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ARTICLE INFO ABSTRACT

Keywords: Treatment for CNS related diseases are limited by the difficulty of the drugs to cross the blood-brain barrier
Blood-Brain Barrier (BBB) (BBB). The functionalization of polymeric nanoparticles (NPs) coated with the surfactants polysorbate 80 (PS80)
Nanocarriers

and poloxamer 188 (P188), have shown promising results as drugs carriers are able to cross the BBB on animal
models. In this study, poly(lactide-co-glycolide) (PLGA) NPs coated with PS80 and P188, labelled with a fluo-
rescent dye were tested on human pre-clinical in vitro model to evaluate and compare their uptake profiles,
mechanisms of transport and crossing over human brain-like endothelial cells (BLECs) mimicking the human
BBB. In addition, these NPs were produced using a method facilitating their reproducible production at high
scale, the MicroJet reactor® technology. Results showed that both formulations were biocompatible and able to
be internalized within the BLECs in different uptake profiles depending on their coating: P188 NP showed higher
internalization capacity than PS80 NP. Both NPs uptakes were ATP-dependent, following more than one endo-
cytosis pathway with colocalization in the early endosomes, ending with a NPs release in the brain compartment.
Thus, both surfactant-coated PLGA NPs are interesting formulations for delivery to the brain through the BBB,
presenting different uptake profiles.

BBB in vitro models
Poly(lactide-co-glycolide) nanoparticles
Polysorbate 80

Poloxamer 188

1. Introduction burden for society (World Health Organization, 2021). Furthermore,

with the rise of global life expectancy, this burden will only grow

Drug delivery to the brain remains one of the most challenging
routes. Indeed, the brain is protected by a barrier made by the tightly-
joined endothelial cells of the cerebral microvessels: the blood-brain
barrier (BBB) (Abbott et al., 2010). This selective barrier has a physio-
logical goal to protect the brain from neurotoxic compounds and to
maintain the brain homeostasis (Hawkins and Davis, 2005). Thus, the
BBB highly restrains the access to the brain of a large variety of mole-
cules, including most active pharmaceutical ingredients (API). The dif-
ficulty of delivering conventional formulations to the brain is one of the
main explanations why so many central nervous system (CNS) diseases
still have major medical needs. Indeed, CNS related diseases are posi-
tioned among the leading causes of death worldwide, and thus a huge
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heavier in the coming years.

To solve this delivery issue, innovative drug delivery systems,
including polymeric nanoparticles, have been developed to deliver API
across the BBB. Different physiological pathways through the BBB can
be used to reach the brain: the paracellular pathway, passive trans-
membrane diffusion, carrier-mediated transport, receptor-mediated
transport (RMT) or adsorptive-mediated transport (AMT) (Abbott
et al., 2006). Among them, RMT and AMT have been extensively tar-
geted by nanocarrier systems to cross the BBB, by modifying the surface
properties of nanocarriers with ligands or surfactants (Lombardo et al.,
2020). Surfactants are an interesting approach to increase the BBB
crossing ability of polymeric nanoparticles. In fact, coated poly(butyl
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cyanoacrylate) (PBCA) (Ambruosi et al., 2006), poly(lactic acid) (PLA)
(Ren et al., 2009), or poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(Gelperina et al., 2010) with polysorbate 80 (PS80) or poloxamer 188
(P188) allow the particles to cross the BBB by RMT. Indeed, PS80 and
P188, both compendial surfactants used in a vast amount of drug
products, can interact with apolipoproteins A-I, B and E in the blood,
increasing the adsorption of these proteins on the surface of the parti-
cles. Thus, the particles might then be recognized by the LDL receptor
(LDL-R), low-density lipoprotein receptor-related proteins (LRP1, LRP2,
LRP8) and the scavenger receptors on the BBB (Kreuter et al., 2002; Petri
et al., 2007). However, the studies focusing on the pathway taken by
surfactant-coated nanoparticles through the brain endothelial cells have
only been performed on PBCA nanoparticles, to the best of our knowl-
edge. Surfactant-coated PLGA nanoparticles have been also widely used
in vitro and in vivo to deliver various compounds to the brain, with
variable success depending on their cargo and the surfactant used
(Lombardo et al., 2020). Indeed, in a study by Gelperina et al, PS80 and
P188-coated PLGA nanoparticles have been used in vivo for the delivery
of doxorubicin and loperamide. In both-case, P188-coated nanoparticles
showed the highest efficacy (Gelperina et al., 2010). However, in
another in vivo study by Tahara et al, PS80-coated PLGA nanoparticles
loaded with 6-coumarin had a higher BBB crossing than P188-coated
nanoparticles (Tahara et al., 2011). PS80-coated PLGA nanoparticles
were also reported to have superior BBB penetration in vitro and in vivo
compared to uncoated nanoparticles (Chaturvedi et al., 2014) but some
other studies reported a superior accumulation of PS80-coated PLGA
nanoparticles in the lung rather than in the brain (Miyazawa et al.,
2015). Thus, a better understanding on the mechanisms of crossing and
uptake of surfactant-coated PLGA nanoparticles might help explain the
discrepancies observed in efficacy of these formulations in vitro and in
vivo, rather than just assuming that PLGA nanoparticles have the same
BBB crossing mechanisms as PBCA nanoparticles. Furthermore, those in
vivo experiments performed on rodents, could present BBB interspecies
differences from the human BBB, which might be one of the reasons why
some promising formulations from in vivo pre-clinical trials fail once in
clinical trials. Therefore, gaining knowledge on preclinical human
models might be relevant for early-stage drug discovery to prevent some
of these failures. Polysorbate 80 and poloxamer 188 have already been
approved by the FDA for intravenous applications (U.S Food and Drug
Administration, 2022). In addition, PLGA and PLA are biocompatible
and biodegradable polymers, already approved by the FDA for the
parenteral route too (Makadia and Siegel, 2011; Lee et al., 2016).
However, functionalizing the polymers with ligands, as it is done in
many carrier systems for brain delivery, means physically modifying the
polymer and changing its proven quality and safety aspects that led to its
approval. This would mean that the modified polymer must be inten-
sively studied for these aspects and undergo a new regulatory approval
process. Thus, by simply coating the polymer with surfactants instead,
without any covalent modifications, the studies needed to bring the
nanoparticles to the market can be reduced when compared to func-
tionalized particles.

Another bottleneck for the access to the market of nanoparticles is
their production method. Nanoparticles must be produced at large scale
homogeneously in a reproducible manner for each batch. Most nano-
particle preparation techniques after scale-up produce poorly repro-
ducible nanoparticles with a high polydispersity index (PDI), due to
difference in batch composition between the beginning and the end of
the production, leading to the production of nanoparticles with a wide
size range. To tackle this issue, continuous production methods have
been developed such as double emulsification spray-drying method
(Schiller et al., 2020), emulsion-solvent diffusion method by focused
ultrasound (Schiller et al., 2015), microfluidic techniques (Valencia
et al., 2012; Makgwane and Ray, 2014) or the MicroJet reactor® (MJR)
technology.

The MJR technology, a continuous impinging jet method in a
confined chamber, was used to prepare our nanoparticles. Indeed, this
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manufacturing technique allows the production of highly reproducible
nanoparticles at large scale by fully controlling the parameters of the
process (Giinday Tiireli et al., 2016). The solvent solution and non-
solvent solution are pumped on opposite sides of a confined reactor.
The two jets meet in the reactor and mix immediately, forming nano-
particles by nanoprecipitation. Nitrogen gas can also be added by a third
entry to help the ejection of the nanoparticles out of the reactor. The
nanoparticles exit the reactor by a fourth opening, at the bottom (Fig. 1).
The main advantage of this method is that the mixing properties stay the
same for the whole duration of the process, as opposed to benchtop
nanoprecipitation where differences in mixing can occur due to the
difference of composition of the mixture between the beginning of the
solvent addition and the end. Thus, more reproducible nanoparticles
with low PDI can be obtained with the MJR at large scale than with
classical benchtop production. By adjusting the process parameters such
as diameter of the reactor, the flow rates of the solutions, the tempera-
ture and if necessary, the gas pressure, the mixing of the two solutions
can be optimized to form nanoparticles of small size and low PDI
(Glinday Tiireli et al., 2016).

Hence, the aim of this study was to evaluate and compare the cellular
interaction and pathway taken of PLGA nanoparticles coated with PS80
or P188, labelled with the fluorescent probe Lumogen F Red 305®,
prepared using the MJR technology through the BBB with a well-
established human pre-clinical in vitro BBB model (Cecchelli et al.,
2014; Moya et al., 2021). This model was formed by CD34-+ stem cell-
derived endothelial cells (CD34+-ECs) seeded in the upper compart-
ment of an insert, representing the luminal compartment (blood side), in
a non-contact coculture with brain pericytes seeded in the bottom wells,
representing the brain compartment. In these culture conditions, the
CD34+-ECs acquired BBB endothelial cells phenotype properties and
were named brain-like endothelial cells (BLECs). The models were
adapted for this specific NPs research study using human serum as a
supplement of the cell medium. The NPs toxicity, uptake, mechanisms of
transport and crossing through the BLECs were investigated and
compared to each other.

2. Material and methods
2.1. NP production and characterization

The nanoparticles were produced by nanoprecipitation using the
continuous MicroJet reactor technology. The nanoparticle composition
and their production process were optimized to obtain small nano-
particles below 100 nm. The solvent solution was composed of 0.1% (w/
v) PLGA Resomer® RG 502H 50:50 (Evonik, Essen, Germany) and 2.8 x
1074 % (w/v) Lumogen F Red 305® (BASF, Ludwigshafen, Germany) in
acetone. The non-solvent solution was prepared by dissolving either

/ MicroJet \

Reactor
Nanoprecipitation

G——

Non-solvent
solution

Solvent solution

Nanoparticle
suspension

Fig. 1. Nanoprecipitation in MicroJet reactor.
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polysorbate 80 (Tween® 80, ref. 8.17061, Merck, Darmstadt, Germany)
or poloxamer 188 (Kolliphor® P188, ref. 15759, Sigma-Aldrich, Saint-
Louis, USA) at 1% (w/v) in distilled water. A 300 um reactor was used.
The particles were prepared in a 25 °C water bath. The solvent solution
was pumped at 25 ml/min in the reactor while the non-solvent solution
was pumped at 50 ml/min, thus preparing the nanoparticles with a
solvent:non-solvent ratio of 1:2 (v/v). Acetone was evaporated by stir-
ring the nanoparticles under the hood, protected from light. The nano-
particles were then purified using Tangential Flow Filtration (TFF) to
remove excess surfactant and free dye using a Spectrum® 100 kD 20 cm?
MicroKros hollow fiber membrane (ref. C02-E100-05-N, Repligen,
Waltham, USA). The particles were purified at 15 psi with 6 volumes of
water for P188 NP, and with 12 volumes for PS80 NP, as a higher
amount of unencapsulated dye needed to be washed out. The nano-
particles mean hydrodynamic size, size distribution (PDI), and zeta
potential were measured by Dynamic Light Scattering (DLS) using a
Zetasizer® NanoZS 90 (Malvern Instruments, Malvern, UK). After pu-
rification, the nanoparticles were diluted 10-fold in water and measured
once at 25 °C, with 12 runs each. After production, a known volume of
nanoparticles was dried using a freeze dryer and the weight of the
nanoparticles after drying was measured, allowing us to calculate their
mass concentration. The nanoparticles were then diluted accordingly in
cell medium to obtain the wanted concentrations for the study.

2.2. Human in vitro BBB coculture models

Human BBB in vitro models were produced using human brain-like
endothelial cells (BLECs) according to the protocol developed by Cec-
chelli et al. (2014). First, CD34+ hematopoietic stem cells isolated from
human umbilical cord blood using the method described by Pedroso
et al. (2011) were differentiated in endothelial cells. Then, BLECs were
obtained after non-contact coculture with brain pericytes (PCs) (Van-
denhaute et al., 2011; Shimizu et al., 2011), using Transwell (TW)
systems.

Different TW system formats were used to develop the human BBB in
vitro models in this study. A miniaturized and automated model in 96
multiwell system (Moya et al., 2021) was used for the NPs screening
evaluation at different concentrations and time-points. This model was
developed as a replicate from the original well-established and patented
model from Cecchelli et al. (2014). Moreover, for the NPs uptake and
transport experiments, the original model in 12 Transwell (TW) format
in a syngeneic form was used. The miniaturized system was developed in
96 multiwell insert format (Falcon, Corning Life science, Massachusetts,
USA. Plates 1 um Polyethylene Terephthalate (PET), ref. 351131;
0.0804 cm? cell growth surface area) as a coculture with bovine peri-
cytes (Vandenhaute et al., 2011) by automated seeding of 15,000 PCs
per well, and 18,000 ECs per filter, using a Multiflo robot (BioTek In-
struments, Winooski, VT, USA), while the syngeneic original model was
developed in 12 TW plates (Corning, New York, USA. Plates 0.4 and 3
um Polycarbonate (PC) filters; ref. 3401 and ref. 3402 respectively; 1.12
cm? cell growth surface area) as a coculture with human pericytes
provided by Professor Takashi Kanda’s group (Department of Neurology
and Clinical Neuroscience, Yamaguchi University Graduate School of
Medicine, Ube, Japan) (Shimizu et al., 2011). The cells were seeded by
hand 50,000 PCs per well, and 80,000 ECs per filter.

To produce the human coculture BBB models, brain PCs were seeded
on bottom well plates coated with pig gelatin (2 mg/L; Sciencell,
Carlsbad, USA) for bovine PCs, and with rat tail type I collagen for
human PCs (10 pg/cmz; Corning, New York, USA) in ECM(5%FCS),
which consists of basal endothelial cell medium (ECM; Sciencell,
Carlsbad, USA) supplemented with 5% FCS, 1% endothelial cell growth
supplement (Sciencell, Carlsbad, CA, USA) and 0.5% gentamicin (Bio-
chrom AG, Berlin, Germany). The cells were incubated during 3 h at
37 °C. Next, CD34+-derived ECs were seeded on Transwell inserts
coated with Matrigel™ diluted by 1/48 (v/v) (BD Biosciences, San Jose,
CA, USA) and immediately cocultured with brain PCs seeded on the
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bottom wells of the plates. However, to generate the coculture model in
3 um porosity filter, the 80,000 CD34+-derived ECs were seeded on
Transwell inserts one week before their coculture with the PCs (Van-
denhaute et al., 2016). The medium was renewed every 2 days. On day 5
of coculture, 24 h before incubation with the nanoparticles (NPs), ECM
supplemented with 5% FCS (ECM(5%FCS)) was substituted by 5%
human serum (ECM(5%HS)) obtained from “I’Etablissement Francais du
Sang” (EFS), following an agreement with the Artois University. After 6
days of coculture with brain pericytes, the BBB endothelial cells ac-
quired the BBB phenotype (named brain-like endothelial cells (BLECs) at
that stage) and were used for the following experiments.

2.3. BBB integrity evaluation after nanoparticles treatment

The BLECs physical integrity was evaluated by measuring the
diffusion of the integrity marker sodium fluorescein (NaFlu; Sigma
Aldrich, Darmstadt, Germany), a small hydrophilic molecule which
poorly crosses the intact BBB. Human BBB miniaturized models were
developed for the evaluation of the impact of the nanoparticles, at
different concentrations and time-points, on the BBB integrity. The NPs
were diluted in ECM(5%HS) to achieve a concentration of 5, 10, 25, 50,
and 100 pg/ml NPs. The NPs were added in the luminal compartment of
the BLECs inserts and incubated during 3, 6, and 24 h at 37 °C. BLECs
incubated in ECM(5%HS) without NPs for 24 h were used as negative
control. As positive control of BBB disruption, a neurotoxic compound,
Rotenone, was incubated also during 24 h (Moya et al., 2021; Ravenstijn
et al., 2008). At the end of the incubation time, the BLECs physical
integrity was evaluated by measuring NaFlu diffusion. To do so, the
BLECs inserts were transferred into new 96 TW systems (Falcon HTS 96
square well; ref. 353925; Corning Life science, Massachusetts, USA)
containing 300 ul of Ringer-HEPES (RH) solution (150 mM NaCl, 5.2
mM KCl, 2.2 mM CaCl2, 0.2 mM MgCl2-6H20, 6 mM NaHCO3, 5 mM
HEPES, 2.8 mM glucose; pH 7.4) per well which constituted the ablu-
minal compartment. The cell culture medium from the BLECs inserts
containing NPs dilution was removed, and 70 pl of RH solution con-
taining 1 uM NaFlu (the integrity marker) were added in the upper
(luminal) compartment. RH was used to avoid any interference of the
cell phenol red media with NaFlu. The cells were incubated at 37 °C for
1 h. Next, aliquots from the lower and upper compartments were
collected, as well as from the stock solution at time zero. Their fluo-
rescence at excitation/emission wavelength 490/525 nm was measured
using a fluorimeter (Synergy H1; BioTek, Winooski, VT, USA) in a 96-
well plate. The endothelial permeability coefficient (Pe) of NaFlu was
calculated in cm/min. The clearance principle was used to obtain a
concentration-independent index of transport. Briefly, the mean volume
cleared was plotted against time, and the slope was estimated by linear
regression. The permeability values of the inserts (PSf, for inserts with a
Matrigel coating only) and the inserts plus BLECs (PSt, for inserts with
matrigel coating and cells) were taken into consideration by applying
Eq. (1):
1/PSe = 1/PSt —1/PSf 1)

To obtain the endothelial permeability coefficient (Pe, in cm/min),
the permeability value (PSe) corresponding to the endothelium alone
was then divided by the insert porous membrane surface area (S) (S =

0.0804 cm? cell growth surface area for 96 TW system, or S = 1.12 cm?,
for 12 TW plates) (Eq. (2)).

Pe = PSe/S (2)

2.4. Cell visualization by confocal microscopy

2.4.1. Cells fixation

BLECs were fixed on their inserts and PCs were fixed on the bottom
wells using paraformaldehyde 4% (PFA, ref. HT5014; Sigma-Aldrich,
Darmstadt, Germany) for 10 min. Then, the cells were washed 3 times
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during 5 min with calcium and magnesium-free phosphate buffered
saline (PBS-CMF).

2.4.2. Immunocytochemistry

After cell fixation, permeabilization was done with Triton 0.1% (w/
v) (Sigma-Aldrich, Darmstadt, Germany) and the cells were again
washed 3 times during 5 min with PBS-CMF. Cells were incubated with
SEA BLOCK blocking buffer (ref. 37527; Thermo Fisher Scientific;
Massachusetts, USA) for 30 min. BLECs were incubated away from light
for 1 h at room temperature with primary antibodies against zonula
occludens-1 (ZO-1) (ref. 617300; Invitrogen; Thermo Fisher Scientific;
Massachusetts, USA), diluted by 200 in PBS-CMF supplemented with 2%
(v/v) normal goat serum (NGS). After three washing steps with 2%NGS-
PBS-CMF, BLECs were incubated with secondary antibodies for 30 min
at room temperature using goat anti-rabbit Alexa Fluor 488 (Invitrogen,
Massachusetts, USA; dilution: 1/500 in 2%NGS-PBS-CMF). Nuclei were
stained using Hoechst reagent (ref. B2883; Sigma-Aldrich, Darmstadt,
Germany) diluted 1,000 times in the same secondary antibody solution.
Finally, the cells were washed 3 times during 5 min with PBS-CMF.
Filters with BLECs for miniaturized model were directly placed in the
microscope, while 12 TW inserts were cut and mounted on a glass slide
under a coverslip. Stained preparations were observed with an
ImageXpress Micro Confocal High-Content Imaging System (Molecular
devices, San Jose, CA, USA), using blue DAPI filter (excitation/emission
wavelength 358/461 nm) for nuclei, green Fluorescein isothiocyanate
(FITC) filter (excitation/emission wavelength 480/530 nm) for ZO-1.
Images were processed in MetaXpress software version 6.5.2 (2018,
Molecular Devices, LLC, San Jose, CA, USA).

2.4.3. Nanoparticles visualization

Human BBB miniaturized model was used for the NPs visualization
over different concentrations and incubation time-points. Thus, the NPs
were diluted in ECM(5%HS) at concentrations of 5, 10, 25, 50 and 100
pg/ml of NPs. The NPs were added in the luminal compartment of the
BLECs inserts and incubated during 3, 6, and 24 h at 37 °C. At the end of
the nanoparticles’ incubation time, BLECs inserts were rinsed 5 times
with cold RH, and fixed as described above. Nuclei were stained using
Hoechst reagent diluted by 1,000 in 2%NGS-PBS-CMF for 15 min at
room temperature, away from light. Inserts with BLECs from the mini-
aturized 96 TW systems were placed directly over the microscope,
visualizing the BLECs from the abluminal face. NPs were observed using
a red Texas Red filter (excitation/emission wavelength 580/620 nm);
and nuclei using a blue DAPI filter (excitation/emission wavelength
358/461 nm) using ImageXpress Micro Confocal High-Content Imaging
System (Molecular devices, San Jose, CA, USA). Images were processed
in MetaXpress software version 6.5.2 (2018, Molecular Devices, LLC,
San Jose, CA, USA).

2.4.4. Early endosomes staining for NPs colocalization study

For NPs colocalization study, 12 TW models (0.4 um filters) were
used. After the end of the 30 min incubation period, BLECs inserts were
rinsed 5 times with cold RH, and cells were fixed as described above.
Primary antibodies against early endosome vesicles (EEA-1) (ref. MA5-
14794; Invitrogen, Massachusetts, USA) diluted by 100 in 2%NGS-
PBS-CMF were incubated for 2 h at room temperature, away from light.
After three washing steps in 2%NGS-PBS-CMF, the samples were incu-
bated with secondary antibodies for 30 min at room temperature (goat
anti-rabbit Alexa Fluor 488, Invitrogen, Massachusetts, USA; dilution: 1/
500 in 2%NGS-PBS-CMF). Finally, the cells were washed again three
times for 5 min with PBS-CMF. Filters were cut and mounted on a glass
slide with a drop of DAPI mounting medium (ref. P36962, Thermo
Fisher Scientific; Massachusetts, USA) under a coverslip. BLECs were
observed from the luminal face. Stained preparations were observed by
confocal microscopy using a Zeiss Axio Observer LSM 710 Scanning
Module coupled with ZEN 2 (blue edition) software (Zeiss, Jena, Ger-
many). The nanoparticles were visualized with an excitation/emission
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wavelength 561/629 nm, detection range 603-656 nm. The EEA-1
stained with Alexa Fluor 488 was visualized with an excitation/emis-
sion wavelength 488/525 nm, detection range 496-554 nm. The nuclei
stained with DAPI were visualized with an excitation/emission wave-
length 561/613 nm, detection range 410-507 nm.

2.5. NPs uptake and mechanisms of internalization

2.5.1. NPs uptake studies

For NPs uptake studies, both miniaturized and 12 TW models (0.4 ym
filters) were used. After incubation time was reached, in order to remove
the NPs not internalized stuck on the cell surfaces, BLECs inserts were
rinsed 5 times with cold RH. Then, cells were lysed using RIPA buffer
(PierceTM, Thermo Scientific, Massachusetts, USA). Aliquots of 25 pl
(for 96 TW systems) and 200 pl (for 12 TW model) were collected from
each insert. Fluorescence analysis was done in a black color 96-well
plates (ref. 137101; Thermo Scientific, Massachusetts, USA) at sensi-
tivity 110, excitation/emission wavelength 578/613 nm, using a Syn-
ergy™ H1 fluorimeter (BioTek Instruments, Winooski, VT, USA).

2.5.2. Nps co-incubation with other molecules

Human BBB model in 12 TW plates (0.4 um filters) were used in this
experiment. To evaluate a possible receptor competition, NPs were
diluted at 10 pg/ml in ECM(5 %HS) and were mixed with either Alexa
Fluor 488 acetylated low density lipoproteins (acLDL) (ref. L23380;
Fisher Scientific, New Hampshire, USA) or BodipyFLTM low density li-
poproteins (LDL) (ref. L3483; Fisher Scientific, New Hampshire, USA),
both molecules internalized by receptor mediated endocytosis (Dehouck
et al., 1997), or Inulin-FITC (ref. F3272; Sigma Aldrich, Merck KGaA
Darmstadt, Germany), a molecule with non-specific vesicular transport
(Candela et al., 2010; Saint-Pol et al., 2013), at 15 pg/ml. Molecules
with NPs mixtures were added in BLECs inserts and incubated for 1 h at
37 °C. Cells incubated with NPs only were used as uptake control. NPs
cell uptake was measured as described above.

2.5.3. Cell metabolism experiments

This experiment was performed using human BBB model in 12 TW
plates (0.4 um filters). BLECs were pre-incubated at 4 °C during 90 min.
NPs were diluted to 10 pg/ml in ECM(5%HS), added to the luminal
compartment, and incubated for 1 h at 4 °C. NPs cell uptake was
measured as described above. Inulin-FITC, used as negative control, was
incubated at a concentration of 15 pg/ml, and Alexa Fluor 488 acLDL at
15 pg/ml as positive control.

2.5.4. Inhibitors of transport

Both formats, miniaturized BBB model and 12 TW models, were used
for these experiments. A set of transport inhibitors were tested to assess
their effects on endocytic transport (Okura et al., 2008; Georgieva et al.,
2011; Morad et al., 2019). Preliminary tests of a wide concentration
range of inhibitors (from Sigma Aldrich, Merck KGaA Darmstadt, Ger-
many, except for FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone) purchased from Abcam, Cambridge MA, USA) were done, to
assess their toxic impact on the BLECs. After optimization, BLECs were
pre-incubated for 45 min at 37 °C with the following inhibitors: FCCP at
20 uM (ref. ab120081, Abcam) inhibitor of ATP dependent active
transport; filipin III at 5 ug/ml (ref. F4767) and genistein at 30 pg/ml
(ref. G6649), both inhibitors of caveolae endocytic routes; dynasore
hydrate at 400 pM (ref. D7693) and chlorpromazine hydrochloride at
20 pg/ml (ref. 215921), both inhibitors of clathrin-mediated endocy-
tosis; 5-(N,N-dimethyl)amiloride hydrochloride (dimethylamiloride) at
60 uM (ref. A4562) and cytochalasin D at 1 uM (ref. C8273), both in-
hibitors of macropinocytosis. All inhibitors were diluted in ECM(5%HS).
Next, NPs were added in the luminal compartment at 10 pug/ml and
incubated for 1 h. NPs cell uptake was measured as described above.
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2.6. NPs crossing through BLECs

Crossing studies were performed using the 12 TW format (3 pm fil-
ters) as previously described (Vandenhaute et al., 2016). One day before
the experiment, ECM(5%FCS) was substituted for ECM5 (HS) phenol red
free (PRF) (ref. 1001-prf; Sciencell, Carlsbad, USA) (ECM(5%HS)-PRF),
in order to facilitate NPs detection within the cell medium. Then, NPs
were diluted to 10 ug/ml in ECM(5%HS)-PRF and added to the luminal
compartment and incubated during 3, 6 and 24 h. At the end of the
incubation times, aliquots from the luminal (L) and abluminal (A)
compartments were taken, as well as samples from the initial dilution
(t0). Fluorescence was measured in a black color 96-well plate (ref.
137101; Thermo Scientific, Massachusetts, USA) at sensitivity 110,
excitation/emission wavelength 578/613 nm, using a Synergy™ H1
fluorimeter (BioTek Instruments, Winooski, VT, USA). The background
emitted by the medium was subtracted and the percentage of crossing
(Eq. (3)) and NPs recovery (Eq. (4)) were calculated using the following
equations:

% Crossing = 100 x (Quantity A (tx) / Initial Quantity (t0)) 3)

% Recovery = 100 x (Quantity A (tx)
+ Quantity L (tx)) / Initial Quantity (t0) “4)

2.7. Statistical analysis

Results were expressed as mean + standard deviation (SD). The
number of replicates (n), performed through independent experiments
(N), were detailed in each experiment. For analysis involving two
groups, unpaired t-test, or one-way ANOVA, followed by Bonferroni’s
multiple comparison tests was used. For analysis of more than one
condition in two groups, multiple t-test or two-way ANOVA were used.
All data was analyzed by GraphPad Prism 8.1 software (GraphPad
Software, San Diego, CA, USA). The threshold for statistical significance
was set to p-value < 0.05.

3. Results
3.1. NPs production

PLGA NPs, coated with polysorbate 80 (PS80) or poloxamer P188
(P188), labelled with a fluorescent probe Lumogen F Red 305®, were
prepared using the MJR technology. Both nanoparticle formulations had
sizes close to 70 nm and negative zeta potential due to the carboxylic
acid end groups of PLGA (Table 1). Even with a slightly broad distri-
bution (PDI > 0.2), the nanoparticles produced still had mostly sizes
below 150 nm. Furthermore, around 70% of the particles had size under
100 nm, which was the targeted size, as small nanoparticles under 100
nm have been reported to cross the BBB more readily (Lombardo et al.,
2020).

3.2. Human BBB in vitro model development

In this study, the human BBB in vitro model used was based on well-
established model using brain-like endothelial cells (BLEC) derived from
hematopoietic stem cells CD34+ cocultivated with brain pericytes. This
model was adapted for the NPs study by replacing fetal calf serum by
human serum to be closer to human conditions.

Table 1
Nanoparticles size (N = 10) and zeta potential (N = 5).

Nanoparticles Size (nm) PDI Zeta Potential (mV)
Mean SD Mean SD Mean SD

PS80 NP 76.1 15.4 0.288 0.090 —39.2 1.3

P188 NP 68.9 2.9 0.230 0.032 —43.8 2.6
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NPs interact not only with the cells but also with components present
in the media and the serum, which adsorb on the nanoparticles to form a
protein corona around them. To try to obtain a protein corona closer to
the one expected to form in human blood, the fetal calf serum (FCS)
classically used in the cell medium for the model development, was
substituted 24 h before experiments with human serum (HS) (Fig. 2.A).
Hence, after a coculture of 6 days, the BBB phenotype of the CD34+-ECs
was validated by the presence of zonula occludens-1 (ZO-1) expression,
a protein involved in the tight junctions and located continuously at the
edge of these cells (Fig. 2.B). Moreover, the impact of the change in
serum composition on the BLECs layer integrity was controlled using
NaFlu, an integrity marker. No significant differences (p = 0.8663) were
found between the model supplemented with FCS or HS. Hence, FCS
could be replaced by HS without inducing disruption of BBB properties
during the experimental conditions.

3.3. BBB integrity evaluation after NPs treatment

By using the BBB miniaturized system, the evaluation of NPs inter-
action within BLECs over concentrations and time was performed. The
BBB integrity was evaluated by calculating the permeability coefficient
of the integrity marker NaFlu after incubation with NPs from 5 to 100
pg/ml, for 3, 6 and 24 h. Filters without NPs treatment incubated during
24 h acted as negative control. Rotenone, a neurotoxic compound, was
incubated for 24 h and used as a BBB breakdown control. Results showed
no significant differences (p > 0.05) in the BLECs permeability to the
integrity marker (Pe NaFlu) between the control (no NPs) and both NPs
formulation, PS80 and P188 NP over the different concentrations and
time-points studied (Fig. 3). The BBB tightness integrity was not
impacted; hence NPs treatment did not show toxicity in the range of
concentrations and time points tested up to 100 pg/ml and 24 h
incubation.

3.4. Evaluation of PS80 and P188 coated PLGA NPs transport pathway

3.4.1. NPs internalization and visualization within BLECs

By using the automated ImageXpress Micro Confocal High-Content
Imaging System, both NPs could be seen in the cell cytoplasm of
BLECs at different concentrations (5-100 pg/ml) and incubation times
(3, 6 and 24 h) (Fig. 4), meaning that both surfactants coated PLGA NPs
could be internalized by the BLECs. From visual inspection, NPs seemed
to present two different profiles. P188 NP uptake increased with incu-
bation time and concentration, showing some fluorescence pixels satu-
ration at the highest concentrations tested. However, PS80 NP uptake
was more stable at low concentrations until 25 pg/ml, and seemed to
increase at 50 pg/ml and 100 pg/ml.

3.5. NPs uptake profile

The uptake profiles of the formulations were also evaluated at low
concentrations and short time, by cell lyses. BLECs were incubated with
the NPs, lysed, and the fluorescence intensity of the loaded dye was
quantified (Fig. 5). First, the NPs uptake was studied depending on the
NPs concentration, from 5 to 25 ug/ml to avoid fluorescence saturation
within the BLEGCs, for 90 min. The formulations again showed two
different profiles (Fig. 5). After 90 min of incubation, P188 NP was
uptaken in significantly higher quantities than PS80 NP by the BLECs, at
10 and 25 pg/ml (Fig. 5A). Moreover, P188 NP uptake increased with
NPs concentrations and incubation time after 60 min (Fig. 5B). Mean-
while, PS80 NP uptake was not impacted by incubation time or by
concentration, the uptake seemed to be already maximal at the lowest
concentration and time tested, around 3%. However, P188 NPs could be
uptaken more readily by the BLECs up to 30% at 25 ug/ml, after 90 min.

3.5.1. Active metabolism decrease
In a temperature dependent experiment, a significant decrease (p <
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Fig. 2. Human BBB in vitro model characteristics and conformation. A. Schematic representation of the human in vitro BBB model cell culture protocol followed for
NPs studies. Two days after cell thawing in Endothelial cell medium (ECM) supplemented with 5% FCS, brain-like endothelial cells (BLECs) were cultured on the
luminal side of the insert in a non-contact coculture with brain pericytes (PCs), seeded on the plates, the abluminal side of the setup. First medium refresh was done 2
days after the coculture setting. Then, 24 h before NPs studies, a second medium refresh was done using ECM supplemented with 5% Human Serum (HS). B. After 6
days of coculture, BLECs were visualized by immunostaining of zonula occludens-1 (ZO-1), a protein involved in the tight junctions (scale bar = 50 um). Endothelial
permeability coefficient (Pe) to sodium fluorescein (Pe NaFlu) of the coculture model supplemented with ECM(5%FCS) as control, or with ECM(5%HS). ns = not

significant. Statistical analyses of unpaired t-test, p < 0.05, n = 6; N = 2.

0.005) of 70-80% in NPs uptake could be observed when cell meta-
bolism was decreased by incubating the cells at 4 °C (Fig. 6A). Thus,
both PLGA surfactant coated NPs internalization pathways were
significantly reduced. Acetylated low density lipoproteins (acLDL) up-
take by receptor-mediated endocytosis (RMT) through scavenger re-
ceptors was used as a positive control. AcLDL uptake was also
significantly decreased, whereas inulin uptake, a molecule with non-
specific transport used as negative control, did not show any signifi-
cant differences between 4 °C and 37 °C. Moreover, when an ATP syn-
thesis inhibitor, FCCP, was added in the cell medium for both
nanoparticle formulations, a significant decrease (p < 0.0005) of 50% in
NPs uptake could also be observed (Fig. 6B). Thus, both formulation
uptake mechanisms were active transport-dependent.

3.5.2. NPs co-incubation with LDL, acLDL and inulin

To check whether LDL or acLDL could compete with the surfactant
coated PLGA NPs or promote the uptake of PLGA NPs, both formulations
were co-incubated with LDL, acLDL, and inulin used as negative control.
NPs uptake was measured (Fig. 6C). A significant decrease (p =
0.000379) in NP uptake by more than 50% for both PS80 and P188 NP
was observed when co-incubated with acLDL, in addition to a slight but
not significant decrease (p = 0.0519) when co-incubated with LDL. No
significant decrease in uptake was observed when the NPs were co-
incubated with inulin (p = 0.230). Thus, a clear specific receptor
competition between acLDL and the NPs seemed to occur, in addition to
a slight interference with LDL receptors.

3.5.3. Response to metabolic inhibitors of distinct vesicular endocytosis
pathways

The NPs internalization pathways were studied by testing a range of
selected inhibitors involved in different metabolic internalization routes
in the BLECs. Inhibitors for caveolae (filipin III and genistein), clathrin
(dynasore and chlorpromazine) and macropinocytosis (cytochalasin D,

and dimethylamiloride) pathways were tested (Fig. 7A). Their non-toxic
impact over the BLECs of the inhibitors was previously studied (data not
shown). While a decrease of P188 NP uptake could be observed with
genistein and chlorpromazine, no significant differences were found for
any of the inhibitors. However, a significant decrease of the uptake
could be observed for PS80 NP, with filipin III (*p = 0.0145) and
chlorpromazine (**p = 0.0033), at 67% from control. Thus, the NPs
seemed to internalize using both caveolae and clathrin-mediated endo-
cytosis pathways.

3.5.4. Colocalization with early endosomes

To study whether NPs were internalized through a vesicular endo-
cytosis pathway and localized within the BLECs cytoplasm, immuno-
staining against early endosomes vesicles (EEA-1) was performed after
incubating the BLECs with P188 NP and PS80 NP independently for 30
min and 1 h. P188 and PS80 NP could be seen mostly colocalized with
EEA-1 or close to each other (Fig. 7B). The presence of NPs colocated
with EEA-1 indicates that the NPs followed the endocytosis metabolic
process of the BLECs.

3.6. Evaluation of P188 and PS80 NP crossing through BLECs

NPs were incubated in the luminal compartment of BLECs at 10 pug/
ml for 3, 6 and 24 h. The amount of nanoparticles in the abluminal
compartment after the end of the incubation time was quantified by
fluorometry and the percentage of crossing through the BBB was
calculated. Both nanoformulations could be found in the abluminal
compartment, showing the ability of the nanoparticles to cross through
the BBB endothelium (Fig. 8A). Both formulations showed a similar
transport profile at 3 and 6 h of incubation, of 1.5-2% of crossing,
meaning 0.15-0.2 pg/ml NPs. However, at 24 h, PS80 nanoparticles
showed a significantly higher (*p = 0.0278) transport percentage of 3%
(0.3 pg/ml), compared to P188 NPs transport percentage which stayed
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Fig. 3. Endothelial cell permeability coefficient (Pe) values of NaFlu after incubation with NPs. A. Evaluation of BBB integrity after P188 NP incubation. B.
Evaluation of BBB integrity after PS80 NP incubation. Ordinary one-way ANOVA, multiple comparison test, versus negative control were performed. Ns = not
significant, *p < 0.05. Control and samples n = 5, N = 2 independent experiments; Rotenone (n = 2, N = 2).

stable around 1.5-2%.

The percentage of NPs recovery was assessed. NPs recovery
decreased with increasing incubation time (Fig. 8B). For both formula-
tions, <100% recovery was obtained, with a significant decrease (**p =
0.0020, *p =0.0111 for P188 and ***p = 0.0004, *p = 0.0274 for PS80)
for both NPs after 24 h incubation. This NPs loss could be due to a higher
uptake of NPs than the amount of NPs able to undergo transcytosis to the
brain (abluminal) compartment. Thus, some NPs were still sequestered
inside the BLECs, or degraded inside the cells, and thus could not be
recovered.

4. Discussion

In this study, the mechanism of uptake and crossing across the
human brain like endothelial cells (BLECs) of PLGA nanoparticles coated
with polysorbate 80 or poloxamer 188 produced using the MicroJet
reactor® technology were studied. The ability of these surfactant coated
PLGA NPs to cross the BBB has already been investigated (Gelperina
etal., 2010; Tahara et al., 2011) but not in human pre-clinical model and
the exact pathway taken by the nanoparticles has not yet been studied.
Some studies performed on PBCA NPs have hypothesized that the pro-
tein corona forming around nanoparticles coated with polysorbate 80 or

poloxamer 188 could be enriched in apolipoproteins, thus allowing
them to cross the BBB by receptor-mediated transcytosis (Ambruosi
et al., 2006; Kreuter et al., 2002; Petri et al., 2007). To the best of our
knowledge, similar studies have not been performed on surfactant
coated PLGA nanoparticles. Furthermore, discrepancies have been
noticed where some formulations showed superior crossing ability when
coated with P188 and others with PS80 (Lombardo et al., 2020), which
might suggest that both surfactants do not exactly share the same uptake
mechanism.

Based on these, PLGA nanoparticles were developed and produced
using an innovative MicroJet reactor® technology. Using this contin-
uous manufacturing technology for nanoprecipitation method allowed
the formation of small nanoparticles with acceptable distribution. The
production is easy to number-up by placing different reactors in parallel,
thus allowing the use of these nanoparticles for industrial pharmaceu-
tical purpose. Hence, the data acquired in this study were on nano-
formulations ready to be scaled-up. The formulation was tailored to
obtain nanoparticles lower than 100 nm, as it has been reported that
small nanoparticles could be endocytosed more easily by the brain
endothelial cells and then further diffuse through the brain extracellular
space (Gao and Jiang, 2006; Nance et al., 2012). These formulations
could therefore be promising delivery systems for the brain, able to be
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Fig. 4. Confocal images of NPs within the BLECs at different concentrations and incubation times. A. BLECs incubated with P188 NP. B. BLECs incubated with PS80
NP. Both NPs visualized as red dots, cell nuclei staining in blue. Scale bar = 25 pm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

produced at large scale and to efficiently deliver cargo through the BBB
without need of functionalization. Results showed that surfactant coated
NPs were produced with a mean size of 76.1 nm for P188 NP and 68.9
nm for PS80 NPs, with an acceptable PDI for industrial purposes
(Table 1). The NPs sizes were stable during 10 days in solution. Not-
coated PLGA (NC-PLGA) were also developed. However, NC-NPs were
not stable after production, as they were produced without any stabi-
lizers or surfactants. Indeed, visible agglomeration was observed one
day after production, reinforcing the importance of the use of stabilizers

or surfactants not only to enhance the particles functionality to the cells,
but also for the proper formulation stability. Thus, these nanoparticles
could not be used as good control throughout the experiments, due to
their functionalization differences and their instability in cell medium
which impacted their cellular interaction abilities.

To study crossing and uptake mechanisms of the surfactant PLGA
NPs through the human brain-like endothelial cells (BLECs), patented
and well established human BBB in vitro models (Cecchelli et al., 2014;
Moya et al., 2021), based on CD34+ stem cells-derived endothelial cells
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(CD34+-ECs) cocultivated with brain pericytes (Vandenhaute et al.,
2011; Shimizu et al., 2011) were used. The use of in vitro BBB models
has proven to be useful to evaluate the impact of drugs/compounds
toxicity, BBB permeation rates and molecular transport mechanisms
within the brain cells in academic research and early-stage drug dis-
covery. In addition, because of the interspecies differences, the use of
human pre-clinical in vitro models can be a complement to the in vivo
analysis. This model shows a good prediction of the brain delivery of
molecules when compared with data obtained in patients (Cecchelli
et al., 2014; Moya et al., 2021). In addition, for this NPs interaction
study with the BLECs, the fetal calf serum used as a supplement in the
cell medium was replaced by human serum 24 h before performing NPs
assays (Fig. 2A), since it has been shown that NPs interact not only with

the cells but also with components present in the media, like the serum
proteins. Indeed, proteins present in biological media can adsorb on the
nanoparticle surface to form the so-called protein corona (del Pino et al.,
2014). This corona is believed to have a huge effect on the bio-
distribution of nanoparticles by impacting the cell recognition of the
formulation (Monopoli et al., 2012; Capjak et al., 2017). Hence, to
obtain results that could be more easily translated to human blood in
vivo, the fetal calf serum (FCS) classically used in the cell medium was
substituted 24 h before experiments with human serum (HS), to work
with a nanoparticle protein corona profile closer to the one expected
from in human blood. Then, after 6 days of coculture, the tightly packed
cell network of the CD34+-ECs BBB phenotype was validated with the
presence of zonula occludens-1 (ZO-1) expression, a protein involved in
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the tight junctions and located continuously at the edge of these cells, in
addition with the low paracellular permeability of the model integrity
marker NaFlu. No changes were found after substituting the serum
(Fig. 2B). Hence, HS replacement 24 h before the experiment did not
impact the BBB models integrity.

The surfactant coated PLGA nanoparticles demonstrated good
biocompatibility with the BBB model, as no BBB integrity disruption
could be observed at a maximum concentration of 100 pg/ml up to 24 h
of incubation time (Fig. 3). As hypothesized, both formulations were
uptaken and released by the BLECs (Figs. 4, 5 and 8). However, PS80 and
P188 NP showed different uptake profiles (Figs. 4 and 5). Indeed, PS80
NP presented a lower uptake than P188 NP. PS80 NP uptake mechanism
seemed to reach a maximum at lower concentration and earlier time
points, compared to P188 NP.

Next, the uptake mechanism of the nanoparticles was investigated,
through colocalization, competition, and inhibition studies. NPs uptakes
were temperature and ATP-dependent (Fig. 6A and B) and showed sig-
nificant competition with acLDL. The uptake was also sensitive to the
presence of LDL (Fig. 6C). Thus, results suggested that NPs might be
uptaken by endocytosis, through similar receptors as taken by acLDL,
which have been reported to be uptaken by scavenger receptors,
following the clathrin receptor-mediated endocytosis pathway, and
probably with LDLR too, following the caveolae receptor-mediated
endocytosis route (Dehouck et al., 1997; Zhu et al., 2011; Kanai et al.,
2014; Fukasawa et al., 1996). Moreover, the results obtained with the
inhibitor studies showed a significant decrease of PS80 NP uptake when
using clathrin and caveolae-dependent pathways inhibitors, as well as a
slight but not significant decrease of P188 NP uptake (Fig. 7A). The low
effect of the inhibitors on P188 NPs could however be explained by the
high uptake of this formulation. As the inhibitors are tested indepen-
dently, the inhibition of one route did not inhibit the others, which
might then hide the significant decrease in NPs uptake through a single
inhibited route. Thus, the nanoparticles might be uptaken by the cells
through multiple pathways, as also observed with the BBB uptake of
silica nanoparticles and glycopeptide PLGA nanoparticles (Georgieva
et al., 2011; Tosi et al., 2011). In addition, the presence of serum in the
cell medium has been reported to hinder the effect of inhibitors (Francia
et al., 2019). However, performing these experiments without serum
was not possible as it would have modified the protein corona forming
around the nanoparticles. The modification of the protein corona might
then have an impact on their internalization pathways and thus lead to
results impossible to translate in vivo.

Furthermore, following the cellular metabolic process, after the
internalization by endocytosis, both formulations were colocalized with
early endosomes (Fig. 7B) (Haqqani et al., 2018; Villasenor et al., 2019).
Moreover, the two formulations were able to be released by the BLECs
towards the brain compartment. Similar crossing profiles and percent-
ages were observed between the two formulations at 3 and 6 h (Fig. 8),
reaching a significantly higher crossing percentage for PS80 NP after 24
h incubation. Thus, even though P188 NPs were uptaken in higher
quantities than PS80 NP, most of them were not able to cross the cell
layer. Indeed, it is likely that only a fraction of the uptaken nanoparticles
was able to be transcytosed through the BLECs to reach the abluminal
compartment, while the remaining NPs might be meant to be degraded.
In addition, the low percentage of crossing observed could suggest that
the concentration studied of 10 ug/ml was already too high, saturating
the crossing mechanism pathway. However, lower concentrations could
not be studied as they would have required working under the detection
limit of the NPs fluorescence.

Hence, both P188 and PS80 NP produced using the MicroJet reactor
technology could be interesting formulations for the delivery of cargo
through the BBB to the brain. Further deeper studies could be dedicated
to the NPs corona formation within the human blood serum.
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5. Conclusion

Hence, in this study, the interaction of the PLGA nanoparticles
coated with PS80 or P188, produced using the MicroJet reactor®
technology, with human brain like endothelial cells (BLECs) have been
analyzed using a well-established in vitro coculture human BBB models
supplemented with human serum, specially used for this research
approach. Both surfactants coated PLGA NPs presented a good
biocompatibility with the BLECs at a maximum concentration tested of
100 pg/ml. Both formulations were internalized in the BLECs, showing
different uptake profiles: P188 NP presented a higher and faster uptake
by the BLECs than PS80 NP. Moreover, the NPs seemed to be uptaken by
the cells through receptor-mediated endocytosis, by presenting a sig-
nificant competition with acLDL, and a slight competition with LDL,
suggesting a possible interaction with the same receptors. The NPs might
then be internalized using clathrin and caveolae endocytic routes, being
localized afterwards in the early endosome vesicles following the cell
trafficking. Both nanoformulations were released afterwards by the
BLEGs in the same range of percentage despite the significantly higher
and faster uptake found for P188 NP in comparison with PS80 NP.
Nevertheless, PS80 NP achieved the highest release percentage in 24 h
incubation.
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