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Abstract: Many potential therapeutic compounds for brain diseases fail to reach their molecular 

targets due to the impermeability of the blood-brain barrier, limiting their clinical development. 

Nanotechnology-based approaches might improve compounds pharmacokinetics by enhancing 

binding to the cerebrovascular endothelium and translocation into the brain. Adsorption of 

apolipoprotein E4 onto polysorbate
®
 80-stabilized nanoparticles to produce a protein corona allows 

the specific targeting of cerebrovascular endothelium. This strategy increased nanoparticle 

translocation into brain parenchyma, and improved brain nanoparticle accumulation 3-fold 

compared to undecorated particles (119.8 vs 40.5 picomoles; p<0.01). Apolipoprotein-enhanced 

nanoparticles have high clinical translational potential and may improve the development of 

nanotechnology-based medicine for a variety of neurological diseases. 
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1. Background 

Pharmacological treatment of brain diseases is a difficult task in and of itself. Incomplete 

understanding of disease etiology and pathophysiology is one of the reasons for the failure of many 

treatments. This increases the complexity in different biomedical research fields, including drug 

discovery and development, by limiting the availability of safe and efficacious therapeutic 

compounds [1-3]. The particular anatomical and physiological features of the brain and the central 

nervous system in general represent a further issue. The brain is provided with different physical 

and metabolic barriers that tightly regulate molecular trafficking. To guarantee its complex 

homeostasis, the blood-brain barrier (BBB) regulates brain influx and efflux from the bloodstream 

of endogenous and exogenous (xenobiotic) compounds, but it is far from being a mere check point 

for molecular trafficking. Research in brain drug discovery and development has been hindered by a 

mistaken vision of the BBB, which for decades has been considered a static lipid membrane made 

of endothelial cells connected by special tight junctions. Now we know that the BBB has many 

interactions with surrounding cells and forms part of a more complex system known as the 

neurovascular unit [4]. 

The concentration of therapeutic compounds in the brain parenchyma depends on various factors, 

but the ability to cross the BBB is of paramount importance. For small organic molecules (< 400 

Da), a correlation between brain concentration and the logarithm of the octanol/water partition 

coefficient has been established [5]. However, most potential central nervous system drugs and 

many approved compounds do not cross the BBB or reach the brain parenchyma in therapeutic 

concentrations [6]. The difficulties encountered in the treatment of brain disease with conventional 

pharmacological tools have created the need for alternative and innovative approaches [7]. 

Nanotechnology-based strategies present enormous potential in drug delivery, but this potential has 

yet to be sufficiently exploited. Delivery systems like liposomes [8], polymer [9] and lipid [10] 

nanoparticles (NPs) have been tailored to cross the BBB and to deliver their cargo in the brain. In 

the late eighties, it was shown that once injected into the systemic circulation, nanometer-sized 
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insoluble particles coated with different surfactants exhibited different organ/tissue distribution [11 

- 13]. This phenomenon was correlated with the hydrophobicity of particle surfaces [14, 15] and it 

was established that biodistribution is affected by NP surface characteristics. In fact, surface 

features influence the physical adsorption of circulating proteins on particle surfaces (both 

qualitatively and quantitatively) and the formation of the so-called protein corona, which strongly 

affects systemic circulation time and body distribution [16-18].  

A fundamental feature of brain targeting NPs is the surface engineering to consent the adhesion to 

the BBB luminal side, transcytosis and brain parenchyma distribution. To this end, different 

strategies have been developed but, up to now, the most reliable has been the covalent 

functionalization of the surface with biomolecules that bind receptors overexpressed on healthy or 

diseased BBB [6]. There is now considerable evidence that this strategy can increase the amount of 

drug delivered to the brain parenchyma, but no products have reached the clinic yet
 
[19, 20]. 

Among the different issues that hamper the clinical development of nanotechnology-based carriers 

for brain targeting, one is surely the physical and chemical complexity of NPs developed at the 

laboratory benches, which makes scale up difficult and creates challenges to ensuring stability for 

the entire shelf life of the product. Functionalization done through spacers covalently bonded to 

functional groups (e.g., -OH, -COOH, -NH2) of the carrier surface is complex to perform on an 

industrial scale, especially given difficulties related to compliance with regulatory restrictions. 

Moreover, NP surface functionalization with monoclonal antibodies (or part of them) or protein 

ligands is complicated by the need to develop side-specific binding strategies and by their marked 

fragility during formulation and product shelf life. 

Here, we report the proof-of-concept of a NP targeting strategy with high translational potential. 

Lipid NPs, made of approved materials, have been functionalized by simply incubating the NP 

suspension with Apolipoprotein E4 (ApoE4), before intravenous administration, by taking 

advantage of the surfactant ability to bind the protein. This approach is supported by the finding that 

using particle surface modification with specific surfactants, such as polysorbate 80, researchers 
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were able to increase the concentration of the peptide dalargin delivered to the brain [21, 22]. The 

mechanism of brain accumulation was credited to a preferential adsorption of certain circulating 

apolipoproteins [23] that bind to specific receptors on the BBB luminal side [24, 25]. Among these 

proteins, ApoE has already been suggested to play a paramount role in the delivery of a number of 

NP-bound drugs across the BBB [26–28]. Therefore, the use of an artificial protein corona made of 

a single targeting protein, ApoE4, is a facile strategy for shortening the time needed to progress 

from the bench to the bed-side. 
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2. Methods 

2.1. Lipid nanoparticle preparation 

Lipid NPs were prepared using the hot high pressure homogenization technique [29]. Cetyl 

palmitate (0.8 g) was melted at 65 °C and slowly added to 40 mL of polysorbate 80 (0.2% w/v) 

saline solution (conditioned at 65 ◦C) under high-speed stirring (8000 rpm) (Ultra Turrax T25 IKA
®

 

Werke GmbH & Co. KG, Staufen, Germany). This emulsion was then processed with a high 

pressure homogenizer (Avestin Emulsiflex C5, Ottawa, Canada) at the same temperature 7 times at 

1500 bar. To prepare Nile red
*
-loaded, DiR

†
-loaded or DiO

‡
-loaded Lipid NPs, Nile red (40 μM), 

DiR (50 µM) or DiO (50 μM) were dispersed in the molten lipid in the dark and allowed to dissolve 

under stirring. Lipid NPs were sterilized using a polyvinylidene fluoride (PVDF) membrane 

(porosity 0.45 µm, Millipore Corporation, USA). To perform the sterilizing filtration, a glass vial 

provided with a rubber stopper and an aluminum seal cap was used. The PVDF membrane was 

placed in a stainless steel filter holder and inserted in the stopper by means of a 19 Gauge needle. A 

second filter (0.45 µm pore size, Corning Incorporated, USA) coupled with a needle was employed 

to allow air escape and avoid vial contamination during filtration. The whole system was sterilized 

at 121 °C for 20 min. The hot emulsion was sampled with a 20 mL glass syringe (Perfectum
®

, 

Popper & Sons Inc., New Hyde Park, NY, USA) and filtered. The vial was finally cooled in an ice 

bath under mild agitation [30]. 

 

2.2. Particles size and morphology determination 

Photon correlation spectroscopy (PCS) analysis was performed at 20 °C in triplicate for 15 min to 

determine particle size. A Nicomp 380 autocorrelator (PSS Inc., Santa Barbara, CA, USA) equipped 

with a Coherent Innova 70-3 (Laser Innovation, Moorpark, CA, USA) argon ion laser was used for 

                                                           
*
 9-diethylamino-5-benzo[α]phenoxazinone; 

†
 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide; 

‡
 3,3'-dioctadecyloxacarbocyanine perchlorate 
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PCS measurements. Samples were prepared by adding 2 µL of the NP suspension to 3 mL of 

ultrapure water. The Nicomp 380 was also employed for the zeta potential evaluation. Samples 

were analyzed in triplicate at 1 V/cm of electric field strength, using an electrode spacing of 0.4 cm. 

Lipid NPs were morphologically characterized by transmission electron microscopy (TEM) (Philips 

EM 400T microscope, Eindhoven, Holland) and scanning electron microscopy (SEM) (Field-

emission microscope Zeiss LEO 1525 equipped with a GEMINI column, Oberkochen, Germany). 

Samples for TEM analysis were prepared by allowing a drop of NP suspension to dry overnight on 

the surface of a 200 mesh Formvar
®
 coated copper grid (TAAB Laboratories Equipment Ltd., 

Aldermaston, England). Samples for SEM analysis were prepared by depositing the suspension 

onto a circular glass slide placed on an aluminum specimen stub covered with a double sided 

adhesive disc. The aqueous phase was dried overnight and then the sample was coated with a 

chromium layer (8 nm thickness) before imaging (Quorum Q150T ES East Grinstead, West Sussex, 

UK). 

 

2.3. Nanoparticle decoration 

Lipid NPs were incubated for 15 minutes at 37 °C with increasing concentrations of recombinant 

human ApoE4, expressed in E. coli corresponding to 5, 10 e 20 µg of protein per mL of NP 

suspension (or 10 mg of lipid NPs). The Lipid NPs-ApoE4 formulations thus obtained were used 

for in vivo experiments. The different Lipid NP-ApoE4 suspensions were characterized in terms of 

particle size and zeta potential as described above and data were analyzed using t-test prism. 

 

2.4. The micro bicinchoninic acid assay 

The micro bicinchoninic acid (micro BCA) assay was performed to evaluate the amount of ApoE4 

adsorbed on Lipid NP surfaces. The suspensions (4 mL) containing different concentrations of 

protein were centrifuged at 6000 g at 4°C for 90 minutes. Clear solution was dried under nitrogen 
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flow and the solid residue dissolved in 1 mL of PBS and analyzed to quantify the protein amount. 

The absence of residual Lipid NPs in the protein solution was confirmed by PCS analysis. The 

assay was carried out using the BCA kit (Sigma Aldrich, Milan Italy) as described by Smith et al. 

[31], using albumin as a standard. The calibration curve was prepared in the concentration range of 

2.5-20 μg/mL (r
2
= 0.9912) and validated using an ApoE4 solution (6 μg/mL) in PBS. 

 

2.5. Animals 

Male BALB/c mice, 6-8 weeks old, were purchased from Harlan Laboratories (Italy). They were 

housed in plastic cages, food and water were administered ad libitum and conventional conditions 

for laboratory animal care were respected (temperature 19–21°C, humidity 40–70%, 12h light/dark 

cycle). Mice were fed with chlorophyll-free food to avoid interference during fluorescence 

detection. All animal studies were conducted in accordance with the Italian laws (DL 116/92) and 

protocols were approved by the Institutional Animal Care and Use Committee of the University of 

Milano-Bicocca (ethical approval n. 0025798/12).  

 

2.6. In vivo treatments 

Six mice were randomly divided into three groups and administered intravenously with 100 µL of 

Lipid NPs (33 mg/Kg of total lipids) loaded with 50 µM of DiR and decorated with 5, 10 or 20 µg 

of ApoE4 per mL of suspension (2 mice/group). As a control, 2 mice were treated with 100 µL of 

50 µM DiR by IV injection. The fluorescence in the brain was evaluated 30 min after the injection 

by means of Fluorescence Molecular Tomography system (FMT1500, Perkin Elmer). Mice were 

kept under controlled general anaesthesia (isoflurane 2.5% - O2 70% - NO2 30%) during the entire 

fluorescence detection procedure, to spare them discomfort. The total amount (in picomoles) of 

fluorophore in a region of interest (ROI) was calculated by the provided TrueQuant software 

(Perkin Elmer) using previously generated standards of the appropriate dye [32]. An operator 
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unaware of the experimental origin of the specimens drew ROI in a blind manner in order to 

eliminate any operator bias. The performance of the most promising formulation was compared to 

non-decorated DiR-loaded Lipid NPs and the brain accumulation was assessed 30 min and 90 min 

after the IV administration (8 mice/ group, Lipid NPs vs Lipid NPs-ApoE4-treated mice). 

 

2.7. Brain slice preparation and immunohistochemistry 

Seven BALB/c mice were treated with 100 µL of Nile red-loaded Lipid NPs-ApoE4 (5 µg of 

ApoE4/mL of Lipid NPs) by IV administration. Thirty minutes after the administration, mice were 

euthanized by cervical dislocation and brains were collected and fixed in 10% formalin solution. 

Brains were cut into coronal 100 µm sections using a microtome (Electron Microscopy Sciences). 

For immunohistochemistry assay, floating sections were incubated with primary rabbit polyclonal 

anti- glial fibrillary acidic protein (GFAP) antibody (Dako, Milan, Italy) diluted 1:500 in 1% NGS, 

0,1% BSA, 0,1% Triton X-100 in PBS for 24 hours at 4°C, under gentle agitation. Brain slices were 

rinsed with PBS buffer, incubated with Alexa Fluor 488 goat anti-rabbit antibodies (1:600 in NGS 

1%, BSA 0,1% in PBS) for 2 hours at room temperature under continuous agitation, washed in PBS 

and mounted on microscope slides using ProLong Gold antifade reagent (Life Technologies). 

confocal laser scanning microscopy (CLSM) pictures were taken using an LSM710 inverted 

confocal laser scanning microscope equipped with a Plan-Neofluar 63×/1.4 oil objective (Carl 

Zeiss, Oberkochen, Germany). Excitation was performed using Ar-laser diode (540 nm) and 

ultraviolet and visible (405–488 nm) 25 mV laser diodes. The pinhole was set to 1AU. Image 

acquisition was done sequentially to minimize cross-talk between the fluorophores. 

 

2.8. Cell culture 

Human cerebral microvascular endothelial cells (hCMEC/D3) were obtained from the Institut 

Cochin (INSERM, Paris, France). Cells at passages between 27 and 37 were grown on tissue culture 
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flasks, covered with 0.1 mg/ml rat tail collagen type 1, in EndoGRO-MV complete medium (Merck 

Millipore) supplemented with 1 ng/ml basic FGF and 1% Penicillin-Streptomycin (Life 

Technologies). Cells were seeded at a density of 24,000-33,000 cells/cm
2
 and cultured at 37°C, 5% 

CO2. For flow cytometry analysis, cells were cultured on type 1 collagen-coated 12-well plates; 

confluent hCMEC/D3 monolayers were obtained typically by day 3. 

 

2.9. Cellular uptake of Lipid NPs-ApoE4 by hCMEC/D3 

Cells were incubated with DiO-labelled Lipid NPs-ApoE4 (5 µg of ApoE4/mL of Lipid NPs), 0.1 

mg/mL of total lipids, up to 24 h. At different time points (30 min, 90 min, 3 h and 24 h), cells were 

detached using trypsin/EDTA and the cell-associated fluorescence was measured by means of 

FACS analysis. For inhibition experiments, hCMEC/D3 were pre-incubated with the following 

pharmacological inhibitors in PBS: amiloride (100 µM), filipin (3µM) or chlorpromazine (30 µM). 

After 30 min, PBS was removed and replaced with DiO-labelled Lipid NPs-ApoE4 (5 µg of 

ApoE4/mL of lipid NPs), 0.1 mg/ml of total lipids, in PBS supplemented with inhibitors for 3 h at 

37°C. Then, cells were prepared for FACS analysis. For competition experiments, cells were 

incubated for 30 min at 37°C with DiO-labelled Lipid NPs-ApoE4 (5 µg of ApoE4/mL of Lipid 

NPs) and increasing amount of free ApoE4, ranging from 0.05 to 2.4 µg/mL. Then, the cell 

associated fluorescence was measured by FACS analysis. Data corresponding to 20,000 events in a 

user-determined area were collected for every experimental condition. Samples were analyzed using 

DIVA software on a FACSCanto I (BD Biosciences, San Jose, California). 

 

2.10. Statistical analysis 

Data were expressed as mean ± standard deviation (SD) and analyzed by Student’s t test. A p-value 

< 0.05 was considered significant. 
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3. Results 

3.1. Nanoparticle characterization and decoration 

Lipid NPs had a mean hydrodynamic diameter of about 180 nm (95.9% of scattering intensity) and 

a ζ-potential of 7.8 mV. A second population of smaller size (~ 45 nm, 4.1% of scattering intensity) 

was recorded and ascribed to the presence of polysorbate 80 micelles (Fig. 1). The presence of 

micelles in the Lipid NP dispersion is due to a surfactant concentration higher than the critical 

micellar concentration, previously recorded in the range 0.0015-0.0036% w/v [33]. 

The incubation of Lipid NPs with ApoE4 increased the hydrodynamic diameter by about 25 nm, 

confirming the adsorption on Lipid NP surfaces. No direct correlation between protein amount and 

particle size increase was observed (data not shown). In the specific case of 5 μg of protein/mL, the 

mean hydrodynamic diameter shifted from 184 nm to 211 nm (Fig. 1) (95% confidence interval for 

the differences between means from 19.64 to 34.03). ζ-potential was inverted from slightly positive 

(7.8 ± 1.6 mV) to slightly negative (-10.0 ± 0.7 mV) (Fig. 1). 

 

Figure 1. Particle size distribution by PCS and ζ-potential data of non-decorated and ApoE4 decorated Lipid 

NPs (ApoE4, 5 µg/mL). 
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TEM and SEM photomicrographs confirmed the NP size estimated by PCS (Fig. 2). Particles 

appeared as spherical objects with a smooth surface (Fig. 2C, D) and the presence of aggregates in 

the TEM photomicrographs was due to particle spatial rearrangement during water vaporization for 

sample drying (Fig. 2A, B) [34]. 

 

 

Figure 2. TEM (A and B) and SEM (C and D) photographs of Lipid NPs at different magnifications. 

 

3.2. Nanoparticle brain uptake in vivo 

In a pilot study, extemporaneous protein coronas were obtained by incubating Lipid NP with 

increasing concentrations of ApoE4 (5, 10, and 20 μg of protein per mL of NP suspension). Thirty 

minutes after intravenous injection, the brain-targeting ability and the accumulation in the abdomen 

(i.e., liver and intestine) of the different formulations were investigated by means of FMT imaging. 

(Fig. 3).  
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Figure 3. Representative images of fluorescence distribution to the brain (a - c) and to the abdomen (a’ - c’) 

30 min after intravenous administration of Lipid NPs decorated with 5 (a, a’), 10 (b, b’) and 20 μg (c, c’) of 

ApoE4 per mL of dispersion. 

 

Interestingly, an inverse correlation was observed between the concentration of ApoE4 in NP 

suspension and the fluorescence detected in the brain. Indeed, by increasing the amount of ApoE4 

up to 10 or 20 µg per mL of dispersion, a reduction of the brain fluorescence was measured (Fig. 

4A, red line). The opposite trend was observed in both the liver and the intestine: by increasing the 

amount of ApoE4 in the NP dispersion the amount of fluorescence detected increased. It is worth 

noting that the amount of protein adsorbed on NP surfaces increased slightly by increasing the 

ApoE4 concentration and the highest yield of adsorption was obtained by adding 5 μg of protein 

(4.31 μg; 86.2%). The percentage decreased to 51.8% (5.18 μg) and 30.5% (6.11 μg) by adding 10 

and 20 ug/mL of protein, respectively. Therefore, the amount of lipid-free ApoE4 in the NP 

suspensions containing 10 and 20 µg/mL of protein was, respectively, about 7- and 20-fold higher 

than the protein amount in the formulation containing 5 μg/mL of ApoE4. This excess of free 

protein (lipid-free ApoE4) reduced brain uptake by about 4 and 26 times if compared with the best 

performing formulation (Fig. 4A).  
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Figure 4. Quantification of Lipid NPs-ApoE4 in the brain and in the abdomen. (A) Correlation between 

brain uptake (red line) of Lipid NPs-ApoE4 prepared by adding 5, 10 and 20 µg/mL of protein and the 

amount of ApoE4 adsorbed on Lipid NP surface (grey columns). (B) Brain-to-liver ratio and (C) brain-to-

intestine fluorescence ratio obtained with Lipid NPs decorated with increasing concentration of ApoE4.  
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The fluorescence accumulation in the abdomen increased by increasing the amount of ApoE4 in the 

suspension. Indeed, the brain-to-liver ratio decreased from about 0.045 to 0.005 by increasing the 

amount of ApoE4 from 5 to 20 μg/mL of Lipid NP suspension (Fig. 4B). The same trend was 

observed for the brain-to-intestine fluorescence ratio (Fig. 4C). 

The ability of the artificial protein corona made of 5 µg of ApoE4/mL of suspension to improve 

Lipid NP brain targeting was assessed by measuring the amount of fluorescence detected in the 

brain after IV administration of decorated (5 µg of ApoE4/mL of Lipid NPs dispersion) and non-

decorated formulations (Fig. 5A). Within 30 min from injection, about 1% of the dose of non-

decorated Lipid NPs was able to accumulate in the brain. Fluorescence intensity was reduced by 

half in the following hour. In contrast, ApoE4 decorated Lipid NPs (5µg/mL of Lipid NPs) showed 

a 3-fold higher brain accumulation 30 min after injection; 90 min after administration, the 

fluorescence was still higher but not significant (Fig. 5B). 

Fluorescent dye directly injected into mice systemic circulation could not be detected in the brain at 

the investigated time points (data not shown). 
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Figure 5. Comparison between fluorescence in the brain of non-decorated and ApoE4-decorated Lipid NPs. 

(A) Mice were treated with 100 µL of non-decorated Lipid NPs or Lipid NPs-ApoE4 (ApoE4: 5 µg/mL) by 

IV injection and each mouse was analyzed 30 min (upper panels) and 90 min (lower panels) after the 

administration. (B) Quantification of fluorescence (pmol) in the selected region of interest. * p<0.01 by 

Student’s t test  

 

To assess the localization of particles in the brain and to ascertain whether Lipid NPs are simply 

associated with the endothelium or instead are effectively translocated into the brain parenchyma, 
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the distribution of decorated fluorescent NPs (5 µg/mL of ApoE4) in the cerebral cortex was 

evaluated by CLSM. The staining of glial fibrillary acidic protein (GFAP) was performed to 

identify blood vessel coverage by astrocytic perivascular processes. Thirty minutes after 

administration, Lipid NPs-ApoE4 were clearly located both within the brain blood vessels and in 

the brain, confirming the ability to cross the BBB and to reach the parenchyma (Fig. 6). 

 

 

Figure 6. Lipid NPs-ApoE4 distribution in the mouse cortex. (A) 30 min after the IV administration of Nile 

red-loaded Lipid NPs-ApoE4, 5 µg/mL of ApoE4, (red spots), the fluorescence was detectable both in brain 

capillaries and in the brain parenchyma. Astrocyte intermediate filaments were stained using anti-GFAP 

antibody (green signal). (B) Magnification of Lipid NPs-ApoE4 aggregates in brain parenchyma. (C) 

Magnification of Lipid NPs-ApoE4 in cerebral blood capillaries. 

 

3.4. Nanoparticle uptake mechanisms 

To gain insights into the internalization mechanism/s responsible for BBB crossing and brain 

accumulation, fluorescent Lipid NPs decorated with 5 µg/mL of ApoE4 were incubated with 

hCMEC/D3 and the fluorescence was monitored by fluorescence-activated cell sorting (FACS) over 

time and after blocking specific endocytosis/macropinocytosis pathways. 
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Up to 3 h after incubation, cell associated fluorescence increased sharply, while it remained almost 

stable for the following hours up to 24 h (Fig. 7A). The treatment of hCMEC/D3 with 

chlorpromazine, which inhibits the development of clathrin-coated pits, reduced the cell-associated 

fluorescence by 58.78% (p<0.001) while the incubation with filipin produced a fluorescence 

reduction of 7.73% (p<0.01). The incubation with amiloride did not induce statistically significant 

changes in the cellular uptake of ApoE4 decorated NPs, suggesting a negligible involvement of  

macropinocytosis in the uptake mechanisms (Fig. 7B).  

To prove the involvement of a receptor-mediated internalization mechanism and the competition of 

ApoE4 in NP uptake, cells were incubated with fluorescent NPs decorated with 5 µg of ApoE4 and 

different amounts of lipid-free ApoE4 (corresponding to non-adsorbed protein in suspensions added 

with 10 and 20 µg/mL of ApoE4). Results showed that the cell-associated fluorescence decreased 

by about 15% and 23% with the same amount of free ApoE in suspensions added with 10 and 20 

µg/mL, while higher ApoE4 amounts did not evidenced a further significant reduction of NP uptake 

(Fig 7C). 
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Figure 7. Uptake of Lipid NPs-ApoE4 by hCMEC/D3 cells. A) Time-dependent internalization of DiO-

loaded Lipid NPs-ApoE4 (5 µg/mL of ApoE4) assessed by FACS analysis. B) Pathways involved in the 

uptake of DiO-loaded Lipid NPs-ApoE4 (5 µg/mL of ApoE4) by hCMEC/D3 cells were investigated by 

FACS analysis after incubation of cells with amiloride, filipin or chlorpromazine for 3 h. * p<0.01, ** 

p<0.001 by Student’s t test. C) Uptake of Lipid NPs-ApoE4 by hCMEC/D3 cells in presence of different 

amounts of free ApoE4 (ApoE4 non-adsorbed to Lipid NP surface). 

4. Discussion 
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Brain drug development suffers from the failure of many potential therapeutic compounds to reach 

their molecular targets in the brain parenchyma. NPs, if appropriately decorated on their surface, are 

able to be taken up by brain endothelial cells and to be delivered in the brain. Even though 

extensive research on functionalized particles for drug targeting has been underway for the last two 

decades, no products for brain targeting based on this strategy have been approved [35]. Two main 

reasons for the clinical failure of many targeted NPs are their low stability and the cost and tedium 

of their multi-step preparation procedures [36]. 

Here, we report the proof-of-concept of an NP targeting strategy with high translational potential. 

Lipid NPs have been functionalized by simply incubating the NP suspension with ApoE4, before 

intravenous administration, by taking advantage of the surfactant ability to bind the protein. This 

approach may seem trivial, but we believe that its simplicity is actually the real strength of the idea. 

Both components can be produced and sterilized on an industrial scale and their shelf life is suitable 

for commercialization. 

Doktorovová, reviewing the literature on lipid-based NPs, found that the 75% of the reports confirm 

that these carriers are safe, and noted that only negligible adverse events have been reported [37]. 

The toxicological profile of these NPs strongly depends on the lipids and surfactants used for the 

particle production. In this work, cetyl palmitate was selected as material for Lipid NP production 

due to its high tolerability after intravenous administration in mice compared to other lipids, such as 

Compritol
®
 [38]. Moreover, cetyl palmitate is quickly degraded by lipases and stearases, and the 

latter do not accumulate in the liver and spleen, thus making it possible to avoid acute or chronic 

pathological alterations after intravenous administration [38, 39]. Polysorbate 80, which has already 

been approved for commercial parenteral formulations such as Taxotere
®
 [39, 40] was chosen as 

surfactant. Lipid NPs can be easily prepared by high pressure homogenization, a technique already 

available on industrial scale, which allows the production of stable particles in the nanometer-size 

range with quality comparable to that of commercial fat emulsions for parenteral use [29, 30]. The 
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surface decoration with ApoE4 conferred to Lipid NPs a slightly negative ζ-potential that might be 

advantageous for mimicking endogenous lipoproteins [41, 42]. 

The data reported here showed that 30 min after intravenous injection, the 1% of the administered 

dose of non-decorated Lipid NPs was able to reach the brain, probably due to the adsorption of 

apolipoproteins present in the blood [23]. On the contrary, the decoration of Lipid NP surface with 

5µg of ApoE4 significantly increased the brain accumulation. Considering that the fluorescent dye 

is not able to accumulate in the brain at a detectable amount, these results are promising. By 

increasing the amount of ApoE4 incubated with Lipid NPs, a strong reduction of brain fluorescence 

was observed. This trend could be explained by the observation that the lower protein concentration 

has a surface saturation effect. Therefore, it seems that the increase in the amount of lipid-free 

ApoE4 (ApoE4 non-adsorbed to Lipid NP surface) in the NP suspension greatly compromises the 

brain uptake. 

It is worth noting that to develop an easy translational procedure, ApoE4 decoration was made 

extemporaneously and the excess of protein was deliberately not removed from the suspension to 

avoid tedious and dangerous steps (i.e., particle aggregation) such as centrifugation and Lipid NP 

re-dispersion. With the described procedure, the higher the amount of protein added to Lipid NP 

suspension, the higher the amount of free (non-adsorbed on NP surface) protein in the administered 

dose. Depending on the receptor involved in Lipid NP uptake and translocation, lipid-free ApoE4 

may be able to compete with ApoE4 decorated Lipid NPs at the BBB luminal side, thus decreasing 

the brain uptake of decorated particles.  

The low-density lipoprotein (LDL) receptor family has a main role in the uptake of cholesterol and 

other lipids to the brain, as well as in the trafficking of the prion protein and amyloid β. In 

particular, LDL receptor-related protein 1 (LRP-1) is one of the main actors of these physiological 

and pathological pathways. LRP-1 receptor is a transmembrane receptor expressed on the BBB 

endothelial cells and in other brain cell types, including neurons, astrocytes and microglia [43]. This 
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receptor is expressed on the luminal and abluminal side of the BBB [44] and is involved in the 

amyloid β clearance, playing a critical role in the elimination of apoptotic cells containing Aβ [45, 

46]. LRP-1 is able to interact with a broad range of ligands, such as ApoE, amyloid precursor 

protein and lactoferrin [43]. Previous data showed that ApoE or Angiopep-2 conjugated NPs may 

use LRP-1 to be translocated into the brain [47, 48]. The LRP-1 receptor binds with high affinity 

ApoE lipid complex but is also able to interact with ApoE4 lipid-free with weak affinity [49]. 

Therefore, the reduction of brain uptake produced by increasing the ApoE4 concentration in lipid 

NP suspensions can be explained by the ability of the LRP-1 receptor to weakly bind the lipid-free 

ApoE4. 

To deeply investigate the interactions occurring between ApoE4 decorated Lipid NPs and the 

blood-brain barrier, an in vitro model of human cerebral microvascular endothelial cells was used. 

A major involvement of clathrin-mediated endocytosis for the uptake of Lipid NPs-ApoE4 was 

observed, as well as a partial competition with lipid-free ApoE4 also at low amount of the free 

protein (corresponding to the non-adsorbed fraction of 10 and 20 µg/mL of lipid dispersion). This 

finding supports the in vivo correlation between the amount of lipid-free ApoE4 in the Lipid NP 

suspension and their brain accumulation. 

It is worth noting that the identification of a unique pathway in NPs uptake still remains a difficult 

task, due to the fact that endocytosis is a redundant process and the blockade of one pathway can 

lead to the up-regulation of the others
 
[50]. The involvement of multiple endocytotic mechanisms 

seems to be the most reliable hypothesis also for NPs designed to exploit receptor-mediated uptake. 

Indeed, the interactions that occur between the NPs and the cell membrane can activate different 

pathways, which share a common intracellular fate [51, 52]. These results corroborate the 

hypothesis of the involvement of LRP-1 receptor that uses clathrin-coated pits for receptor-

mediated uptake [53-55]. In our in vitro studies, ~70% of the uptake was inhibited by blocking 

clathrin and caveolae-coated pits, while it is possible that the remaining ~30% of fluorescent dye 
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enters by different and not well understood mechanisms or simply by diffusion through the cellular 

membrane [56, 57].  

One drawback to this artificial protein corona strategy could be the weakness of the interactions 

between the protein and the Lipid NP surface. NP-protein covalent bonds would allow greater 

stability. However, a protein corona is also expected to be formed over the covalently 

functionalized surface by masking the targeting moiety [58]. The presence of a loose layer of 

protein can be more efficient. In fact, protein adsorption on classical or covalently functionalized 

NP surfaces is an extremely fast process (nanoseconds) while the protein exchange (Vroman effect) 

seems to need a longer time (minutes) to reach equilibrium [59,60]. 

Further studies are needed to characterize the stability of the artificial protein corona in 

physiologically relevant media (plasma and serum) and -more important- in vivo in the circulating 

blood of healthy and diseased animals. In fact, it will be fundamental to understand how the protein 

corona is affected by the shear stress of circulating blood and by the presence peculiar protein 

patterns in ill patients [61,62]. 

In summary, we described a strategy to increase NP brain targeting., with a high clinical 

translational potential. By taking advantage of the tropism of ApoE4 for surfactant coated NPs, an 

extemporaneous artificial protein corona was exploited to target the cerebrovascular endothelium 

and to reach the brain parenchyma by NP translocation. This artificial protein corona, when tested 

in vivo, allowed a significant higher NP brain uptake when compared to undecorated NPs. This 

formulation approach may speed up the clinical development of nanotechnology-based treatments 

for brain disease. 
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Extemporaneous Apolipoprotein E4 decoration allows lipid nanoparticles to cross the blood-brain barrier and to reach 

the brain parenchyma 
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