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A B S T R A C T

Axonal transport is a crucial process in healthy neurons as it supports the intra-cellular movement of nutrients, endogenous substances, and vesicles regulating a 
broad set of biological functions. Notably, this physiological mechanism is efficiently exploited by a variety of viruses to infect multiple cells within the central 
nervous system and, thus, it has been proposed as a strategy to enhance the brain penetrance of macromolecules and nanoparticles. In this work, the retrograde and 
anterograde transport of lipid nanoparticles (LNP) is systematically analyzed in primary hippocampal neurons cultured in compartmentalized microfluidic chips, 
where neurites are left to grow within 150 μm-long channels connecting the somal and synaptic compartments. After characterizing the physico-chemical properties, 
toxicological profile, and cell internalization efficiency, the axonal trafficking of fluorescently labeled LNP was monitored over time via live-cell microscopy. Both 
naïve LNP and apolipoprotein E-coated LNP (ApoE-LNP) were considered under two different experimental configurations, with the LNP being either added to the 
somal or the synaptic compartment for anterograde or retrograde transport analyses, respectively. ApoE-LNP only were very efficiently uptaken by neurons and 
rapidly relocated in a perinuclear position. Also, ApoE-LNP incubated in the somal compartment did not translocate along the neurites (null anterograde transport), 
whereas ApoE-LNP added to the synaptic compartment were detected near the soma already at 30 min post incubation demonstrating retrograde transport velocities 
up to ~ 160 nm/s. This preliminary study suggests that ApoE-LNP could be efficiently used to rapidly transport a variety of therapeutic and imaging cargos from the 
synaptic cleft to the somal compartment.

1. Introduction

Neurons are cells with long axons and dendrites extending out from 
the cell body (soma) and regulating the transfer of information to and 
from the terminal synapses. Within the axons, molecules are transported 
via motor proteins, such as kinesin [1,2] and dynein [3–5], along the 
microtubules in the anterograde (soma to synapse) and retrograde 
(synapse to soma) directions. This process is fundamental to deliver 
newly synthesized substances, such as RNAs, proteins, organelles, and 
other materials, from the cell body to the axon terminals and collect 
aged materials back to the soma for degradation and recycling [1,6]. 
Dysfunction or failure of the axonal transport would inevitably impair a 
variety of neurological functions causing major deficits [7,8]. Notably, 
this same intracellular transport path is exploited by viruses that have 
been selected by nature to invade and efficiently infect the whole central 
nervous system (CNS). These neurotrophic viruses, such as the rabies, 
herpes simplex, varicella-zoster, west nile viruses and the poliovirus, 
have the ability to gain access to individual neurons from peripheral 
axons and translocate to the neuronal cell bodies spreading within the 
CNS via axonal transport [9–14]. Most of them are capable of both 

retrograde and anterograde transport. Interestingly, all these viruses 
have a characteristic size comparable with that of most nanomedicines. 
Specifically, the rabies virus [2] has a bullet shape with an overall length 
of ~200 nm and a cross section of ~100 nm; the herpes simplex [15] and 
varicella-zoster viruses [16] have an overall spherical shape with a 
diameter ranging between 150 and 250 nm, whereas the west nile virus 
[17] and poliovirus [18] have a much smaller diameter in the order of 
50 nm. Inspired by this family of viruses, nanomedicines could be 
designed to exploit both retrograde and anterograde transport mecha
nisms and deliver bioactive molecules within the CNS [19–23], partially 
bypassing the otherwise impermeable blood-brain barrier (BBB) [24]. 
Nanoparticles (NP) can be designed to be uptaken by neurons via 
endocytosis [25], both at the axonal termini and cell body. When uptake 
occurs at the periphery, NP would be transported towards the neurons’ 
body by retrograde transport in endocytic vesicles associated with 
dynein and accumulate in the soma [26]. In general, NP uptake and 
subsequent intra-neuronal transport could be facilitated by the surface 
conjugation of specific targeting moieties [27], such as the non-toxic 
fragments of the tetanus toxin, known as the tetanus toxin C fragment 
(TTC) [28]; and the apolipoprotein E (ApoE), the dominant lipoprotein 
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in the brain [29]. Indeed, TTC-labeled NP were shown in vitro to bind to 
neurons with high specificity and affinity and undergo retrograde 
transport [28]. Also, intracranially administered ApoE-labed LNP were 
shown to enter neurons and successfully silence the expression of spe
cific genes upon small interfering RNA (siRNA) delivery [29]. ApoE 
exposed on LNP allows for a superior uptake in neurons since nano
particles are more prone to bind LDL receptor related protein 1 (LRP1) 
and low density lipoprotein receptor (LDLR), the two main ApoE re
ceptors expressed on neuron plasma membrane [30].

Over the years, a large variety of microfluidic-based chips have been 
proposed to characterize axonal transport in neurons [31–38]. Particu
larly useful are the compartmentalized microfluidic chips presenting 
two chambers (somal and synaptic compartments) connected by mul
tiple hundred micron-long channels. This chip design allows the fluidic 
isolation of the synaptic and somal compartment while guiding the 
growth and development of neuronal axons along the channels them
selves. In these chips, the retrograde or anterograde transport properties 
of man-made and natural particles can be investigated by incubating 
them with the neurons on the synaptic or somal compartment, while 
fluidic isolation ensures that transport occurs along the axons rather 
than via passive diffusion within the culture media. Such microfluidic 
systems have been used for a variety of biophysical assays, including the 
labeling of neurons via a modified rabies virus [37], and the retrograde 
transport of gold [38] or polystyrene NP [36]. Considering the scientific 
and clinical relevance of lipid nanoparticles (LNP) for the cytosolic de
livery of therapeutics, including nucleic acids [39], in our study naïve 
LNP and ApoE-LNP were first synthesized and characterized for their 
physico-chemical properties and toxicity profiles. ApoE-LNP were then 
tested for axonal transport in primary hippocampal neurons, grown in 
compartmentalized microfluidic chips, via live-cell fluorescent 
microscopy.

2. Materials and methods

Materials. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 
1,2-dioleoyl-3-dimethylammonium-propane (DODAP), 1,2-distearoyl- 
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)- 
2000] (DSPE-PEG), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol
amine-N-(lissamine rhodamine B sulfonyl) ammonium (Liss Rhod PE) 
were purchased from Avanti Polar Lipids Inc (Alabaster, AL). Choles
terol was purchased from Merck. Recombinant human apolipoprotein 
E3 (ApoE) was obtained by Peprotech (London, UK).

LNP preparation. The Nanoassemblr Benchtop (Precision Nano
Systems, Vancouver, BC) was used to realize LNP, following standard 
protocols [40]. Briefly, a lipid mixture in ethanol (DODAP, DPPC, 
cholesterol, DSPE-PEG, Liss Rhod PE at 49.9/10/38.5/1.5/0.1 mol 
ratio) was rapidly mixed in the microfluidic chip with citrate buffer (pH 
3.9, 50 mM) at a flow rate ratio (FRR) of 1:4 and a total flow rate (TFR) 
of 2 ml/min. The obtained LNP (1 ml) were dialyzed overnight (Pur-
A-Lyzer Midi, 3.5 kDa MWCO) against PBS pH 7.4 (500 ml), then filter 
sterilized through 0.22 μm PVDF syringe filters (Millipore), and stored at 
4 ◦C until use. Coating with ApoE was performed on the day of the 
experiment by mixing the preformed LNP with ApoE at a total lipid: 
protein ratio of 54:1 (w/w). ApoE was reconstituted following the 
vendor instruction to 1 mg/ml. The ApoE solution was gently pipetted in 
a tube containing the LNP and the mixture was incubated for 5 min at 
37 ◦C to yield ApoE-LNP.

LNP characterization. The hydrodynamic diameter, polydispersity 
index (PdI), and surface ζ-potential of LNP and ApoE-LNP were 
measured using a Malvern Nano-ZS Zetasizer (Malvern, Worcestershire, 
UK), by diluting the samples 1:100 in deionized water. The morphology 
and internal structure of LNP was visualized by cryo-Electron micro
scopy (FEI Tecnai G2-F20). The amount of ApoE adsorbed on the surface 
of LNP was quantified by BCA (Euroclone), after dialyzing the ApoE-LNP 
against PBS for 24 h to remove the unbound ApoE (Float-A-Lyzer G2, 
300 kDa MWCO).

Isolation and culture of primary hippocampal rat neurons. 
Pregnant rats (Sprague–Dawley, Charles River) were anesthetized and 
euthanized by inhalation of CO2. 18-day embryos (E18) were removed 
immediately by cesarean section and sacrificed by decapitation. Brains 
were removed from the skulls and put in cold Hank’s balanced salt so
lution (HBSS). The hemispheres were separated, and the meninges 
removed. The hippocampi were dissected out and incubated in trypsin- 
EDTA at 37◦ for 30 min. The resulting tissue was resuspended in Neu
robasal Medium with 10 % FBS (Fetal Bovine Serum, gibco, Life Tech
nologies), and centrifuged for 5 min at 1200 rpm to completely remove 
and replenish the medium with fresh one. The solution was resuspended 
and filtered to remove clumps and centrifuged for 7 min at 700 rpm to 
remove debris. Then, the medium was completely removed again. 
Finally, fresh Neurobasal Medium (without FBS) was added again to the 
pellet. Eventually, cells were counted and seeded at the desired con
centration. Primary neurons were cultured with complete Neurobasal 
Medium (gibco, Life Technologies, REF. 21103–044) supplemented with 
2 % B-27 (gibco, Life Technologies, REF. 17504–044), 1 % GlutaMAX 
(gibco, Life Technologies, REF35050-038), and 1 % Pen/Strep solution 
(Sigma-Aldrich, P4333) in 12-well plates or in compartmentalized 
microfluidic chips for 7 days to allow the axon/neurites growth prior to 
use in further experiments.

Neurons viability and particle uptake. Following the incubation 
of neurons with LNP or ApoE-LNP for 0.5, 1, and 2 h, the medium was 
removed, and the cells were washed with PBS and incubated with fresh 
Neurobasal Medium with 1 μM Calcein AM (Invitrogen, ThermoFisher, 
C1430). Live cells were detected and quantified based on their green 
intensity (Calcein AM positive, live cells). The intensity of the Calcein 
AM fluorescence was quantified by confocal microscopy (maximum 
projection) using the ImageJ software. Viability was quantified as the 
percentage of viable cells calculated from the fluorescence intensity of 
the Calcein AM signal under different experimental conditions. The LNP 
and ApoE-LNP uptake by neurons was assessed via flow cytometry. For 
this analysis, 80,000 cells were seeded into a 12-well plate and treated 
with LNP and ApoE-LNP at different time point. After the treatment, 
cells were washed with PBS, 200 μl of tripsin EDTA were added to each 
well, the culture was placed inside the incubator for 5 min, and the same 
volume of media was added. Then, cells from 3 different wells were 
resuspended in 200 μl of media, filtered by using a cell strainer (70 μm) 
and placed on ice and vortexed right before the analysis. Flow cytometry 
was performed using a FACS ARIA (Becton Dickinson, USA). The cell 
population was selected setting a scatter gate excluding the negligible 
number of debris and aggregates in the samples and taking into account 
the side scatter shift due to internal complexity changes caused by the 
internalized LNP. The population of cell positive for internalization was 
selected considering the basal level of fluorescence of the untreated 
cells.

Neuron metabolic activity – MTT assay. Cellular metabolism in 2D 
monolayers was evaluated using the MTT assay, following the supplier’s 
instructions. Primary neurons were seeded into a 12-well plate and after 
7 days incubated with LNP or ApoE-LNP for 0.5, 1, and 2 h. At the end of 
the treatment, cells were gently washed with PBS and incubated with 
MTT (0.25 mg/ml) for 3 h. Formazan crystals were dissolved in ethanol 
and the optical density (OD) was read at 490 nm. Cell viability was 
calculated as the difference in OD values obtained for the controls 
(untreated neurons) and the OD measured for the neurons exposed to 
LNP and ApoE-LNP, for all considered time points.

Compartmentalized microfluidic chips. Microfluidic devices with 
150 μm long microchannels preassembled on optically transparent 
plastics (Xona microfluidics, XC150) were coated with 0.5 mg/ml poly- 
D-lysine hydrobromide (Sigma-Aldrich, P6407) at 37 ◦C overnight and 
subsequently washed with sterile deionized water. A suspension of pri
mary neurons with cell density of 5 million/ml was prepared and 20 μl of 
the suspension were plated in the somal compartment of the micro
fluidic device. The axonal/neurite growth was guided by the micro
channels from the somal towards the synaptic compartment. The 
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difference in volume of the solutions between the somal and synaptic 
compartment allowed for the fluidic isolation of the two compartments. 
The microchannels also prevented the passage of cell bodies. This allows 
one to study the axonal transport of NP both in the anterograde and 
retrograde directions. LNP or ApoE-LNP were exposed to neurons in the 
somal or synaptic compartments for 0.5, 1 and 2 h with the objective of 
quantitatively assess their axonal transport properties. After the pre
determined incubation period, the excess of NP was washed away with 
fresh neurobasal medium. At least five microfluidic devices per condi
tion were used and imaged at each time point, and for each channel.

Confocal fluorescence microscopy analysis. Confocal fluores
cence microscopy (Nikon A1R+/A1+; objectives Nikon, 20× or 40×) 
was used to document the organization and viability of hippocampal 
neurons in 2D cultures and in the compartmentalized microfluidic chips 
as well as to localize the NP and track their axonal transport over time. 
Confocal fluorescence microscopy was also used to quantify LNP inter
nalization into cells. After each predetermined time period (0.5, 1, and 2 
h), z-stack sections were acquired using a 40× objective, and maximum 
intensity projection images were generated. Each experiment involved 
the acquisition of a minimum of eight images per condition and was 
repeated at least three times. High-resolution z-stack images were pro
cessed for 3D reconstruction and the fluorescence intensity was 
measured using the NIS-Elements AR (Nikon) software. NP were 
considered internalized by the neurons when their edges were fully 
included in the neurites or the cell body as from the lateral projection 
planes (x− z, z− y) and 3D surface reconstructions. Cell viability with no 
NP (control) at different time points was determined measuring the 
mean fluorescence intensity signal exhibited by Calcein AM. The relative 
position of NP and cell membranes was assessed in 2D or in the micro
fluidic devices to characterize the type of axonal transport.

Immunofluorescence. Primary neurons were fixed using 4 % 

paraformaldehyde in PBS at 37 ◦C for 20 min. Fixative was removed and 
cells were washed three times with PBS for 5 min. Subsequently, neurons 
were permeabilized with 0.1 % Triton X-100 for 30 min and blocked 
with 20× bovine serum albumin in PBS at room temperature for 30 min. 
Cells were then incubated with the primary antibody Anti-Beta III 
Tubulin (Invitrogen, ThermoFisher Scientifics, Cat. AB9354), (1:1000) 
overnight at 4 ◦C. In the following day, neurons were washed three times 
with PBS for 5 min and incubated with the Goat anti-Chicken IgY (H + L) 
secondary antibody (Alexa Fluor 488, Invitrogen, ThermoFisher Scien
tifics, Cat. A11039), (1:500) for 1 h. Finally, DAPI (Thermo Fisher Sci
entific) was added to neurons for 15 min, which were washed several 
times with PBS before confocal microscopy analysis. To compare the 
axonal and somatic uptake of LNP and ApoE-LNP, the normalized in
tensity of the fluorescent signal associated with the nanoparticles 
(fluorescence intensity × area) was measured.

Time-Lapse Microscopy Analysis. For time-lapse microscopy ex
periments, primary neurons seeded into the compartmentalized micro
fluidic device (Xona microfluidics, XC150) were observed as described 
above. A Nikon Eclipse-Ti-E microscope (Nikon Corporation, Japan) was 
used for this analysis. At day in vitro (DIV) 7, Rhodamine B-labeled 
ApoE-LNP were added to the chips for 2 h. After the treatment, the 
synaptic compartments of the chips were washed with complete neu
robasal medium to remove most of the free or loosely attached particles 
(not firmly bound to neurons). Time-lapse movies were acquired in 
bright-field and tetramethylrhodamine (TRITC) channels, until 4 h post 
chip washing. During the acquisitions, cells were kept in controlled 
environmental conditions at 37 ◦C in a humidified 5 % CO2 atmosphere 
in complete neurobasal medium. Movies were acquired at 1 or 2 frames 
per minute (depending on the number of the field imaged in the chip per 
experiment). The acquisition was performed on four chips, considering 
from 4 to 10 different regions of interest per chip, where each chip 

Fig. 1. Synthesis and Physico-chemical characterization of the Lipid Nanoparticles. A. Schematic representations of the microfluidic-based system for the 
production of LNP (left) and architecture of the LNP with lipid chains arranged in multilamellar vesicles containing red fluorescent Rhodamine-B molecules and the 
neuron targeting protein ApoE (center and right); B. Table listing the average hydrodynamic diameter, polydispersity index (PdI), and surface electrostatic ζ-potential 
derived from dynamic light scattering (DLS) analyses, and the percentage of ApoE adsorbed on the LNP surface; C. Size distribution of LNP and ApoE LNP as 
determined via DLS; D. Cryo-electron micrography of a LNP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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represented one biological replicate. A projection of the LNP position 
over time was generated on the x-axis, considering the particle as a 
moving point on a Cartesian plot. Sections of the microchannel where 
LNP were observed to move were cropped and a superimposition of all 
the frames (4 h) of the TRITC channel was generated to reconstruct the 
particle trajectory. The velocity was calculated considering the cumu
lative displacement from the start to the end points.

Confocal imaging of a single microchannel. Following the same 
procedure for the seeding and LNP incubation with the neurons, a subset 
of microfluidic chips was fixed and stained for actin and cell membranes. 
For this specific staining, a mixture of Alexa Fluor-488 Phalloidin, Alexa 
Fluor-647 Wheat Germ Agglutinin, and DAPI was added according to 
vendors dilution for 40 h at 4 ◦C. Confocal images of axons inside the 
microchannels were obtained using a Nikon-A1 confocal microscope 
(Nikon Corporation, Japan) and a 60× objective. The 3D reconstruction 
of the axon was performed by using Nikon Imaging Software.

Statistical analysis. Data are expressed as mean ± standard devia
tion using GraphPad Prism 5 software. Calculation of cell viability, 
metabolic activity, and NP internalization were analyzed via ANOVA.

3. Results and discussion

Synthesis and biophysical characterization of the lipid nano
particles. Rapid microfluidic mixing of lipids dissolved in ethanol with 
a citrate buffer allowed the production of lipid nanoparticles (LNP), as 
per the schematic in Fig. 1A. For this study, LNP were prepared without 
RNA cargos and contained only a Rhodamine B-tagged lipid, amenable 
for fluorescent tracking. Dynamic light scattering measurements, per
formed after dialysis and sterile filtration, returned for the LNP an 

average hydrodynamic diameter of ~150 nm with a narrow poly
dispersity index (PdI) (Fig. 1B). As shown by others, incubation at 37 ◦C 
did not affect their average diameter of LNPs [41] and they are stable 
upon incubation in cell culture medium [42]. Coating the LNP with the 
targeting protein ApoE, via surface absorption, led to an increase in 
particle size from the native 137 ± 12 to 184 ± 34 nm (Fig. 1B and C). 
The LNP morphological examination by cryo-Electron microscopy 
confirmed the arrangement of the lipid chains into multilamellar vesi
cles (Fig. 1D). Due to the overall negative charge of ApoE, LNP coating 
resulted in a reduction of the native positive charge with a ζ-potential 
decreasing from +17.9 ± 4.3 to +9.4 ± 2.6 mV (Fig. 1B). Most of the 
ApoE molecules incubated with the LNP firmly adsorbed on the particle 
surface, as up to ~90 % of the protein was recovered from ApoE-LNP at 
24 h post dialysis against PBS (Fig. 1B).

In order to test the LNP biocompatibility, the viability of primary 
neurons incubated with the LNP was assessed at predetermined time 
points. Rat primary hippocampal neurons were cultured in 2D and 
incubated with naïve LNP or ApoE-LNP (Fig. 2A and B). Calcein AM 
staining of the primary neurons revealed no difference in viability, 
morphology, or organization of the cells when comparing the LNP 
exposed cells to the untreated cells (control experiments - no incubation 
with LNP). In Supporting Fig. 1A and B, we report higher magnification 
images showing the merging between the green channel (Calcein-AM 
associated with the neurons) and the red channel (RhB associated with 
the LNP) after 2 h of incubation with LNP or ApoE-LNP, respectively. 
These images clearly show a preferential uptake of the ApoE-LNP over 
the naïve LNP, which after 2 h were poorly uptaken by the neurons. 
Quantitative cell viability values were extracted from these images as 
documented in bar chart of Fig. 2C. No statistically significant changes 

Fig. 2. Toxicity profiles of the Lipid Nanoparticles. A. and B. Representative confocal microscopy images (maximum intensity projections) for Calcein-AM (left) 
and Rhodamine-B (right) of primary hippocampal neurons incubated with naïve LNP (A) and ApoE-LNP (B) for 0.5, 1, and 2 h. Viable cells (green), LNP (red); C. Cell 
viability measured from maximum intensity projections confocal microscopy images stained with Calcein-AM; D. Metabolic activity of neurons via MTT assay. Scale 
bar corresponds to 100 μm and applies to all images. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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were observed for all the tested conditions and at all predetermined time 
points, as compared to the control experiments. To further support this 
data, we performed an MTT assay to quantify the metabolic activity of 
primary neurons after the exposure to LNP (Fig. 2D). No evidence of any 
cytotoxic activity was documented even in this case up to 2 h, with the 
metabolic activity of the particle-free neurons being statistically iden
tical to that of cells exposed to LNP or ApoE-LNP. As expected, these LNP 
and ApoE-LNP do not exert any deleterious effect on primary neurons 
within the predetermined observation period.

Uptake of the lipid nanoparticle by neurons. ApoE-LNP and LNP 
were incubated with hippocampal neurons (on day 7 after seeding) at 
different predetermined times, namely 0.5, 1 and 2 h. Cells were 
cultured following the same conditions used for viability experiments. 
Fig. 3A gives fluorescent confocal microscopy images for the control 
cells (top row), cells exposed to RhB-LNP (central row), and cells 
exposed to RhB-labeled ApoE-LNP (bottom row). The first column 
(green channel) gives the tubulin staining identifying the body of the 
neurons; the second column (red channel) refers to the Rhodamine-B 
labeled nanoparticles; the third column (blue channel) derives from 

the nuclei of the cells stained with DAPI; and the fourth column provides 
the merging of the three channels. The Rhodamine-B signal shows that 
ApoE-LNP were more abundantly internalized as compared to LNP 
within the same time. The more abundant and rapid uptake of the ApoE- 
LNP over the naïve LNP was confirmed by quantitative measurements 
performed by flow cytometry. Here, 98.1 ± 1.7 % of the neurons were 
found to be associated with ApoE-LNP already after 30 min as opposed 
to a modest 20 % in the case of the naïve LNP, at the same incubation 
time (Fig. 3B).

To further support these findings, we coupled the flow cytometry 
data with high magnification confocal imaging analyses. Primary neu
rons on day 7 were fixed and immunostained with anti-β-tubulin III 
(green), while nuclei were stained with DAPI (blue) (Fig. 4A). In this 
case too, neurons were exposed to LNP or ApoE-LNP for 0.5, 1, and 2 h. 
High magnification images (Fig. 4A–C) show that most ApoE-LNP were 
localized in a perinuclear zone rather than within the neurites, and the 
lateral projections show the red fluorescence associated with the 
nanoparticles encased within the green fluorescence delineating the cell 
body. The higher internalization rate of ApoE-LNP compared to LNP is 

Fig. 3. Internalization of Lipid Nanoparticles into 2D neuron monolayers. A. Representative maximum intensity projections of immunofluorescence confocal 
microscopy images of neurons incubated with naïve LNP, ApoE-LNP, and without LNP (control). Nuclei in blue (DAPI), neurites in green (β-tubulin staining), LNP in 
red (Rhodamine-B); B. Quantitative measurement of LNP uptake as a function of the incubation time by flow cytometry. (*) p < 0.01 significant difference between 
LNP and ApoE-LNP at different time points. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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also evident in this confocal microscopy analysis, as naïve-LNP cannot 
be easily detected in neurons at the different time points (Supporting 
Fig. 2). Quantitative intensity measurements (Fig. 4D) indicate a clear 
and significant uptake of ApoE-LNP vs LNP. As expected from the pre
vious test, after only 0.5 h, ApoE-LNP were detected within neurons 
(Fig. 4A); LNP were instead almost undetectable even 2 h post- 

incubation (Supporting Fig. 2). The quantification of particle internali
zation at 0.5 h, expressed by fluorescent intensity (red signal) per unit 
cell area, returned the values 5.24 ± 0.32 a.u. vs 0.07 ± 0.02 a.u. for 
ApoE-LNP and naïve-LNP, respectively (Fig. 4D). At the longer time 
points, after 1 and 2 h, data continued to show a significant advantage 
for the ApoE-LNP over the LNP: 6.80 ± 0.55 vs 0.35 ± 0.19 a.u. and 7.22 
± 0.16 vs 0.31 ± 0.07 a.u, respectively (Fig. 4D). Cumulatively, these 
data support the observation that ApoE coating facilitates the neuronal 
uptake of LNP, which would be otherwise very minimal at the consid
ered time points. Not only the number of positive cells resulted higher 
(flow cytometry measurements), but also the intensity per area param
eter was larger in ApoE-modified when comparing to naïve LNP.

Axonal transport of the lipid nanoparticles. To study the retro
grade and anterograde translocation of the nanoparticles, a compart
mentalized microfluidic chip was used to ensure that the soma and 
axonal terminations of the neurons were kept always separated. Fig. 5A 
shows on the left a schematic of the chip where the somal compartment 
(a – blue area) is fluidically isolated from the synaptic compartment (c – 
yellow area) and connected only via 150 μm long microchannels (b), 
within which axons grow and develop over time. In order to verify the 
isolation between the two compartments, two different fluids were 
added in a test chip, namely a black fluid on the somal compartment and 
a red fluid on the synaptic compartment (Fig. 5A – right inset). After 
cell seeding and growth, the presence of fully developed axons within 
the microchannels ensures the fluidic isolation of the two compartments, 
as documented by the lack of mixing of the black and red fluids. A 
schematic of a neuron is proposed at the bottom.

For the transport experiments, hippocampal neurons were seeded in 
one of the two compartments, and after 7 days of culture, axons were 
observed to extend within the microchannels (Fig. 5B). Anterograde 
transport was first tested: cells were treated by adding Apo-E LNP or LNP 
to the somal compartment for 0.5, 1, and 2 h. In this configuration Apo-E 
LNP rapidly accumulated in the perinuclear area of the neurons and did 
not translocate to the axon compartment, as shown in Supporting Fig. 3. 
When using instead naïve LNP, no particles were observed to accumu
late in the perinuclear area (Supporting Fig. 4A), confirming to the poor 
cell uptake observed in previous experiments.

Retrograde transport was then tested, again with both particles and 
respecting the same time points. When adding ApoE-LNP to the synaptic 
compartment, they were rapidly uptaken and transported along the 
microchannels within the axons towards the somal compartment as 
shown in Fig. 6. When using LNP under the same configuration we were 
able to visualize only few particles in the axonal compartment, as shown 
in Supporting Fig. 4, and no particle in the somal compartment. These 
observations would suggest that ApoE functionalization is capable of 
increasing LNP uptake, and to grant them a fast translocation from the 
axonal to the somal compartment. Due to the limited internalization of 
the naïve LNP, and to the fact that no anterograde transport was found 
for both particles, the following specific translocation analyses were 
only performed on Apo-E LNP.

For characterizing Apo-E LNP transport, we divided the acquired 
images of the microfluidic chips in three region of interest (ROI) – (a) 
soma, (b) microchannels, and (c) synaptic side – and the fluorescence 
intensity of ApoE-LNP was measured in each ROI at different time 
points. Representative fluorescent images of the somal and synaptic 
compartments together with the microchannels are shown in Fig. 6A–C 
for different incubation times, namely 0.5, 1 and 2 h. The bar chart of 
Fig. 6D reports the intensity of the fluorescent signal in each specific 
section – soma, microchannel, synaptic – at the different time points, 
normalized by the total intensity measured within the overall area. After 
0.5 h, ApoE-LNP were detected into the microchannels (42.2 % ± 3.8 %) 
at significantly higher rates than in the synaptic (29.2 % ± 3.6 %) and 
somal (26.4 % ± 3.0 %) compartments (Fig. 6A–D). This would imply 
that after only 0.5 h, ApoE-LNP were internalized by the synapses and 
translocated to the soma through the 150 μm long microchannels. After 
1 h, most of the ApoE-LNP were again detected inside the microchannels 

Fig. 4. Internalization of ApoE-LNP into 2D neuron monolayers. A-C. 
Representative maximum intensity projections of immunofluorescence confocal 
microscopy images of hippocampal neurons after 0.5 h (A), 1 h (B), and 2 h (C) 
incubation with ApoE-LNP, documenting the accumulation of ApoE-LNP 
around the nuclei; D. Quantitative internalization of LNP over time. 
β-tubulin-positive neurons (green), nuclei were counterstained with DAPI 
(blue), ApoE-LNP stained with Rhodamine-B (red). (*) p < 0.01 significant 
difference of internalization of ApoE-LNP at different time points; (**) p < 0.05 
significant difference between internalization of LNP and ApoE-LNP at the same 
time point. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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(50.5 ± 4.7 %) and at the soma compartment (Fig. 6B), in a perinuclear 
position (Fig. 6B – high magnification). After 2 h, there was a significant 
accumulation of ApoE-LNP in the final part of the microchannels to
wards the soma and in the soma itself (38.7 % ± 3.2 %) (Fig. 6C).

Retrograde transport of the ApoE-coated lipid nanoparticles. 
The transport dynamics of ApoE-LNP were also investigated by time- 
lapse microscopy for defining particle displacement and velocity 
within the axons of hippocampal neurons. Herein, Rhodamine-B labeled 
ApoE-LNP were individually tracked to determine trajectories and 

average velocities. Hippocampal neurons were seeded in the micro
fluidic chip as indicated above and ApoE-LNP were incubated in the 
synaptic compartment for 2 h. After that, the compartment was washed 
twice with fresh complete neurobasal medium to remove loosely bound 
and not-internalized LNP. Time-lapse movies were acquired in bright- 
field and TRITC channels, up to 4 h post incubation. In Fig. 7A we 
show a representative image of the chip (left) and on overlap all the 
movie frames as maximum intensity projection (right). The regions in 
the microchannels where ApoE-LNP were observed to move were 

Fig. 5. Compartmentalized microfluidic chip for LNP axonal transport studies. A-left. Microfluidic chip showing the somal compartment (a), the 150 μm long 
microchannels (b), and the axonal compartment (c). The lower image shows the structure and components of a neuron; A-right. Microfluidic chip filled with two 
different liquids demonstrating the separation between the solution in the somal compartment (black) and the synaptic compartment (red) – fluidic isolation; B. 
Representative maximum projection confocal image of primary hippocampal neurons cultured for 7 days into the microfluidic chip showing the β-tubulin III labeled 
neurites (green) extending from the somal compartment to the synaptic compartment through the 150 μm microchannels. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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identified, and ApoE-LNP displacements were reconstructed over time, 
as shown in the representative image proposed in Fig. 7B (top). The 
yellow line and the circles in Fig. 7B (bottom) were used to highlight 
particle trajectory. The average velocity was calculated as the cumula
tive displacement from the starting point (S) to the final point (F) 

divided by the observation time. In terms of particle velocity, our 
analysis registered a bimodal distribution, with ~67 % of the analyzed 
ApoE-LNP returning a speed of 164 ± 35 nm/s, and the remaining 33 % 
of ApoE-LNP moving at a considerably lower speed of 0.95 ± 0.42 nm/s 
(Fig. 7C). At the end of the analysis, neurons were fixed and immune- 
stained for β-tubulin (green signal), Alexa-fluor-647-WGA for the cell 
membrane (red signal), while Apo-E LNP were false colored in white. 
Neurons were imaged at the confocal microscope for visualizing the 
ApoE-LNP position inside the axon. As it is shown in Fig. 7D, a consid
erable amount of ApoE-LNP was present at 4 h post-incubation, in 
agreement with the quantitative data of Fig. 6D. As shown by others, the 
axonal transport velocity of vesicles, organelles, proteins, nanoparticles, 
or other materials varies greatly. Specifically, it has been shown that 
organelles can be pushed out of the cell body at the considerable speed 
of 1 μm/s (400 mm/day) while proteins appear to be slower: <0.1 μm/s 
(<8 mm/day). Other endogenous compounds, as newly synthesized 
cytosolic proteins and cytoskeletal polymers, fall in two different cate
gories, namely the ‘slow component a’ with translocation speeds ranging 
between 2.3 and 11.6 nm/s (0.2 and 1 mm/day) and ‘slow component b’ 
returning speed values between 11.6 and 116 nm/s (1 and 10 mm/day) 
[43]. As for endogenous vesicles, Cui et al. measured the speed of the 
retrograde transport of nerve growth factor (NGF)-containing endo
somes revealing velocities ranging from 0.2 to 3 μm/s [21]. Similar 
values were also retrieved by Chowdary et al. when measuring retro
grade transport of endosomes ([21,22]. Regarding nanoparticles, Lopes 
et al. measured the velocity of ~275 nm thiolated trimethyl 
chitosan-based particles to be ranging between 0.1 and 3 μm/s [34]. In 
another study, Nakamura et al. measured the velocity of CM-Dil Labeled 
particles (ranging from 0.93 to 1.86 μm in diameter size) revealing ve
locities ranging from 48 nm/s to 8 μm/s [44]; considering these infor
mation, axonal transport appear a multifactorial process depending on 
the unique physical and chemical features of the carrier, such as the size, 
surface charge, material, and other physiological/pathological param
eters, such as the functionality of the molecular motors devoted to these 
processes [45]. On this last point, it is important to consider the effect of 
concurrent drug treatments on the function of molecular motors, as it 
was demonstrated that several drugs (e.g. vincristine, paclitaxel) can 
slow down axonal transport [44]. In the case LNP, Apo-E functionali
zation determined a considerable difference in terms of cellular uptake 
with respect to uncoated LNP, and particles returned a retrograde 
transport velocity of 164 ± 35 nm/s or 0.95 ± 0.42 nm/s. These values 
would suggest that ApoE-LNPs are retrogradely transported with slower 
velocities compared to endocytic vesicles, which could be directly 
compared in size to LNPs. From a drug delivery perspective, a desirable 
transport velocity for a CNS-targeted nanocarrier is not set yet, but 
fulfilling all the safety and efficacy requirements recommended for 
nanomedicines is strictly needed. With the regulatory approval of 
Onpattro (Alnylam), Comirnaty (Pfizer) and Spikevax (Moderna), LNPs 
have proven to be fit for purpose of safely delivering short interfering 
RNA and messenger RNA, respectively. Further studies on the efficacy of 
LNP treatment in CNS are needed, and the exploration of different 
compositions for enhancing axonal transport velocity might also 
broaden the application of LNP to CNS disorders.

3.1. ApoE-LNP potential applications for the treatment of diseases related 
to CNS

Following the COVID-19 pandemic, subcutaneous administration of 
LNPs for mRNA-based vaccines has become an established clinical 
practice. Similarly, one product based on intravenous LNPs received 
marketing authorization in 2018 [46], and several clinical trials are 
currently ongoing [47]. Regarding diseases of the CNS, local and sys
temic routes of administration are generally not completely suitable for 
neuronal delivery. The local route is limited by the invasiveness of the 
procedures when applied in brain settings, while the intravenous route 
faces challenges due to the blood-brain barrier (BBB). To enhance the 

Fig. 6. Localization of ApoE-LNP into the compartmentalized microfluidic 
chip (LNP incubation in the synaptic compartment). A-C. Representative 
maximum intensity projections of immunofluorescence confocal microscopy 
images of neurons cultured into microfluidic chips on day 7 and incubated with 
ApoE-LNP for 0.5 h (A), 1 h (B), and 2 h (C). The images show the internali
zation of ApoE-LNP in the synaptic compartment at the early time points (red 
dots in A) and their transport towards the soma and preferential perinuclear 
accumulation at the latest time points (red dots in B and C); D. Measurement of 
ApoE-LNP internalization and their localization over time. (#) p < 0.01 local
ization of nanoparticles at the same time point; (*) p < 0.01, (**) p < 0.05 
localization of nanoparticles at different time points. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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biodistribution of nanoparticles to the CNS, an increasing number of 
publications propose the nose-to-brain route for treating various 
neurological disorders. This route leverages the olfactory neurons, 
which extend from the olfactory epithelium in the nasal cavity (outside 
the CNS) to the olfactory bulb within the CNS, forming a privileged 
pathway [48].

For example, the nose-to-brain route has been used to promote brain 
accumulation of letrozole-loaded nano-emulsions and PLGA nano
particles encapsulating diazepam for managing status epilepticus [49,
50]. Other studies have targeted Alzheimer’s disease by delivering 
liposomal donepezil or galantamine hydrobromide via the nose-to-brain 
route [51,52]. Many more examples are available in the review by Lee 
et al. [53]. The results reported in our study, highlighting the neuronal 
retrograde transport of ApoE-LNPs, strongly suggest that these nano
particles could be efficiently employed for brain delivery via the 
nose-to-brain route.

ApoE-LNPs can also be designed to carry nucleic acid cargoes. With 
this in mind, the clinical applications of ApoE-LNPs may expand to pa
thologies stemming from genetic defects or altered processes that could 
benefit from nucleic acid-based treatments. ApoE-LNPs could serve as 
vectors for transfecting neurons with DNA, mRNA, siRNA, and other 
nucleic acids via the nose-to-brain route. Numerous nucleic-acid-based 
agents, delivered by the clinically approved LNPs, show promise for 
managing Alzheimer’s disease [54], but these specific ones were not 
tested via the nose-to-brain route. It is the authors’ opinion that 
adopting this route could significantly improve their therapeutic 
outcomes.

When using the nose-to-brain route, higher particle efficiency in 
entering cells and being transported by them reduces the required dose. 
Efficient transport is critical in designing particles with low toxicity, 
especially for neurons, whose delicate homeostasis can be easily dis
rupted. Our findings support the idea that ApoE functionalization of 
LNPs could represent a simple and effective strategy to improve 

neuronal delivery performance without altering the toxicity profile. 
Despite the superior uptake of ApoE-LNPs in neurons, cell viability and 
metabolic activity did not show significant changes. This, combined 
with the observation of retrograde transport, encourages further pre
clinical experimentation in specific models of neurological diseases, 
leveraging the nose-to-brain route. Given the versatility of LNPs, they 
could be loaded with drugs of varying chemistries (from nucleic acids to 
small molecules) and therapeutic mechanisms, thereby promoting their 
accumulation in the CNS and expanding the options for treating 
neurological diseases.

4. Conclusions

Herein, we investigate the axonal transport of Rhodamine-B labeled 
LNP in hippocampal primary neurons dynamically cultured in com
partmentalized microfluidic chips using confocal fluorescence micro
scopy and live-cell time-lapse microscopy. LNP were either coated with 
the targeting protein ApoE or uncoated (naïve) and were incubated with 
the soma or synaptic termini of the neurons to assess the efficiency of 
anterograde versus retrograde transport, respectively. Uptake studies 
into primary neurons demonstrated that ApoE coating is crucial to favor 
LNP internalization. Different assays conducted on the primary neurons 
documented a fast ApoE-LNP internalization, occurring as early as at 
0.5-h post incubation. Furthermore, when directly exposed to the syn
aptic termini, the ApoE-LNP were quickly uptaken and transported from 
the original site to the soma compartment along neurites in the 150 μm 
microchannels, reaching the soma within 0.5 h. On the contrary, when 
delivered in the somal compartment, ApoE-LNP were found around the 
nuclei and circumscribed to this compartment. The preferential retro
grade transport of ApoE-LNP from the axon termini to the soma, 
analyzed by live-cell imaging, revealed transport velocities up to ~160 
nm/s. In conclusion, the fast internalization and the retrograde transport 
of ApoE-LNP could be exploited to efficiently deliver biological cargos 

Fig. 7. Quantitative analysis of ApoE-LNP transport dynamics. A. Bright field image of the chip and a superimposition of all the frames over 4 h time lapse movie 
presented as maximum intensity projection of the red channel (ApoE-LNP in red); the yellow frame highlights a representative region of interest where particle 
motion was revealed and analyzed. B. One single ApoE-LNP trajectory (top) and its displacement over the time of 4 h (bottom); the starting (S) and the final (F) of the 
motion are indicated by an arrow. C. Particles velocity tab. D. Confocal fluorescent microscopy analysis of one micro-channel; from top to bottom: merge, green: 
α-tubulin, white: ApoE-LNP, red: cell membrane and 3D. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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from the periphery to the central nervous system. Considering the 
summarized features of ApoE-LNP and the versatility of their payloads, 
they could represent a powerful tool against several CNS diseases to be 
administered by nose-to-brain route.
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