM) was reacted with 

100 mg DSPE-PEG-maleimide (0.035 mM) (N-[(3-Maleimide-1-oxopropyl) aminopropyl 

polyethyleneglycol-carbamyl] distearoylphosphatidyl-ethanolamine, SUNBRIGHT® DSPE-020MA 

[DSPE-PEG-MAL], purchased from NOF Europe, Belgium) in 0.1 M ammonium acetate for a day 

under nitrogen. The product was lyophilized three times to remove ammonium acetate [21]. 

2.8. Preparation of Niosomes 

Niosomes were prepared as described in our previous paper [21], with minor modifications. 

For the preparation of non-targeted niosomes (N), non-ionic surfactants Span 60 

(sorbitane-monostearate) and Solulan C24 (cholesteryl-poly-24-oyxyethylene-ether, Chemron Co., 

Avon, OH, USA), as well as cholesterol were dissolved in a hot mixture of chloroform and ethanol 

(1:2) in a round-bottom flask. To prepare alanine-glutathione dual-targeted niosomes (N-A-GSH), 

dodecanoyl-alanine (A, 4 w/w% of total lipid) and DSPE-PEG-GSH (GSH, 4 w/w% of total lipid) were 

also added to the mixture before the dissolving step. The removal of organic solvents by a vacuum 

pump yielded a thin lipid film layer. For cellular uptake studies, the dry lipid film was hydrated 

with phosphate buffer (PBS; KCl 2.7 mM, KH2PO4 1.5 mM, NaCl 136 mM, Na2HPO4 × 2 H2O 6.5 mM, 

pH 7.4) containing Evans blue-labeled bovine serum albumin (EBA, 67 kDa; 0.167 mg/mL EB, 10 

mg/mL BSA) as in our previous study [21]. For visualization of cellular uptake as well as 

permeability studies, PBS containing mCherry (26.7 kDa; 5 mg/mL), a red fluorescent protein with 

better properties for confocal microscopy than EBA, was used to hydrate the lipid film. For 

purification of recombinant mCherry protein, cDNA was subcloned into pPROEX HTb, and 

6HIS-tagged mCherry was expressed in BL21(DE3)pLysS. Purification was performed on Ni-NTA 

matrix according to standard procedures with subsequent and extensive dialysis against PBS to 

remove imidazole.  

After this, the hydration step mixtures were sonicated in a water bath for 60 min at 45 °C. To 

obtain vesicles the suspension was forced through a polycarbonate filter (Whatman filter, 13 mm, 

100 nm pore size) by lipid extrusion technique (high pressure thermobarrel extruder, Lipex 

Biomembranes Inc., Vancouver, BC, Canada). The non-encapsulated cargo was removed by 

ultracentrifugation (123,249 × g, 4 °C, 6 h for EBA or 3 h for mCherry), the pelleted niosomes were 

resuspended in PBS for size and zeta potential measurements or phenol red-free DMEM/HAM’s F-

12 medium for experiments and stored at 4 °C. 

2.9. Characterization of Niosomes 

2.9.1. Atomic Force Microscopy 

Atomic force microscopy measurements were carried out with an Asylum Research MFP-3D 

head and controller (Oxford Instruments, Asylum Research, UK). The driver program of MFP-3D 

(version 16.12.214) was written in IGOR Pro Software (version 6.38B01, Wavemetrics). Image 

procession and data calculation were made using the same software. For imaging, gold-coated 

silicon nitride rectangular cantilevers were used with a typical spring constant of 0.03 N/m (Bruker 
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OBL 10). The spring constant for each cantilever was determined by thermal fluctuation technique 

[38], followed by Sader’s method [39]. For measurements, freshly cleaved mica (SPI-Chem Mica 

Sheets) surfaces were incubated in 2% APTES ((3-aminopropyl) triethoxysilan, Sigma) dissolved in 

isopropanol to create free amine groups on their surface [40]. Niosomes were attached to the 

modified surface with glutaraldehyde. Measurements were carried out in tapping (AC) mode in 

phosphate buffer. Typically, 512 × 512 point scans were taken at 0.5 Hz scan rate. Both the trace and 

retrace images were recorded and compared. The measurements presented here are 10 × 10 μm2 

flattened heights. 

2.9.2. Size, Size Stability and Zeta Potential Measurements 

Particle size, polydispersity index (PDI) and zeta potential of niosomes were measured by 

dynamic light scattering (Malvern Zetasizer Nano ZS, Malvern, UK). Before measurements, samples 

were diluted in PBS to a final concentration of 2 mg/mL. Means were calculated from the average of 

at least 3 × 13 measurements per sample. To determine the size stability of niosomes over time, 

particle size and PDI were monitored every week for 6 weeks at 2 mg/mL concentration. To assess 

the size stability of niosomes at increasing concentrations, samples were diluted to either 2, 4, 6, 8 or 

10 mg/mL in PBS. To determine the size stability of niosomes in serum, samples were diluted to 

either 2 or 10 mg/mL concentrations in PBS containing 10% FBS. Because multiple peaks were 

detected in serum samples (without NPs) and a multimodal distribution was also seen in samples of 

NPs containing serum (Supplementary Figure S1), we used the mean diameter of the largest peak to 

assess the serum stability of NPs. 

2.10. Cell Viability Assay 

Kinetics of cellular responses to niosome treatments were monitored by impedance 

measurement (RTCA-SP; ACEA Biosciences, San Diego, CA, USA), which is label-free, real-time, 

non-invasive test and correlates linearly with viability of cells [41]. Furthermore, this method 

correlates well with other conventional cell viability assays, as shown in our previous article [42]. 

After background measurements with culture medium, cells were seeded at a density of 6 × 103 

cells/well in 96-well plates with integrated gold electrodes (E-plate 96, ACEA Biosciences, San Diego, 

CA, USA). The wells were coated with collagen type IV (100 μg/mL) and, in the case of primary rat 

brain endothelial cells, with collagen type IV (100 μg/mL) and fibronectin (25 μg/mL). When the 

growth of cultures reached a plateau phase, cells were treated with niosomes (1, 3 or 10 mg/mL) and 

their impedance was monitored at every 5 min for either 4 h or 24 h (depending on the length of 

further experiments). Triton X-100 detergent (1 mg/mL) was used as a reference compound inducing 

maximum cell toxicity. Cell index was defined as Rn-Rb at each time point of measurement, where Rn 

is the impedance of the well when it contains adherent cells and Rb is the background impedance of 

the well containing culture medium alone. Cell index was normalised in each well to the value 

measured at the last timepoint before the treatment. 

2.11. Cellular Uptake Studies 

For quantification of cellular uptake, all cell types were cultured in 24-well plates (Corning 

Costar, New York, NY, USA). Cultures were incubated with 10 mg/mL niosome solutions (N or 

N-A-GSH containing EBA cargo) diluted in the respective culture medium of each cell type at 37 °C 

for 4 h (according to [19,21]) on a horizontal shaker (150 rpm). To elucidate uptake mechanisms, cells 

were either incubated with niosomes at 4 °C for 4 h, co-incubated with niosomes and metabolic 

inhibitor sodium azide (1 mg/mL) at 37 °C for 4 h or pre-treated with endocytosis inhibitors filipin 

(5 μg/mL, 15 min) or cytochalasin D (0.125 μg/mL, 1 h) and then incubated with niosomes at 37 °C 

for 4 h. After incubation with niosomes, cells were washed three times with ice cold PBS 

supplemented with 0.1% BSA, once with acid stripping buffer (glycine 50 mM, NaCl 100 mM, pH 3) 

to remove cell surface-associated niosomes and once with PBS. Finally, cells were lysed in distilled 

water containing 10 mg/mL Triton X-100 detergent and the fluorescent signal of EBA cargo was 
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quantified with a spectrofluorometer (Horiba Jobin Yvon Fluorolog 3, USA) at 584 nm excitation and 

663 nm emission wavelengths [21]. 

For visualization of cellular uptake, all cell types were cultured in glass bottom culture dishes 

(diameter: 3.5 cm, Greiner Bio-One, Germany). Confluent monolayers were incubated with either 

mCherry in solution (2 μg/mL) or niosomes containing mCherry cargo (10 mg/mL N or N-A-GSH, 

containing 2 μg/mL mCherry) diluted in the respective culture medium of each cell type at 37 °C for 

4 h. For the staining of cell nuclei, Hoechst 33,342 dye (1 μg/mL, 10 min) was used. After incubation 

the culture medium was removed and cells were washed with Ringer-HEPES buffer (118 mM NaCl, 

4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 5.5 mM D-glucose, 20 mM HEPES, pH 7.4) supplemented 

with 1% PDS. Visualization of mCherry cargo in living cells was done with a Leica TCS SP5 confocal 

laser scanning microscope (Leica Microsystems, Wetzlar,Germany). 

2.12. Permeability Studies 

For permeability studies we used a well characterized triple co-culture blood-brain barrier 

(BBB) model in which primary rat brain endothelial cells, pericytes and astrocytes are cultured 

together in a transwell system [15,27]. Astroglial cells were passaged (8.5 × 104 cells/cm2) to glass 

bottom 12-well plates (the plastic bottom of standard 12-well plates from Corning Costar, New York, 

NY, USA was replaced by borosilicate glass coverslips from VWR International, Radnor, PA, USA) 

coated with Matrigel (growth factor reduced, Corning Costar, New York, NY, USA). To prepare the 

co-culture model, pericytes at P2 were passaged (1.5 × 104 cells/cm2) to the bottom side of tissue 

culture inserts (Transwell, polycarbonate membrane, 3 μm pore size, Corning Costar, New York, 

NY, USA) coated with collagen type IV (100 μg/mL). Brain endothelial cells were seeded (7.5 × 104 

cells/cm2) to the other, upper side of the culture insert membrane coated with Matrigel (growth factor 

reduced). Then the inserts containing brain endothelial cells and pericytes on the two sides of the 

membrane were placed in 12-well plates containing astrocytes at the bottom. Both the upper and 

lower fluid compartments of the model received endothelial cell culture medium supplemented with 

550 nM hydrocortisone. The three cell types were cultured together for 4 days before permeability 

experiments began. 

The tightness of the BBB model was verified by measurements of transendothelial electrical 

resistance (TEER) by an EVOM voltohmmeter (World Precision Instruments, Sarasota, FL, USA) 

combined with STX-2 electrodes. When TEER values of ≥250 Ω × cm2 were obtained, the model was 

used for experiments. The upper, donor compartment (0.5 mL) was incubated with either 2 μg/mL 

mCherry solution or niosomes containing mCherry cargo (10 mg/mL N or N-A-GSH, containing 2 

μg/mL mCherry) diluted in phenol red-free DMEM/HAM’s F-12 medium (Gibco, Waltham, MA, 

USA) supplemented with 1% PDS at 37 °C for 24 h on a horizontal shaker (150 rpm). To assess the 

integrity of the model, the paracellular marker sodium fluorescein (SF; 376 Da, 10 μg/mL) and the 

transcellular marker EBA (67 kDa, 10 mg/mL BSA + 167.5 μg/mL Evans blue) were also tested for 

permeability. After incubation, samples were collected from both compartments and the fluorescent 

signal of mCherry cargo was quantified at 582 nm excitation and 605 nm emission wavelengths with 

a spectrofluorometer (Horiba Jobin Yvon Fluorolog 3, Piscataway, NJ, USA). The fluorescent signal 

of the marker molecules were quantified at 485 nm excitation and 520 nm emission wavelengths (SF) 

and 584 nm excitation and 680 nm emission wavelengths (EBA) by a fluorescence multiwell plate 

reader (Fluostar Optima, BMG Labtechnologies, Ortenberg, Germany). The apparent permeability 

coefficients (Papp) were calculated as described previously [43] with the following equation: 

∆[C]A × VA

 A × [C]D × ∆t
  

Briefly, Papp (cm/s) was calculated from the concentration difference of the cargo in the acceptor 

compartment (Δ[C]A) after 24 h. [C]D is the concentration in the donor compartment at 0 h, VA is the 

volume of the acceptor compartment (1.5 mL), and A is the surface area available for permeability 

(1.12 cm2). 
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For the visualization of mCherry that crossed the BBB model during the 24 h permeability assay 

and was subsequently taken up by astrocytes, living cells at the bottom of the 12-well plates were 

washed with Ringer-HEPES buffer supplemented with 1% PDS and immediately examined with a 

Leica TCS SP5 confocal laser scanning microscope. For the staining of cell nuclei, Hoechst 33342 dye 

(1 μg/mL, 10 min) was used. 

2.13. Statistical Analysis 

Data are presented as means ± SEM or SD. Statistical analyses were performed using GraphPad 

Prism 8 software (GraphPad Software, San Diego, CA, USA). Means were compared using unpaired 

t test or one-way ANOVA followed by Dunnett’s posttest. Differences were considered statistically 

significant at p < 0.05. All experiments were repeated at least two times and the number of parallel 

samples in each experiment was 3–8. 

3. Results 

3.1. Expression of Genes Encoding Alanine Transporters in the Cell Types of the Neurovascular Unit 

As a general characterization of the cell types used in this study, Figure 1a shows phase-contrast 

microscopy and immunohistochemical staining images of primary rat brain endothelial cells, 

pericytes and astrocytes, as well as hCMEC/D3 human brain endothelial cells and differentiated 

SH-SY5Y human neurons. In these cultures we verified the expression of five genes encoding solute 

carrier (SLC) transporters that carry the amino acid alanine into cells (Figure 1b). Among alanine 

transporter genes, small neutral amino acid transporter SNAT2 (SLC38A2) was highly expressed in 

all cell types but SH-SY5Y neurons. Neutral amino acid transporter genes ASCT1 (SLC1A4) and 

ASCT2 (SLC1A5) as well as SNAT1 (SLC38A1) were expressed at moderate levels, whereas the 

expression of SNAT5 (SLC38A5) was low-to-moderate in all cell types tested. 
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Figure 1. (a) Phase-contrast microscopy images and immunostainings of cultured primary rat brain 

endothelial cells (RBEC), primary rat pericytes (RPC), primary rat astrocytes (RAC), hCMEC/D3 

human brain endothelial cells and SH-SY5Y human neurons. α-SMA: α-smooth muscle actin; GFAP: 

glial fibrillary acidic protein. Bar: 25 μm. (b) Expression of genes encoding alanine transporters in the 

same cell types. RBEC and hCMEC/D3 data is shown with permission from [15]. Values presented 

are means ± SEM. 

3.2. Characterization of Niosomes. 

A schematic drawing of non-targeted (N) and alanine-glutathione dual-targeted (N-A-GSH) 

niosomes is presented in Figure 2a. The morphology of niosomes appeared to be spherical as 

observed by atomic force microscopy and no aggregation of the particles at 2 mg/mL concentration 

was visible (Figure 2b). The mean diameter of niosomes was around 128 and 115 nm for N and 

N-A-GSH groups, respectively, and we measured a relatively narrow size distribution by dynamic 

light scattering, indicated by polydispersity index (PDI) values below 0.16 in both groups (Figure 2c). 

The zeta potential of non-targeted niosomes was slightly negative, whereas N-A-GSH niosomes had 

a more negative surface charge (Figure 2c), which is in concordance with our previous observations 

[21].  

We also assessed the size stability of our NPs over time for 6 weeks (Figure 2d), and at one time 

point with increasing concentrations (Figure 2e). In these experiments, the mean diameter and PDI 

of niosomes changed moderately and reached a maximum diameter of approximately 135 nm and a 

PDI of 0.15. Both non-targeted and targeted NPs retained their size well when measured in PBS 

containing 10% FBS (Figure 2f), with a 15–20 nm increase in diameter at 10 mg/mL, indicating good 

stability in serum as well. 
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Figure 2. (a) Schematic drawing of non-targeted (N) and alanine-glutathione targeted (N-A-GSH) 

niosomes. EBA: Evans blue-albumin complex. (b) Atomic force microscopy image of N-A-GSH 

niosomes. (c) Main physico-chemical properties of niosomes. Values presented are means ± SD. (d) 

Size stability of niosomes over time at 2 mg/mL concentration, (e) at week 12 with increasing NP 

concentrations and (f) in PBS with or without 10% FBS. PDI: polydispersity index. Values presented 

are means ± SD. 

3.3. Effect of Niosomes on Cell Viability 

To determine a safe treatment concentration of NPs for further experiments, we monitored 

cellular responses to incubation with 1, 3 or 10 mg/mL niosomes by real-time impedance 

measurements. Kinetics of rat brain endothelial cell responses to NP treatments are shown in Figure 

3a. At 24 h (the length of permeability experiments), none of N or N-A-GSH treatments decreased 

the impedance of brain endothelial cell layers compared to the culture medium-treated control group 

(Figure 3b). This indicates good cell viability and is in agreement with our previous results [21]. At 4 

h (the length of uptake experiments), none of the NP treatments decreased the impedance of pericyte, 

astrocyte, hCMEC/D3 endothelial cell or SH-SY5Y neuronal cell layers (Figure 3c). For further 

treatments, therefore, we selected the 10 mg/mL concentration of niosomes, which could be 

considered as safe for both N and N-A-GSH groups. 
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Figure 3. Effect of non-targeted (N) and alanine-glutathione dual-targeted (N-A-GSH) niosomes at 

concentrations of 1, 3 or 10 mg/mL on the viability of NVU cells monitored by real-time impedance 

measurement. (a) Kinetics of rat brain endothelial cell responses to niosome treatments for 24 h. 

Values presented are means ± SEM and are given as cell index. (b) Rat brain endothelial cell viability 

after 24 h. (c) Cell viability of pericytes (RPC), astrocytes (RAC), hCMEC/D3 endothelial cells and SH-

SY5Y neurons after 4 h. Values presented are means ± SEM and are given as a percentage of control. 

Statistical analysis: one-way ANOVA followed by Dunnett’s posttest; **** p < 0.0001 compared to the 

control group; n = 6–8. C: culture medium-treated control group; TX: Triton X-100 reagent, indicating 

maximum cellular toxicity. 

3.4. Cellular Uptake of Cargo: Pericytes 

In primary rat pericytes, the uptake of EBA cargo encapsulated in dual-targeted niosomes was 

more than twice as high (208%) as cargo encapsulated in non-targeted niosomes after 4 h of 

incubation (Figure 4a). The amount of EBA cargo taken up by cells normalized to cargo inside 

niosome treatment solutions (mg/mg) is provided for both NP groups in each cell type in 

Supplementary Table S1. To test the temperature- and energy-dependency of the uptake process, we 

performed the experiment at 4 °C or co-treated the cells with niosomes and sodium azide (1 mg/mL) 

at 37 °C (Figure 4b). At 4 °C, active uptake processes are blocked in cells, whereas sodium azide is an 

inhibitor of adenosine triphosphate (ATP) synthesis [44]. These treatments significantly decreased 

the uptake of cargo in brain pericytes in both NP groups (N4 °C: 65%, Nazide: 63%; N-A-GSH4 °C: 58%, 

N-A-GSHazide: 48%), suggesting an active cellular process. To further elucidate the mechanism of 

cellular uptake, we pre-treated the cells with inhibitors of endocytosis, filipin (5 μg/mL, 15 min) or 

cytochalasin D (CD; 0.125 μg/mL, 1 h). Filipin is an inhibitor of lipid raft/caveolae-mediated 

endocytosis, whereas cytochalasin D is an actin polymerization-blocking agent inhibiting all major 

endocytic routes [45]. When endocytic processes were blocked in brain pericytes, the uptake of EBA 

was lower than in the control group (Nfilipin: 57%, NCD: 57%; N-A-GSHfilipin: 65%, N-A-GSHCD: 61%), 

suggesting a role of endocytosis in the uptake of NP cargo (Figure 4b). 

We also visualized mCherry cargo taken up by living pericytes after 4 h of incubation (Figure 

4c). In agreement with our spectrophotometry data in Figure 4a, a higher amount of cargo (indicated 
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by red dots) could be observed inside cells treated with N-A-GSH niosomes compared to N 

niosomes. Red fluorescence was barely detectable in cells treated with non-encapsulated (free) cargo. 

To confirm that mCherry cargo is indeed present inside, rather than between cells, we provide the 

fluorescent, brightfield and merged channels of all confocal microscopy images used in this study in 

Supplementary Figure S2. 

 

Figure 4. Cellular uptake of niosome cargo in cultured primary rat pericytes (RPC) after 4 h of 

incubation. (a) Uptake of cargo loaded in non-targeted (N) and alanine-glutathione targeted (N-A-

GSH) niosomes. Values presented are means ± SEM. Statistical analysis: unpaired t test; *** p < 0.001; 

n = 4–6. (b) Effect of temperature and treatment with sodium-azide (1 mg/mL), filipin (5 μg/mL) or 

cytochalasin D (CD; 0.125 μg/mL) on the cellular uptake of cargo. Values presented are means ± SEM. 

Statistical analysis: one-way ANOVA followed by Dunnett’s posttest; ** p < 0.01, *** p < 0.001 

compared to the first column of each niosome group; n = 6. (c) Live cell visualization of cargo taken 

up by pericytes. Free cargo: cargo not loaded in niosomes. Bar: 25 μm. 

3.5. Cellular Uptake of Cargo: Astrocytes 

The uptake of cargo encapsulated in N-A-GSH niosomes was also higher in primary rat 

astrocytes (128% compared to cargo encapsulated in non-targeted niosomes; Figure 5a). Performing 

the experiment at 4 °C or co-treating the cells with sodium-azide decreased the uptake of cargo in 

both groups (N4°C: 69%, Nazide: 92%, p > 0.05; N-A-GSH4°C: 49%, N-A-GSHazide: 83%; Figure 5b). 

Treatment of astroglial cells with endocytic inhibitors filipin and cytochalasin D (CD) also reduced 

cargo uptake (Nfilipin: 76%, NCD: 70%; N-A-GSHfilipin: 73%, N-A-GSHCD: 71%; Figure 5b). These data 

together suggest an energy-dependent uptake mechanism that is partially mediated by endocytosis. 

Figure 5c shows the live cell visualization of mCherry cargo taken up by astrocytes after 4 h of 

incubation. Only a small amount of mCherry could be observed in cells treated with 

non-encapsulated cargo. More red fluorescence could be seen in cells treated with non-targeted 
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niosomes, whereas alanine-glutathione dual-targeted niosomes delivered the highest amount of 

cargo into astroglial cells. 

 

Figure 5. Cellular uptake of niosome cargo in cultured primary rat astrocytes (RAC) after 4 h of 

incubation. (a) Uptake of cargo loaded in non-targeted (N) and alanine-glutathione targeted (N-A-

GSH) niosomes. Values presented are means ± SEM. Statistical analysis: unpaired t test; ** p < 0.01; n 

= 6. (b) Effect of temperature and treatment with sodium-azide (1 mg/mL), filipin (5 μg/mL) or 

cytochalasin D (CD; 0.125 μg/mL) on the cellular uptake of cargo. Values presented are means ± SEM. 

Statistical analysis: one-way ANOVA followed by Dunnett’s posttest; ** p < 0.01, *** p < 0.001, ns: not 

significant (p > 0.05) compared to the first column of each niosome group; n = 6. (c) Live cell 

visualization of cargo taken up by astrocytes. Free cargo: cargo not loaded in niosomes. Bar: 25 μm. 

3.6. Cellular Uptake of Cargo: hCMEC/D3 Brain Endothelial Cells 

We have previously demonstrated that N-A-GSH niosomes enhace cargo uptake in primary rat 

brain endothelial cells [21]. Here, the same NPs significantly increased the uptake of EBA in the 

widely used human brain endothelial cell line hCMEC/D3, but this increase was moderate (12% 

compared to non-targeted niosomes, Figure 6a). In concordance with our results on rat brain 

endothelial cells, reduced levels of cellular uptake could be observed when the experiment was 

performed at 4 °C, or hCMEC/D3 cells were treated with sodium-azide, filipin or CD (N4°C: 48%, 

Nazide: 85%; Nfilipin: 85%, NCD: 82%; N-A-GSH4°C: 30%, N-A-GSHazide: 84%, N-A-GSHfilipin: 82%, 

N-A-GSHCD: 83%; Figure 5b). These data suggest an active process and a partial role of endocytosis 

in the uptake of cargo in hCMEC/D3 cells, too. 

We also visualized the uptake of mCherry cargo in hCMEC/D3 cells, shown in Figure 6c. 

Overall, a limited amount of cargo could be observed inside cells by confocal microscopy. Red 

fluorescence was not detectable in cells treated with either free cargo or non-targeted niosomes. The 

number of visible particles was higher in hCMEC/D3 cells treated with alanine-glutathione dual-

targeted niosomes, but interestingly, this was limited to few cells (Figure 6c). 
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Figure 6. Cellular uptake of niosome cargo in hCMEC/D3 brain endothelial cells after 4 h of 

incubation. (a) Uptake of cargo loaded in non-targeted (N) and alanine-glutathione targeted (N-A-

GSH) niosomes. Values presented are means ± SEM. Statistical analysis: unpaired t test; * p < 0.05; n 

= 6. (b) Effect of temperature and treatment with sodium-azide (1 mg/mL), filipin (5 μg/mL) or 

cytochalasin D (CD; 0.125 μg/mL) on the cellular uptake of cargo. Values presented are means ± SEM. 

Statistical analysis: one-way ANOVA followed by Dunnett’s posttest; ** p < 0.01, **** p < 0.0001 

compared to the first column of each niosome group; n = 6. (c) Live cell visualization of cargo taken 

up by hCMEC/D3 cells. Free cargo: cargo not loaded in niosomes. Bar: 25 μm. 

3.7. Cellular Uptake of Cargo: Differentiated SH-SY5Y Neuronal Cells 

We observed the biggest difference in the uptake of cargo between N-A-GSH and N groups in 

differentiated SH-SY5Y human neuronal cells (N-A-GSH: 221% compared to N; Figure7a). In the case 

of cells treated with N-A-GSH, the uptake of cargo was greatly decreased at 4 °C and by sodium-

azide or filipin (N-A-GSH4°C: 32%, N-A-GSHazide: 45%; N-A-GSHfilipin: 42%; Figure 7b). In the case of 

cells treated with non-targeted niosomes, however, none of the treatments reduced the uptake 

statistically significantly (N4°C: 83%, Nazide: 93%; Nfilipin: 89%; p > 0.05). Due to high toxicity in repeated 

experiments, we could not determine the effect of cytochalasin D on the uptake process in SH-SY5Y 

cells. 

Live cell visualization of mCherry cargo taken up by SH-SY5Y cells is shown in Figure 7c. Red 

fluorescence was again barely detectable in cells treated with either free cargo or non-targeted 

niosomes. In accordance with the spectrophotometry data in Figure 7a, the highest amount of 

mCherry cargo could be seen in cells treated with alanine-glutathione dual-targeted niosomes. 
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Figure 7. Cellular uptake of niosome cargo in differentiated SH-SY5Y neuronal cells after 4 h of 

incubation. (a) Uptake of cargo loaded in non-targeted (N) and alanine-glutathione targeted (N-A-

GSH) niosomes. Values presented are means ± SEM. Statistical analysis: unpaired t test; *** p < 0.001; 

n = 6. (b) Effect of temperature and treatment with sodium-azide (1 mg/mL) or filipin (5 μg/mL) on 

the cellular uptake of cargo. The effect of cytochalasin D (CD) could not be determined (n.d.; see text). 

Values presented are means ± SEM. Statistical analysis: one-way ANOVA followed by Dunnett’s 

posttest; **** p < 0.0001, ns: not significant (p > 0.05) compared to the first column of each niosome 

group; n = 6. (c) Live cell visualization of cargo taken up by SH-SY5Y cells. Free cargo: cargo not 

loaded in niosomes. Bar: 25 μm. 

3.8. Permeability of Cargo Across the Blood–Brain Barrier (BBB) Co-Culture Model 

Figure 8a shows a schematic drawing of the BBB co-culture model and the experimental setup 

we used to assess the penetration of cargo across the BBB and its subsequent uptake by astrocytes. 

To evaluate the integrity of the model, we also measured the penetration of the small paracellular 

permeability marker sodium fluorescein (SF, 376 Da) and the large marker EBA (67 kDa) across the 

BBB. As determined in the 24-h experiment, Papp values were 1.92 × 10−7 cm/s for SF and 8.39 × 10−8 

cm/s for EBA (Figure 8b, left panel). These values reflect a tight barrier and are in agreement with 

our previous results [15,21]. To further substantiate that the differences between cargo Papp values 

are not due to loss of tight junction integrity, we provide TEER values measured before and after the 

experiment in Supplementary Table S2. 

The permeability of mCherry cargo encapsulated in non-targeted niosomes (2.06 × 10−7 cm/s) 

was higher, although statistically not significantly, compared to non-encapsulated (free) mCherry 

transfer (1.63 × 10−7 cm/s; Figure 8b, right panel). Labeling niosomes with the combinaton of alanine 

and glutathione further enhanced the penetration of cargo across the BBB model (3.89 × 10−7 cm/s), 

which is a 2.39-fold and 1.89-fold increase compared to the free cargo and N groups, respectively. 
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We also visualized mCherry cargo that had crossed the BBB model inside living astrocytes by 

confocal microscopy (Figure 8c). The red fluorescent signal of mCherry could be observed in 

astroglial cells at the end of the 24-h permeability experiment with N-A-GSH niosomes, indicating 

not only the penetration of cargo across the BBB, but also its uptake by astrocytes. Considerably less 

mCherry signal could be seen in the non-targeted niosome group, while in the case of free mCherry, 

the red fluorescent signal was barely detectable in astrocytes. 

 

Figure 8. (a) Schematic drawing of the BBB co-culture model and the workflow of the experiment. (b) 

24-hour permeability of mCherry cargo across the BBB model. Papp: apparent permeability coefficient; 

SF: sodium fluorescein; EBA: Evans blue-albumin complex; free cargo: mCherry not loaded in 

niosomes; N: non-targeted niosome; N-A-GSH: alanine-glutathione dual-targeted niosome. Values 

presented are means ± SEM. Statistical analysis: one-way ANOVA followed by Dunnett’s posttest; 

**** p < 0.0001, ns: not significant (p > 0.05) compared to the free cargo group; n = 3-8. (c) Live cell 

visualization of mCherry cargo taken up by living astrocytes after having crossed the BBB model. 

Bar: 25 μm. 

4. Discussion 

The delivery of drugs, especially biopharmacons, across the BBB and into the cells of the NVU 

is still a limiting step in the treatment of neurological diseases. Here, we are the first to present a 

targeted NP-based approach that enabled the delivery of the 67 kDa EBA and the 26.7 kDa mCherry 

cargo proteins not only into brain endothelial cells, but also into pericytes, astrocytes and 

differentiated neuronal cells. 
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4.1. Alanine-Glutathione Dual-Labeling of NPs as a Strategy for Entry in the Cells of the Neurovascular 

Unit 

In our previous study [21], we identified the amino acid alanine as a potent BBB targeting 

molecule of NPs. We have also shown that niosomes labeled with the right combination of SLC 

ligands greatly and specifically enhance the penetration of cargo across the BBB in vitro and in vivo 

[21]. According to our hypothesis, carriers of alanine and glutathione are promising targets of NPs 

in other cells of the NVU too. 

Alanine enters the brain via neutral amino acid transporters ASCT1, ASCT2, SNAT1, SNAT2 

and SNAT5 [9]. Here, we verified that all five genes encoding these SLCs are also expressed in 

cultured pericytes, astrocytes and neurons, which is in agreement with larger-scale RNA-Seq data 

[46–49] and functional analyses [50] from the literature. In concordance with qRT-PCR data on rodent 

and human brain endothelial cells [51,52], including our own results ([15]; also shown in Figure 1b), 

we found SNAT2 (SLC38A2) to also be highly expressed in pericytes and astrocytes. Regarding 

glutathione, there is evindence for a luminal, Na+-dependent, carrier-mediated transport of this 

tripeptide in brain endothelial cells and astrocytes [53–55]. The exact mechanism, including the 

transporter(s) by which it enters the brain and the cells of the NVU, however, remains to be 

elucidated. 

4.2. Alanine-Glutathione Targeted Niosomes Enchance the Delivery of a Large Protein Cargo into the Cells 

of the Neurovascular Unit 

In all NVU cell types tested, significantly more cargo was taken up by cells when it was 

encapsulated in alanine-glutathione dual-targeted niosomes compared to non-targeted NPs. This 

increase was more than 2-fold in pericytes (Figure 4a) and cargo was well visualized in both N and 

N-A-GSH groups (Figure 4c). In addition to endocytosis or fusion of NPs with the plasma membrane, 

this process may be also related to the fact that pericytes are capable of phagocytosis [56,57]. 

Although these cells regulate many important CNS-specific processes in health and disease [58–61], 

we found no other reports on targeted drug delivery to brain pericytes, only to pericytes in the 

periphery. A study, for example, describes a TH10 peptide-targeted, docetaxel-loaded polymeric NP 

that triggered pericyte apoptosis in a lung metastasis of melanoma in mice, resulting in an 

anti-angiogenic effect in the tumor and longer survival time [62]. 

Astroglial cells and their tumors, on the other hand, are widely recognised as drug targets. 

Labeling polymeric NPs with glutathione, for example, increased the delivery of chemotherapeutic 

drugs paclitaxel and docetaxel to C6 and RG2 rat glioma cells [63,64]. In our study, primary rat 

astrocytes also showed a preference for the uptake of N-A-GSH niosomes (128% compared to 

non-targeted niosomes, Figure 5a), but internalised cargo in both NP groups as observed by confocal 

microscopy (Figure 5c). Our finding, that the cargo of non-targeted niosomes was visible in astrocytes 

in contrast to brain endothelial cells or neurons, might be related to the observation that cultured 

astrocytes can be efficiently lipofected [65,66]. Another important glial cell type, microglial cells, well-

known for their ability to internalize nanosized particles and exosomes by phagocytosis or 

macropinocytosis, were not investigated in our study. In this cell type SLC transporters, which may 

mediate targeted nanoparticle uptake, are less known and remain to be investigated. 

Glutathione PEGylation of liposomes, an approach pioneered by the group of Pieter Gaillard, 

enhanced the delivery of doxorubicin, ribavirin and methylprednisolone into hCMEC/D3 human 

brain endothelial cells and across the BBB in preclinical studies [18,19]. Furthermore, our group has 

also demonstrated the ability of solid NPs labeled with biotinylated glutathione to enter hCMEC/D3 

cells [35]. In our experiments, N-A-GSH niosomes also significantly increased cargo delivery into 

hCMEC/D3 cells (Figure 6a), but this effect was modest compared to our previous results with 

primary RBECs [21]. A recent article highlighting major differences in the composition of the 

endo-lysosomal system between hCMEC/D3 and primary porcine brain endothelial cells might 

support our observation that NPs interact differently with hCMEC/D3 cells and primary RBECs [67]. 

Interestingly, we measured the greatest difference between the uptake of N-A-GSH and 

non-targeted niosomes in differentiated human SH-SY5Y neuronal cells (Figure 7a). This 2.2-fold 
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increase in cargo delivery is in agreement with a recent study in which GSH-functionalized 

polymeric NPs were able to deliver curcumin with comparable efficacy into SK-N-SH neuronal cells, 

a maternal cell line of SH-SY5Y [68]. Moreover, an increase in the uptake of fluorescein-loaded 

albumin NPs in a mixed neuron-glia co-culture were described when the particles were labeled with 

glutathione [69]. We also observed an increase in cargo delivery by our dual-labeled NPs, while cargo 

fluorescence was barely detectable in SH-SY5Y cells treated with either free cargo or non-targeted 

niosomes (Figure 7c). 

4.3. The Uptake of Targeted Niosomes is Energy-Dependent and is Partially Mediated by Endocytosis 

Low temperature and sodium azide are widely used to investigate the energy-dependency of 

NP internalization. These treatments inhibit all active uptake processes and mitochondrial ATP 

production in cells, respectively [44]. Here, the uptake of N-A-GSH was decreased at 4 °C or in 

response to sodium azide in each cell type tested (Figures 4b, 5b, 6b and 7b). 

To determine whether endocytosis plays a role in the mechanism of cellular uptake, we used 

two inhibitors, filipin and cytochalasin D. Filipin interacts with cholesterol in biological membranes 

and blocks lipid raft/caveolae-mediated endocytosis, while cytochalasin D is an actin 

polymerization-blocking agent, thereby inhibiting all major endocytic routes [45]. Pre-treatment of 

cells with either filipin or cytochalasin D significantly lowered the uptake of N-A-GSH in all cell 

types tested (Figures 4b, 5b, 6b and7b). These data are consistent with our previous results on 

primary RBECs [21] as well as reports on GSH-targeted particles in hCMEC/D3 [70] and SH-SY5Y 

cell lines [69]. Therefore, we conclude that the uptake process of N-A-GSH niosomes is active and is 

partially mediated by endocytosis in each NVU cell type tested. The cellular uptake of niosomes is 

likely to be mediated by other, non-endocytic mechanisms parallelly, such as fusion of the 

nanovesicles with the plasma membrane of cells as we previously showed in primary brain 

endothelial cells [21]. However, this phenomenon remains to be further studied in other NVU cells. 

4.4. Dual-Labeling of Niosomes with Alanine and Glutathione Enchances Cargo Delivery Across the BBB 

and Subsequently to Astrocytes 

Despite the well-known fact that multiple cell types surround brain capillaries, very few studies 

actually focus on how NPs interact with these cells once they have crossed the BBB. Gromnicova et 

al., for example, reported the passage of 4-nm gold NPs labeled with the SLC ligand glucose across 

hCMEC/D3 cells and into primary human astrocytes in a 3D collagen gel in vitro model [24]. 

Furthermore, they also demonstrated the presence of these gold NPs in brain microvessel pericytes, 

glial cells and neurons after intravenous injections in rats [71]. Others showed the entry of transferrin-

penetratin dual-labeled liposomes into neurons after translocating the BBB using an in vitro model 

and in mice [72]. 

In our work, we tested whether N-A-GSH niosomes are able to deliver mCherry cargo into 

astroglial cells after having crossed the BBB in vitro. For this purpose, we used our well-characterized 

BBB co-culture model consisting of primary RBECs, pericytes and astrocytes [15,27]. The static 

environment is a limitation of culture insert-based methods, although we performed the uptake and 

permeability experiments on a horizontal shaker to limit the unstirred water layer effect. The transfer 

of permeability marker molecules was very low in the 24-h experiment, reflecting good barrier 

properties. Encapsulation of cargo into N-A-GSH niosomes elevated its penetration across the BBB 

by about 2-fold compared to free cargo and N groups (Figure 8b), which is in agreement with our 

previous results [21]. After 24 h, we were able to visualize the fluorescent protein cargo inside living 

astroglial cells in the N-A-GSH group (Figure 8c). This indicates that niosomes dual-targeted with 

alanine and glutathione carrying mCherry cargo crossed the BBB and were subsequently taken up 

by astrocytes. Interestingly, a more substantial difference in cargo uptake between N-A-GSH and N 

groups could be observed in astrocytes after the permeability experiment (Figure 8c) compared to 

the astrocytic uptake experiment in Figure 5c. An explanation to this might be that brain endothelial 

cells control primarily the amount of material that is available for astrocytic uptake at the bottom 

compartment (Figure 8b). Therefore, we believe that the difference we see between groups in Figure 
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8c could be the combined effect of targeted niosomes interacting first with brain endothelial and then 

with astrocytes. 

5. Conclusions 

In this in vitro study, we focused on the interaction of targeted vesicular nanoparticles with 

multiple cell types of the neurovascular unit. We showed that decorating the surface of niosomes 

with the combination of alanine and glutathione enhanced cargo delivery into cultured brain 

endothelial cells, pericytes, astrocytes and differentiated neuronal cells compared to non-targeted 

niosomes. Alanine-glutathione dual-labeling of nanoparticles was most effective in primary rat 

pericytes and SH-SY5Y neuronal cells, increasing the cellular uptake of EBA, a 67 kDa protein cargo, 

by more than 2-fold. Moreover, we revealed that the cellular uptake of niosomes is energy-dependent 

and is partially mediated by endocytosis. Finally, we demonstated the ability of our dual-targeted 

nanovesicles to deliver the 26.7 kDa protein cargo mCherry into astroglial cells after crossing layers 

of brain endothelial cells and pericytes in a co-culture model of the blood–brain barrier. Our data 

suggest that alanine-glutathione dual-labeling of nanoparticles can potentially be exploited to deliver 

drugs, even biopharmacons, across the blood–brain barrier and into other therapeutically relevant 

cell types in the brain. 

Supplementary Materials: The following are available online at www.mdpi.com/1999-4923/12/7/635/s1, Figure 

S1: Size distribution profile of serum (10% FBS in PBS) and non-targeted (N) as well as alanine-glutathione dual-

targeted (N-A-GSH) niosomes in serum. Graphs and summaries were made using the Malvern Zetasizer Nano 

ZS software., Table S1: Values of cellular uptake experiments shown in Figures 4a, 5a, 6a and 7a: EBA cargo 

taken up by primary rat pericytes (RPC), primary rat astrocytes (RAC), hCMEC/D3 endothelial cells and SH-

SY5Y neurons normalized to EBA cargo encapsulated in non-targeted (N) and alanine-glutathione dual-targeted 

(N-A-GSH) niosomes in the 10 mg/mL treatment solution (left panel) and the mean number of cells / well ± SD 

(right panel)., Figure S2: Fluorescent, brightfield and merged channels of confocal microscopy images presented 

in a) Figure 4c, b) Figure 5c, c) Figure 6c, d) Figure 7c and e) Figure 8c. Scale bar: 25 μm., Table S2: 

Transendothelial electrical resistance (TEER) values (Ω × cm2) in the BBB co-culture model before and after the 

24-hour permeability experiment shown in Figure 8. N: non-targeted niosome group; N-A-GSH: alanine-

glutathione dual-targeted niosome group. 

Author Contributions: Conceptualization, G.P., M.M., M.A.D. and S.V.; Data curation, M.M., A.T., A.S., A.H., 

Z.S., G.F., G.R. and S.V.; Formal analysis, G.P., A.T. and A.H.; Funding acquisition, L.M., M.A.D. and S.V.; 

Investigation, G.P., M.M., A.T., A.S., Z.S. and A.B.; Methodology, A.T., A.S., A.H., Z.S., G.F., A.B., L.M. and G.R.; 

Project administration, S.V.; Resources, G.F. and A.B.; Supervision, L.M., G.R., M.A.D. and S.V.; Writing—

original draft, G.P.; Writing—review & editing, M.M., A.T., A.S., A.H., Z.S., G.F., A.B., L.M., G.R., M.A.D. and 

S.V. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by the National Research, Development and Innovation Office of Hungary, 

grant numbers NNE-29617 (M-ERA.NET2 nanoPD), GINOP-2.2.1-15-2016-00007, GINOP-2.3.2-15-2016-00060 

and GINOP-2.3.2-15-2016-00024. G.P. was supported by the New National Excellence Program 

(UNKP-19-2-SZTE-103), the Stephen W. Kuffler Foundation and the Szeged Scientists Academy under the 

sponsorship of the Hungarian Ministry of Human Capacities (EMMI:11136-2/2019/FIRFIN) and Gedeon Richter 

“Centenáriumi” Foundation. L.M. was supported by the Lendület II (“Momentum”) Program (LP2015-5/2015) 

of the Hungarian Academy of Sciences. S.V. was supported by the Premium Postdoctoral Research Program 

(PREMIUM-2019-469) and János Bolyai Research Fellowship of the Hungarian Academy of Sciences 

(BO/00793/18/8). 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 

publish the results. 

References 

1. Pardridge, W.M. Targeted delivery of protein and gene medicines through the blood-brain barrier. Clin. 

Pharmacol. Ther. 2015, 97, 347–361, doi:10.1002/cpt.18. 

2. Veszelka, S.; Bocsik, A.; Walter, F.R.; Hantosi, D.; Deli, M.A. Blood-brain barrier co-culture models to study 

nanoparticle penetration: Focus on co-culture systems. Acta Biol. Szeged. 2015, 59 (Suppl. 2), 157–168. 



Pharmaceutics 2020, 12, 635 20 of 23 

 

3. Saraiva, C.; Praca, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L. Nanoparticle-mediated brain drug 

delivery: Overcoming blood-brain barrier to treat neurodegenerative diseases. J. Control. Release 2016, 235, 

34–47, doi:10.1016/j.jconrel.2016.05.044. 

4. Masserini, M. Nanoparticles for brain drug delivery. ISRN Biochem. 2013, 2013, 238428, 

doi:10.1155/2013/238428. 

5. Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. Int. J. Nanomed. 2015, 10, 975–999, 

doi:10.2147/IJN.S68861. 

6. Abdelkader, H.; Alani, A.W.; Alany, R.G. Recent advances in non-ionic surfactant vesicles (niosomes): Self-

assembly, fabrication, characterization, drug delivery applications and limitations. Drug Deliv. 2014, 21, 

87–100, doi:10.3109/10717544.2013.838077. 

7. Kreuter, J. Drug delivery to the central nervous system by polymeric nanoparticles: What do we know? 

Adv. Drug Deliv. Rev. 2014, 71, 2–14, doi:10.1016/j.addr.2013.08.008. 

8. Neves, V.; Aires-da-Silva, F.; Corte-Real, S.; Castanho, M.A.R.B. Antibody Approaches to Treat Brain 

Diseases. Trends Biotechnol. 2016, 34, 36–48, doi:10.1016/j.tibtech.2015.10.005. 

9. Campos-Bedolla, P.; Walter, F.R.; Veszelka, S.; Deli, M.A. Role of the blood-brain barrier in the nutrition of 

the central nervous system. Arch. Med. Res. 2014, 45, 610–638, doi:10.1016/j.arcmed.2014.11.018. 

10. Pardridge, W.M. Blood-brain barrier endogenous transporters as therapeutic targets: A new model for 

small molecule CNS drug discovery. Expert Opin. Ther. Targets 2015, 19, 1059–1072, 

doi:10.1517/14728222.2015.1042364. 

11. Banks, W.A. From blood-brain barrier to blood-brain interface: New opportunities for CNS drug delivery. 

Nat. Rev. Drug Discov. 2016, 15, 275–292, doi:10.1038/nrd.2015.21. 

12. Enerson, B.E.; Drewes, L.R. The rat blood-brain barrier transcriptome. J. Cereb. Blood Flow Metab. 2006, 26, 

959–973, doi:10.1038/sj.jcbfm.9600249. 

13. Daneman, R.; Zhou, L.; Agalliu, D.; Cahoy, J.D.; Kaushal, A.; Barres, B.A. The mouse blood-brain barrier 

transcriptome: A new resource for understanding the development and function of brain endothelial cells. 

PLoS ONE 2010, 5, e13741, doi:10.1371/journal.pone.0013741. 

14. Shawahna, R.; Uchida, Y.; Declèves, X.; Ohtsuki, S.; Yousif, S.; Dauchy, S.; Jacob, A.; Chassoux, F.; Daumas-

Duport, C.; Couraud, P.O.; et al. Transcriptomic and quantitative proteomic analysis of transporters and 

drug metabolizing enzymes in freshly isolated human brain microvessels. Mol. Pharm. 2011, 8, 1332–1341, 

doi:10.1021/mp200129p. 

15. Veszelka, S.; Tóth, A.; Walter, F.R.; Tóth, A.E.; Gróf, I.; Mészáros, M.; Bocsik, A.; Hellinger, E.; Vastag, M.; 

Rákhely, G.; et al. Comparison of a Rat Primary Cell-Based Blood-Brain Barrier Model With Epithelial and 

Brain Endothelial Cell Lines: Gene Expression and Drug Transport. Front. Mol. Neurosci. 2018, 11, 166, 

doi:10.3389/fnmol.2018.00166. 

16. Rask-Andersen, M.; Masuram, S.; Fredriksson, R.; Schioth, H.B. Solute carriers as drug targets: Current 

use, clinical trials and prospective. Mol. Asp. Med. 2013, 34, 702–710, doi:10.1016/j.mam.2012.07.015. 

17. César-Razquin, A.; Snijder, B.; Frappier-Brinton, T.; Isserlin, R.; Gyimesi, G.; Bai, X.; Reithmeier, R.A.; 

Hepworth, D.; Hediger, M.A.; Edwards, A.M.; et al. A Call for Systematic Research on Solute Carriers. Cell 

2015, 162, 478–487, doi:10.1016/j.cell.2015.07.022. 

18. Gaillard, P.J.; Appeldoorn, C.C.; Rip, J.; Dorland, R.; van der Pol, S.M.; Kooij, G.; de Vries, H.E.; Reijerkerk, 

A. Enhanced brain delivery of liposomal methylprednisolone improved therapeutic efficacy in a model of 

neuroinflammation. J. Control. Release 2012, 164, 364–369, doi:10.1016/j.jconrel.2012.06.022. 

19. Gaillard, P.J.; Appeldoorn, C.C.; Dorland, R.; van Kregten, J.; Manca, F.; Vugts, D.J.; Windhorst, B.; van 

Dongen, G.A.; de Vries, H.E.; Maussang, D.; et al. Pharmacokinetics, brain delivery, and efficacy in brain 

tumor-bearing mice of glutathione pegylated liposomal doxorubicin (2B3–101). PLoS ONE 2014, 9, e82331, 

doi:10.1371/journal.pone.0082331. 

20. Lindqvist, A.; Rip, J.; van Kregten, J.; Gaillard, P.J.; Hammarlund-Udenaes, M. In vivo Functional 

Evaluation of Increased Brain Delivery of the Opioid Peptide DAMGO by Glutathione-PEGylated 

Liposomes. Pharm. Res. 2016, 33, 177–185, doi:10.1007/s11095–015-1774-3. 

21. Mészáros, M.; Porkoláb, G.; Kiss, L.; Pilbat, A.M.; Kóta, Z.; Kupihár, Z.; Kéri, A.; Galbács, G.; Siklós, L.; 

Tóth, A.; et al. Niosomes decorated with dual ligands targeting brain endothelial transporters increase 

cargo penetration across the blood-brain barrier. Eur. J. Pharm. Sci. 2018, 123, 228–240, 

doi:10.1016/j.ejps.2018.07.042. 



Pharmaceutics 2020, 12, 635 21 of 23 

 

22. Neuwelt, E.A.; Bauer, B.; Fahlke, C.; Fricker, G.; Iadecola, C.; Janigro, D.; Leybaert, L.; Molnar, Z.; 

O'Donnell, M.E.; Povlishock, J.T.; et al. Engaging neuroscience to advance translational research in brain 

barrier biology. Nat. Rev. Neurosci. 2011, 12, 169–182, doi:10.1038/nrn2995. 

23. Sweeney, M.D.; Zhao, Z.; Montagne, A.; Nelson, A.R.; Zlokovic, B.V. Blood-Brain Barrier: From Physiology 

to Disease and Back. Physiol. Rev. 2019, 99, 21–78, doi:10.1152/physrev.00050.2017. 

24. Gromnicova, R.; Davies, H.A.; Sreekanthreddy, P.; Romero, I.A.; Lund, T.; Roitt, I.M.; Phillips, J.B.; Male, 

D.K. Glucose-coated gold nanoparticles transfer across human brain endothelium and enter astrocytes in 

vitro. PLoS ONE 2013, 8, e81043, doi:10.1371/journal.pone.0081043. 

25. Moscariello, P.; Ng, D.Y.W.; Jansen, M.; Weil, T.; Luhmann, H.J.; Hedrich, J. Brain Delivery of 

Multifunctional Dendrimer Protein Bioconjugates. Adv. Sci. 2018, 5, 1700897, doi:10.1002/advs.201700897. 

26. Surnar, B.; Basu, U.; Banik, B.; Ahmad, A.; Marples, B.; Kolishetti, N.; Dhar, S. Nanotechnology-mediated 

crossing of two impermeable membranes to modulate the stars of the neurovascular unit for 

neuroprotection. Proc. Natl. Acad. Sci. USA 2018, 115, E12333–E12342, doi:10.1073/pnas.1816429115. 

27. Nakagawa, S.; Deli, M.A.; Kawaguchi, H.; Shimizudani, T.; Shimono, T.; Kittel, Á.; Tanaka, K.; Niwa, M. A 

new blood-brain barrier model using primary rat brain endothelial cells, pericytes and astrocytes. 

Neurochem. Int. 2009, 54, 253–263, doi:10.1016/j.neuint.2008.12.002. 

28. Barna, L.; Walter, F.R.; Harazin, A.; Bocsik, A.; Kincses, A.; Tubak, V.; Jósvay, K.; Zvara, A.; Campos-

Bedolla, P.; Deli, M.A. Simvastatin, edaravone and dexamethasone protect against kainate-induced brain 

endothelial cell damage. Fluids Barriers CNS 2020, 17, 5, doi:10.1186/s12987-019-0166-1. 

29. Perrière, N.; Demeuse, P.; Garcia, E.; Regina, A.; Debray, M.; Andreux, J.P.; Couvreur, P.; Scherrmann, J.M.; 

Temsamani, J.; Couraud, P.O.; et al. Puromycin-based purification of rat brain capillary endothelial cell 

cultures. Effect on the expression of blood-brain barrier-specific properties. J. Neurochem. 2005, 93, 279–289, 

doi:10.1111/j.1471-4159.2004.03020.x. 

30. Walter, F.R.; Valkai, S.; Kincses, A.; Petneházi, A.; Czeller, T.; Veszelka, S.; Ormos, P.; Deli, M.A.; Dér, A. 

A versatile lab-on-a-chip tool for modeling biological barriers. Sens. Actuators B Chem. 2016, 222, 1209–1219, 

doi:10.1016/j.snb.2015.07.110. 

31. Vandenhaute, E.; Dehouck, L.; Boucau, M.C.; Sevin, E.; Uzbekov, R.; Tardivel, M.; Gosselet, F.; Fenart, L.; 

Cecchelli, R.; Dehouck, M.P. Modelling the neurovascular unit and the blood-brain barrier with the unique 

function of pericytes. Curr. Neurovasc. Res. 2011, 8, 258–269, doi:10.2174/156720211798121016. 

32. Weksler, B.B.; Subileau, E.A.; Perrière, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; 

Nicotra, A.; Bourdoulous, S.; Turowski, P.; et al. Blood-brain barrier-specific properties of a human adult 

brain endothelial cell line. FASEB J. 2005, 19, 1872–1874, doi:10.1096/fj.04-3458fje. 

33. Liebner, S.; Corada, M.; Bangsow, T.; Babbage, J.; Taddei, A.; Czupalla, C.J.; Reis, M.; Felici, A.; Wolburg, 

H.; Fruttiger, M.; et al. Wnt/beta-catenin signaling controls development of the blood-brain barrier. J. Cell 

Biol. 2008, 183, 409–417, doi:10.1083/jcb.200806024. 

34. Kovalevich, J.; Langford, D. Considerations for the use of SH-SY5Y neuroblastoma cells in neurobiology. 

Methods Mol. Biol. 2013, 1078, 9–21, doi:10.1007/978-1-62703-640-5_2. 

35. Veszelka, S.; Mészáros, M.; Kiss, L.; Kóta, Z.; Páli, T.; Hoyk, Z.; Bozsó, Z.; Fülöp, L.; Tóth, A.; Rákhely, G.; 

et al. Biotin and Glutathione Targeting of Solid Nanoparticles to Cross Human Brain Endothelial Cells. 

Curr. Pharm. Des. 2017, 23, 4198–4205, doi:10.2174/1381612823666170727144450. 

36. Toth, A.E.; Toth, A.; Walter, F.R.; Kiss, L.; Veszelka, S.; Ozsvari, B.; Puskas, L.G.; Heimesaat, M.M.; Dohgu, 

S.; Kataoka, Y.; et al. Compounds blocking methylglyoxal-induced protein modification and brain 

endothelial injury. Arch. Med. Res. 2014, 45, 753–764, doi:10.1016/j.arcmed.2014.10.009. 

37. Liu, D.; Li, Y.; Deng, J.; Yang, W. Helix-sense-selective polymerization of achiral substituted acetylene in 

chiral micelles for preparing optically active polymer nanoparticles: Effects of chiral emulsifiers. Polymer 

2014, 55, 840–847, doi:10.1016/j.polymer.2013.12.050. 

38. Hutter, J.L.; Bechhoefer, J. Calibration of atomic-force microscope tips. Rev. Sci. Instrum. 1993, 64, 1868–

1873, doi:10.1063/1.1143970. 

39. Sader, J.E.; Chon, J.W.M.; Mulvaney, P. Calibration of rectangular atomic force microscope cantilevers. Rev. 

Sci. Instrum. 1999, 70, 3967–3969, doi:10.1063/1.1150021. 

40. Aekbote, B.L.; Jacak, J.; Schütz, G.J.; Csányi, E.; Szegletes, Z.; Ormos, P.; Kelemen, L. Aminosilane-based 

functionalization of two-photon polymerized 3D SU-8 microstructures. Eur. Polym. J. 2012, 48, 1745–1754, 

doi:10.1016/j.eurpolymj.2012.06.011. 



Pharmaceutics 2020, 12, 635 22 of 23 

 

41. Harazin, A.; Bocsik, A.; Barna, L.; Kincses, A.; Váradi, J.; Fenyvesi, F.; Tubak, V.; Deli, M.A.; Vecsernyés, 

M. Protection of cultured brain endothelial cells from cytokine-induced damage by alpha-melanocyte 

stimulating hormone. PeerJ 2018, 6, e4774, doi:10.7717/peerj.4774. 

42. Kiss, L.; Walter, F.R.; Bocsik, A.; Veszelka, S.; Ozsvári, B.; Puskás, G.L.; Szabó-Révész, P.; Deli, M.A. Kinetic 

Analysis of the Toxicity of Pharmaceutical Excipients Cremophor EL and RH40 on Endothelial and 

Epithelial Cells. J. Pharm. Sci. 2013, 102, 1173–1181, doi:10.1002/jps.23458. 

43. Bocsik, A.; Walter, F.R.; Gyebrovszki, A.; Fülöp, L.; Blasig, I.; Dabrowski, S.; Ötvös, F.; Tóth, A.; Rákhely, 

G.; Veszelka, S.; et al. Reversible Opening of Intercellular Junctions of Intestinal Epithelial and Brain 

Endothelial Cells With Tight Junction Modulator Peptides. J. Pharm. Sci. 2016, 105, 754–765, 

doi:10.1016/j.xphs.2015.11.018. 

44. Fiorentino, I.; Gualtieri, R.; Barbato, V.; Mollo, V.; Braun, S.; Angrisani, A.; Turano, M.; Furia, M.; Netti, 

P.A.; Guarnieri, D.; et al. Energy independent uptake and release of polystyrene nanoparticles in primary 

mammalian cell cultures. Exp. Cell Res. 2015, 330, 240–247, doi:10.1016/j.yexcr.2014.09.017. 

45. Ivanov, A.I. Pharmacological inhibition of endocytic pathways: Is it specific enough to be useful? Methods 

Mol. Biol. 2008, 440, 15–33, doi:10.1007/978-1-59745-178-9_2. 

46. Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O'Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; 

Caneda, C.; Ruderisch, N.; et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, 

and vascular cells of the cerebral cortex. J. Neurosci. 2014, 34, 11929–11947, doi:10.1523/JNEUROSCI.1860-

14.2014. 

47. He, L.; Vanlandewijck, M.; Raschperger, E.; Andaloussi Mae, M.; Jung, B.; Lebouvier, T.; Ando, K.; 

Hofmann, J.; Keller, A.; Betsholtz, C. Analysis of the brain mural cell transcriptome. Sci. Rep. 2016, 6, 35108, 

doi:10.1038/srep35108. 

48. He, L.; Vanlandewijck, M.; Mae, M.A.; Andrae, J.; Ando, K.; Del Gaudio, F.; Nahar, K.; Lebouvier, T.; 

Lavina, B.; Gouveia, L.; et al. Single-cell RNA sequencing of mouse brain and lung vascular and vessel-

associated cell types. Sci. Data 2018, 5, 180160, doi:10.1038/sdata.2018.160. 

49. Chasseigneaux, S.; Moraca, Y.; Cochois-Guégan, V.; Boulay, A.C.; Gilbert, A.; Le Crom, S.; Blugeon, C.; 

Firmo, C.; Cisternino, S.; Laplanche, J.L.; et al. Isolation and differential transcriptome of vascular smooth 

muscle cells and mid-capillary pericytes from the rat brain. Sci. Rep. 2018, 8, 12272, doi:10.1038/s41598-018-

30739-5. 

50. Yamamoto, T.; Nishizaki, I.; Nukada, T.; Kamegaya, E.; Furuya, S.; Hirabayashi, Y.; Ikeda, K.; Hata, H.; 

Kobayashi, H.; Sora, I.; et al. Functional identification of ASCT1 neutral amino acid transporter as the 

predominant system for the uptake of L-serine in rat neurons in primary culture. Neurosci. Res. 2004, 49, 

101–111, doi:10.1016/j.neures.2004.02.004. 

51. Lyck, R.; Ruderisch, N.; Moll, A.G.; Steiner, O.; Cohen, C.D.; Engelhardt, B.; Makrides, V.; Verrey, F. 

Culture-induced changes in blood-brain barrier transcriptome: Implications for amino-acid transporters in 

Vivo. J. Cereb. Blood Flow Metab. 2009, 29, 1491–1502, doi:10.1038/jcbfm.2009.72. 

52. Carl, S.M.; Lindley, D.J.; Das, D.; Couraud, P.O.; Weksler, B.B.; Romero, I.; Mowery, S.A.; Knipp, G.T. ABC 

and SLC transporter expression and Pot substrate characterization across the human CMEC/D3 blood-

brain barrier cell line. Mol. Pharm. 2010, 7, 1057–1068, doi:10.1021/mp900178j. 

53. Kannan, R.; Kuhlenkamp, J.F.; Jeandidier, E.; Trinh, H.; Ookhtens, M.; Kaplowitz, N. Evidence for carrier-

mediated transport of glutathione across the blood-brain barrier in the rat. J. Clin. Investig. 1990, 85, 2009–

2013, doi:10.1172/jci114666. 

54. Zlokovic, B.V.; Mackic, J.B.; McComb, J.G.; Weiss, M.H.; Kaplowitz, N.; Kannan, R. Evidence for 

transcapillary transport of reduced glutathione in vascular perfused guinea-pig brain. Biochem. Biophys. 

Res. Commun. 1994, 201, 402–408, doi:10.1006/bbrc.1994.1715. 

55. Kannan, R.; Chakrabarti, R.; Tang, D.; Kim, K.J.; Kaplowitz, N. GSH transport in human cerebrovascular 

endothelial cells and human astrocytes: Evidence for luminal localization of Na+-dependent GSH transport 

in HCEC. Brain Res. 2000, 852, 374–382, doi:10.1016/s0006-8993(99)02184-8. 

56. Balabanov, R.; Washington, R.; Wagnerova, J.; Dore-Duffy, P. CNS microvascular pericytes express 

macrophage-like function, cell surface integrin alpha M, and macrophage marker ED-2. Microvasc. Res. 

1996, 52, 127–142, doi:10.1006/mvre.1996.0049. 

57. Winkler, E.A.; Bell, R.D.; Zlokovic, B.V. Central nervous system pericytes in health and disease. Nat. 

Neurosci. 2011, 14, 1398–1405, doi:10.1038/nn.2946. 



Pharmaceutics 2020, 12, 635 23 of 23 

 

58. Daneman, R.; Zhou, L.; Kebede, A.A.; Barres, B.A. Pericytes are required for blood-brain barrier integrity 

during embryogenesis. Nature 2010, 468, 562–566, doi:10.1038/nature09513. 

59. Armulik, A.; Genove, G.; Mae, M.; Nisancioglu, M.H.; Wallgard, E.; Niaudet, C.; He, L.; Norlin, J.; 

Lindblom, P.; Strittmatter, K.; et al. Pericytes regulate the blood-brain barrier. Nature 2010, 468, 557–561, 

doi:10.1038/nature09522. 

60. Bell, R.D.; Winkler, E.A.; Sagare, A.P.; Singh, I.; LaRue, B.; Deane, R.; Zlokovic, B.V. Pericytes control key 

neurovascular functions and neuronal phenotype in the adult brain and during brain aging. Neuron 2010, 

68, 409–427, doi:10.1016/j.neuron.2010.09.043. 

61. Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; O'Farrell, F.M.; Buchan, 

A.M.; Lauritzen, M.; Attwell, D. Capillary pericytes regulate cerebral blood flow in health and disease. 

Nature 2014, 508, 55–60, doi:10.1038/nature13165. 

62. Guan, Y.Y.; Luan, X.; Xu, J.R.; Liu, Y.R.; Lu, Q.; Wang, C.; Liu, H.J.; Gao, Y.G.; Chen, H.Z.; Fang, C. Selective 

eradication of tumor vascular pericytes by peptide-conjugated nanoparticles for antiangiogenic therapy of 

melanoma lung metastasis. Biomaterials 2014, 35, 3060–3070, doi:10.1016/j.biomaterials.2013.12.027. 

63. Geldenhuys, W.; Mbimba, T.; Bui, T.; Harrison, K.; Sutariya, V. Brain-targeted delivery of paclitaxel using 

glutathione-coated nanoparticles for brain cancers. J. Drug Target 2011, 19, 837–845, 

doi:10.3109/1061186X.2011.589435. 

64. Grover, A.; Hirani, A.; Pathak, Y.; Sutariya, V. Brain-targeted delivery of docetaxel by glutathione-coated 

nanoparticles for brain cancer. AAPS PharmSciTech 2014, 15, 1562–1568, doi:10.1208/s12249-014-0165-0. 

65. Wu, B.Y.; Liu, R.Y.; So, K.L.; Yu, A.C. Multi-lipofection efficiently transfected genes into astrocytes in 

primary culture. J. Neurosci. Methods 2000, 102, 133–141, doi:10.1016/s0165-0270(00)00285-5. 

66. McKalip, D.; Grenier, M.; Choy, M. Liposomal mediated transfection of mature rat astrocytes in vitro: A 

comparison of ten reagents. Neurosci. Lett. 2000, 295, 64–66, doi:10.1016/S0304-3940(00)01587-1. 

67. Tóth, A.E.; Nielsen, S.S.E.; Tomaka, W.; Abbott, N.J.; Nielsen, M.S. The endo-lysosomal system of bEnd.3 

and hCMEC/D3 brain endothelial cells. Fluids Barriers CNS 2019, 16, 14, doi:10.1186/s12987-019-0134-9. 

68. Paka, G.D.; Ramassamy, C. Optimization of Curcumin-Loaded PEG-PLGA Nanoparticles by GSH 

Functionalization: Investigation of the Internalization Pathway in Neuronal Cells. Mol. Pharm. 2017, 14, 93–

106, doi:10.1021/acs.molpharmaceut.6b00738. 

69. Patel, P.J.; Acharya, N.S.; Acharya, S.R. Development and characterization of glutathione-conjugated 

albumin nanoparticles for improved brain delivery of hydrophilic fluorescent marker. Drug Deliv. 2013, 

20, 143–155, doi:10.3109/10717544.2013.801050. 

70. Maussang, D.; Rip, J.; van Kregten, J.; van den Heuvel, A.; van der Pol, S.; van der Boom, B.; Reijerkerk, A.; 

Chen, L.; de Boer, M.; Gaillard, P.; et al. Glutathione conjugation dose-dependently increases brain-specific 

liposomal drug delivery in vitro and in Vivo. Drug Discov. Today Technol. 2016, 20, 59–69, 

doi:10.1016/j.ddtec.2016.09.003. 

71. Gromnicova, R.; Yilmaz, C.U.; Orhan, N.; Kaya, M.; Davies, H.; Williams, P.; Romero, I.A.; Sharrack, B.; 

Male, D. Localization and mobility of glucose-coated gold nanoparticles within the brain. Nanomedicine 

2016, 11, 617–625, doi:10.2217/nnm.15.215. 

72. Dos Santos Rodrigues, B.; Oue, H.; Banerjee, A.; Kanekiyo, T.; Singh, J. Dual functionalized liposome-

mediated gene delivery across triple co-culture blood brain barrier model and specific in vivo neuronal 

transfection. J. Control. Release 2018, 286, 264–278, doi:10.1016/j.jconrel.2018.07.043. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


