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ARTICLE INFO ABSTRACT

Keywords: Microfluidic-based nanoscale drug delivery systems have risen to prominence in the field of precision nano-
Solid lipid nanoparticles medicine in recent years. This intriguing innovation could provide unique therapeutic prospects in the treatment
Microfluidics

of serious disorders as traumatic brain injury, a potentially fatal condition that is widespread during childhood.
According to current scientific study, neurotrophins are vital for the healing of injured brain parenchyma, and
the brain-derived neurotrophic factor (BDNF) in particular may have significant regenerative effects. To address
BDNF-related pharmacokinetic constraints, microfluidic-assisted manufacturing of BDNF-loaded solid lipid
nanoparticles (BDNF-SLNs) was carried out, and following evaluation, the formulation demonstrated optimum
characteristics in terms of size (190.3 + 10.1 nm), PDI (0.180 + 0.023), and ¢-potential (- 39.2 + 1.30 mV).
Short-term stability studies and the haemolysis assay verified the formulation’s biocompatibility, while an in vitro
permeability analysis revealed an increase in the Papp of the encapsulated BDNF (1.27x10™° cm/s) as compared
to plain BDNF (9.31x10’6 cm/s). The in vitro mimicked neuroinflammatory model demonstrated an enhanced
decrease in nitrite production and Nos mRNA levels using BDNF-SLNs compared to plain BDNF as a control,
validating the proficiency of the microfluidic-based drug delivery systems as pioneering and valuable approaches

Brain-derived neurotrophic factor
Brain delivery

Traumatic brain injury
Neuroinflammation

for the brain delivery of biologicals.

1. Introduction

The central nervous system (CNS) constitutes the control system of
the human body since it is skilled to manage any kind of incoming
stimulation while keeping the fragile brain microenvironment strictly
controlled. In this context, the blood-brain barrier (BBB) plays a pivotal
role, representing a dynamic entity that serves as physical barrier, pre-
venting non-specific stimulation and controlling the molecular traffic in
and out of the brain tissue [1].

Among the plethora of CNS-related illnesses, the traumatic brain
injury (TBI) is one of the most prominent. TBI is a comprehensive
definition that refers to a multitude of impairments triggered by a
traumatic event impacting the brain, and it appears to be a relevant
public health concern since it has been identified as the main cause of
long-term disability and/or death in children [2]. This pathological
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condition evolves in a biphasic manner. In the first place, the trauma
(open or closed head) initially results in damage symptoms (e.g.,
edema), which then leads to a dysregulation of tight junctions and
extracellular matrix, increasing BBB paracellular permeability and
altering the activity and/or expression of physiological transporters [3,
4]. Subsequently, the injury causes oxidative stress by boosting the
synthesis of pro-inflammatory mediators turning into an extensive
neuroinflammatory process [5,6]. Despite being widely recognized as a
disruptive secondary phase, neuroinflammation presents a therapeutic
opportunity to halt more tissue damage and function loss. In fact, the
breakdown of the BBB allows for passively directing non-invasive
nano-drug delivery systems (DDSs) to the brain in order to administer
neuro-protective and/or neuro-regenerative agents to the CNS [7].
Unexpectedly, after a traumatic event, the brain parenchyma de-
velops its own healing mechanisms by activating a range of
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compensatory phenomena known as neuroplasticity [8]. These pro-
cesses include adjustments to growth factor signaling, synaptogenesis,
angiogenesis, neuron cell proliferation, and cell structural alterations
with the goal of enhancing functional recovery [9,10]. According to
current scientific findings, neurotrophins revealed a significant role [11]
and, among them, the brain-derived neurotrophic factor (BDNF) has
been singled out as a potential factor connected to processes of brain
tissue repair and regeneration [12,13]. Numerous beneficial events,
including neuronal survival, differentiation, migration, synaptogenesis,
and plasticity, are influenced by the binding of BDNF to its physiological
tropomyosin receptor kinase (TrkB), suggesting several potential ad-
vantages [11,14].

Thus, BDNF therapy could be a successful option for post-injury
treatment, enabling a potential recovery of the tissue. This point is
particularly interesting when considering children who sustain brain
injuries; in fact, they should be treated quicker than adults due to the
sequelae of impairments generated by an early damage to an immature
brain parenchyma. Besides, the lack of effective non-invasive thera-
peutic treatments complicates the lives of younger patients [15].

Unfortunately, BDNF is a pH-sensitive molecule with poor perme-
ability across the BBB and short half-life, so its administration would
require extremely intrusive procedures when using a standard treatment
strategy [11,13]. Therefore, using novel nano DDSs to encapsulate and
deliver BDNF would circumvent the pharmacokinetic restrictions asso-
ciated with conventional therapeutics, opening the way for a promising
strategy that would enable the handling of secondary neurodegenerative
phenomena via more compliant processes [16].

In recent years, the scientific community’s focus has been on inno-
vative nanoformulations that, in complex conditions such as the Covid-
19 pandemic crisis, have generated a more effective resolution than
conventional therapeutical procedures [17]. Similarly, it is interesting to
note that nanoformulations also offer a number of advantages for the
treatment of pathological conditions that demand a multifaced approach
as in the TBI-like situation [18]. Thus, in this vast panorama, solid lipid
nanoparticles (SLNs) have attracted interest as they include a number of
favorable qualities for brain delivery. More in detail, SLNs would enable
the encapsulation of both hydrophilic and hydrophobic compounds that
may be incorporated into the lipidic core [19,20]. This property is highly
intriguing when considering the delivery of biologicals that require
protection from plasmatic degradants before reaching the therapeutic
target [16,21]. In addition, SLNs are able to bypass reticuloendothelial
system’s (RES) absorption when synthesized in a dimensional window
between 120 and 200 nm, extending the circulating time and the pos-
sibility to arrive safely to the target site without the need for additional
surface modifications [22]. Unfortunately, existing bulk production
methods are unable to ensure the reliable fabrication of nanosystems
with appropriate properties for brain delivery, due to the difficulty to
precisely regulate every manufacturing parameter step-by-step [23].
Additionally, it is still very difficult to produce lipid nanosystems
incorporating biologicals taking into account the long manufacturing
time, the insufficient yield, and the rapid degradation of the compounds
while applying traditional working methods [24]. As a consequence,
emerging production techniques are needed to resolve the previously
stated challenges, rendering feasible to successfully fabricate brain tar-
geted SLNs [25,26].

The microfluidic technique is the most advanced method applied in
the production of SLNs [25,27,28], providing clear benefits over con-
ventional practices [24,29]. The main advantages include the decou-
pling of the process from the operator’s dexterity, the replacement of
harmful solvents stepping toward a more sustainable approach, time-
and cost-effective processes, and the ability to keep accurately regulated
the experimental conditions which guarantees great reproducibility and
consistency [30,31].

Taking cues from these insights, the objective of this study was to
utilize microfluidic technology for the production of BDNF-SLNs spe-
cifically tailored for brain delivery, aiming to overcome the
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pharmacokinetic limitations that hinder the utilization of biologicals in
therapy. Building upon a prior study by Sommonte et al. [32], which
optimized the in-flow preparation of SLNs carrying a model enzyme, we
adopted the same protocol. Utilizing a commercially available micro-
fluidic device with herringbone internal geometry allowed us to produce
high-quality nanosized SLNs suitable for parenteral administration. We
subjected the BDNF-SLNs to characterization and conducted a
short-term stability assessment. Furthermore, we performed a haemol-
ysis assay to evaluate the biocompatibility of the microfluidic-based
formulation with blood components. To assess the enhanced transport
of encapsulated BDNF compared to plain BDNF, we conducted a
permeability study using an in vitro immortalized human endothelial
(hCMEC/D3) BBB model. Lastly, we evaluated the neuroprotective
properties of plain BDNF and BDNF-SLNs using an in vitro simplified
model resembling TBI.

2. Materials and methods
2.1. Materials

All chemicals were the highest purity available and were used as
received without further purification or distillation.

Cetyl palmitate was provided by Farmalabor (Italy). Dulbecco’s
phosphate buffered saline, Lutrol F68 (Poloxamer 188), double-distilled
water, and all analytical grade solvents/salts were purchased from
Sigma-Aldrich (Italy).

For cellular studies, Transwell® permeable supports were from
Corning (Corning, NY, USA). Fetal Bovine Serum (FBS), penicillin (100
U/mL), and streptomycin (100 pm/mL) and all the media and supple-
ments for cell culture were purchased from EuroClone (Italy).

Human brain-derived neutrophic factor (BDNF, carrier free, recom-
binant, expressed in E. coli, suitable for cell culture), human BDNF ELISA
kit, Diazepam, Fluorescein isothiocyanate-dextran (FD4), lipopolysac-
charide (LPS), the nitrite assay kit (Griess reagent), human serum were
purchased from Sigma-Aldrich (Italy).

2.2. Microfluidic-based preparation of SLNs encapsulating BDNF

For the production of BDNF-SLNs, it was selected a commercially
available microfluidic device purchased from Microfluidic Chip Shop
(Germany). Due to the presence of a modified herringbone design, the
generation of SLNs happened due to a nanoprecipitation process caused
by the swirling mixing of aqueous phase and organic phase which
flowed in the same direction during the microfluidic path. The micro-
fluidic set-up has been engineered using the method previously opti-
mized [32]. Polyethylene syringes placed on syringe pumps were used to
inject miscible fluids into the microfluidic chip at a constant flow rate.
The organic phase consisted of an ethanolic solution (95 %) with cetyl
palmitate (10 mg/mL), while the aqueous phase was prepared using
double-distilled water containing Lutrol F68 2 % (w/v). The aqueous
solution was filtered using a cellulose-acetate syringe filter measuring
25 mm 0.45 pm (Scharlab S.L., Spain) to prevent the channels from
becoming clogged. After, the BDNF was placed inside the aqueous phase
at a final concentration 1 pg/mL. During the production, the fluid rate
ratio (FRR) was kept at 1: 5 (organic phase: aqueous phase), while the
total flow rate (TFR) was accorded to 6 mL/min. Using an infrared lamp
(Incandescent 230-250V BR125, 150W E27 IR RE, Philips, Germany)
placed at distance of 10 cm from the syringe carrying the organic phase,
the organic phase was maintained at a temperature above the melting
point of the lipid while the chip was kept in a hot bath (i.e., 60 °C)
throughout the procedure. After being produced, the formulation was
maintained on a warm stirring plate allowing to facilitate the ethanol
evaporation gently balancing at room temperature. Then, the formula-
tion was consolidated for 15 min at 4 °C, followed by the purification
phase using centrifuge filters (Amicon® ultra- 15, centrifugal filters
ultracel® - 50K, Merck Millipore Ltd., Ireland) to completely remove the
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organic solvent and unencapsulated BDNF. The washes with
double-distilled water were performed four times at 3500 rpm, 5 min,
and 4 °C.

2.3. Dynamic light scattering (DLS) and Z-potential

The size distribution, polydispersity index (PDI), and ¢-potential of
the SLNs were evaluated using a Zetasizer Nano ZS (Malvern In-
struments Ltd., UK). Approximately 1 mL of a 1:50 diluted solution in
double-distilled water of each sample was analyzed using disposable
polystyrene cuvettes (Sarstedt AG & Co., Germany) at 25 + 0.1 °C. The
surface {-potential of the SLNs was evaluated using a 750 pL of the 1:50
dilution in demineralized water of the nanoparticle suspension in a
disposable folder capillary cell (DTS1070, Malvern Instruments Ltd.,
UK). All the experiments were performed in triplicate and resulting data
are shown as the mean + standard deviation of each triplicate.

2.4. Nanoparticle tracking analysis (NTA)

According to literature [33], the formulations were analyzed in
terms of particle size and concentration as SLNs/mL with the NanoSight
NS300 (Malvern Panalytical) following the manufacturer’s instructions
(NanoSight NS300 User Manual, MAN0541-02-EN, 2018). Each sample
was diluted 1:1000 in Milli-Q pre-filtered water and then injected at a
constant syringe flow (flow rate = 50 pL). Samples were run performing
three-60s videos, and then data were collected reporting the mean +
standard deviation of each triplicate.

2.5. Evaluation of encapsulation efficacy (EE %)

The assessment of EE (%) of the formulation was conducted via the
direct measurement of encapsulated BDNF. Briefly, 100 pL of BDNF-
SLNs were lyophilized and digested using a 500 pL mixture containing
chloroform and double-distilled water (1:1 v/v). The amount of BDNF
extracted by the aqueous phase was evaluated using BDNF ELISA kit. All
absorbance measurements were carried out in triplicate at room tem-
perature, by using a Tecan Infinite® 200 PRO plate reader (Tecan,
Switzerland).

The EE % was calculated using Eq. (1) [32].

EE (%) = mass of drug found into SLNs

1 Eq. (1
mass of drug initially added x 100 a- (1)

2.6. In vitro release studies

The in vitro release experiment was conducted using Franz-diffusion
cells as reported previously [19,32]. More in detail, the experiments
were carried out in presence and in absence of lipase from porcine inside
the donor compartment. The BDNF-loaded SLNs were positioned on an
artificial cellulose acetate membrane diffusion barrier (area of 0.6 cmz,
50 kDa, Fisher Scientific, Italy), which divides the donor and receptor
compartments. In this study, 400 pL of BDNF-loaded SLNs (at a con-
centration of 1,03 ng/mL in terms of BDNF) were placed in the donor
compartment and diluted with 500 pL of water or lipase (1 mg/mL into
double-distilled water) to allow the degradation of the SLNs’ lipidic
matrix [26]. In both cases, the receptor compartment contained PBS (pH
7.4) as relevant medium, while the entire systems were maintained at a
temperature of 37 + 0.5 °C. At certain time points (0, 2, 4, 8, 24, 48, and
72 h), 200 pL of receptor phase was taken and replaced with 200 pL of
warm PBS to preserve sink condition. The released BDNF of each sample
was quantified by BDNF ELISA kit. Each experiment was performed in
triplicate.

2.7. Short-term physical stability study

Short-term stability study was performed on both empty and BDNF-
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SLNs by evaluating the size and PDI in different media (i.e., PBS (pH =
7.4) and human serum). In detail, 200 pL of each formulation was
dispersed in 1.5 mL of the above-mentioned media and incubated at
37 °C, under magnetic stirring in order to simulate physiological con-
ditions. At predetermined time points (5, 10, 15, 30, 60, 90, and 120
min) an aliquot of 20 pL of the sample was withdrawn and diluted in
double distilled water to be analyzed by Zetasizer Nano ZS (Malvern
Instruments Ltd., UK). The results were expressed as mean + standard
deviation.

2.8. Haemolysis assay

In vitro haemolysis assay of BDNF-SLNs and empty SLNs was per-
formed using human whole blood (HWB) kindly donated by a healthy
volunteer. HWB was freshly diluted before the test as follows: 0.556 pL
of HWB was added to 1.944 mL of sterile Dulbecco’s PBS pH 7.4 gently
shaking. 1 mL of this suspension was withdrawn and added to 49 mL of
sterile Dulbecco’s PBS pH 7.4. For the assay, 50 pL of each formulation
at several lipid content concentrations, namely 0.10, 0.020, 0.002, and
0.0002 mg/mL of both empty and BDNF-SLNs, was added to 950 pL of
the before-diluted blood. After addition, the mixtures were continuously
shaken using a thermomixer C (Eppendorf) at 300 rpm, 37 °C for 2 h and
thereafter further mixed by inversion every 15 min. Subsequently the
incubation, the mixtures were centrifuged at 503xg for 5 min at 5 °C
[34].

Following, the supernatants were analyzed via UV-spectrometry at a
A = 420 nm using a Multiskan SkyHigh Microplate Spectrophotometry
(ThermoFisher Scientific).

Values were referred to a Triton X-100 (1 % w/v) used as 100 %
reference of haemolytic activity (positive control). The negative control
was prepared by incubating 50 pL of sterile Dulbecco’s PBS (pH 7.4) and
950 pL of diluted blood.

The extent of haemolysis as a percentage (% H) was calculated
applying Eq. (2) as reported in literature [35].

(Abs Test —ADbS Neg)

H =
(%) (AbS PDS*AbS Ngg)

x 100 Eq. (2)

where:
Abs Test is the absorbance of the test sample, Abs Neg is referred to as
negative control, and Abs Pos is the absorbance of positive control [35].

2.9. In vitro BBB model

hCMEC/D3 cells were kindly provided by Pierre-Olivier Couraud
(Universite Paris Descartes, Paris, France). As reported in literature [19,
36], cells between passages 25 and 35 were grown for 15 days in
EndoGRO medium nourished with EndoGRO MV supplement kit, 10 %
FBS, basal FGF (200 ng/ml), penicillin-streptomycin (1 %), lithium
chloride (10 mM) and resveratrol (10 pM) and kept at 37 °C with 5 %
COa.

To create the in vitro model of BBB, the cells (21,000 cells/cm?) were
seeded on the apical side of Transwell® insert (polyester 24-well, 0.4 pm
pore size, insert 6.5 mm), precoated with Collagen type I (1 %). The
medium (100 pL in the apical compartment, and 600 pL in the baso-
lateral compartment) was changed every 2-3 days and the cell mono-
layer was monitored. The constitution of tight junctions between cells
was tracked by measuring the transendothelial electrical resistance
(TEER) using EVOM apparatus [37].

2.10. Endothelial permeability of BDNF-SLNs

At 15th day after seeding, 100 pL of PBS-suspended BDNF (3.98 x
1073 pg/mL), BDNF-SLNs (3.98 x 10~ pg/mL drug concentration; 0.6
mg/mL of lipid concentration), empty SLNs (0.6 mg/mL of lipid con-
centration), Diazepam (75 pM), and fluorescein isothiocyanate-dextran
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(FD4) (200 pg/mL) were added to the apical compartment of hCMEC/
D3 cell culture system. After 3 h, samples from basolateral compart-
ments were collected. The endothelial permeability (P,,,) of BDNF,
BDNF-SLNs, Diazepam, and FD4 were calculated following Eq. (3) as
reported in literature [37].

V. Drug acceptor

P, = Eq. (3
P (area x time) * Drug initial a- (3)

Where:

“Va” is the volume in the apical compartment (mL); “area” is the
total area of the insert (cmz); “time” is the total transport time (sec);
“Drug acceptor” is the amount of drug in the basolateral compartment;
“Drug initial” is the drug added in the apical compartment.

The quantification of Diazepam was performed by HPLC method, as
reported in literature [38], using Agilent 1260 Infinity quaternary LC VL
system equipped with a variable wavelength detector and with OpenLab
DCS software. Briefly, a C18 ODS 5-um HyperClone column (120 A,
250x4.6-mm) (Phenomenex, Italy) was used. The mobile phase con-
sisted of a mixture methanol: water in a ratio 75:25 (v/v). Column
temperature was 35 °C, and the mobile phase flow was set at 1.1
mL/min. Each sample was run for 8 min, and it was injected with 30 pL.
Absorbance was recorded at A = 254 nm.

The quantification of FD4 was performed by recording the spectra of
absorbance (A = 495 nm) and emission (A = 520 nm) using a spectro-
photometer (Infinite® 200 PRO, Tecan, Switzerland).

2.11. BDNF quantification by ELISA analysis

The quantity of BDNF was evaluated by using the human BDNF
ELISA kit as defined by the Sigma-Aldrich protocol. Briefly, all reagent
and samples were used at room temperature. The appropriate solvent
(Diluent B) was used to dilute each sample, and then 100 pL of each
dilution was poured into one well. The system was incubated at room
temperature for 150 min while being gently shaken. After the time
required, the solutions were discarded, and each well was washed four
times by using the wash solution (1x). Then, 100 pL of a 1x detection
antibody was put into each well, and the mixture was allowed to sit for
60 min while being gently shaken at room temperature. After, each well
has been washed four times with the wash solution (1x). Subsequently,
100 pL of prepared Streptavidin solution was added into each well,
incubating for 45 min at room temperature. The solutions were dis-
carded, and the washes were repeated. Then, 100 pL of TMB-One step
substrate reagent was added to each well, incubating for 30 min in the
dark at room temperature with gently shaking. 50 pL of Stop solution
was poured into each well and absorbance was read immediately at A =
450 nm using a spectrophotometer (Infinite® 200 PRO, Tecan,
Switzerland). Each analysis was performed in triplicate, and the
resulting data were reported as mean =+ standard deviation of each
triplicate.

2.12. N9 cell culture growth and treatment

The N9 cell line is commonly used in neuroscience research as a
model for microglial cells. In this case, the N9 cells were cultured in
DMEM/F12 medium (Gibco 11320033) supplemented with inactivated
FBS (Gibco 10270, inactivated at 56 °C for 30 min), 2 mM r-glutamine
(Biowest X0550), and penicillin-streptomycin (Gibco 15070063). The
cells were maintained at a temperature of 37 °C with a 5 % CO, atmo-
sphere in a humidified incubator. After reaching confluence, the cells
were detached with 0.125 % Trypsin (Gibco 25200) for 5 min at 37 °C,
followed by inactivation with complete medium. The pellet was
collected by centrifugation at 200xg for 5 min at room temperature.
Treatments were conducted 24 h after new seeding, which was per-
formed in triplicate in 24 multi-well plates, seeding 100,000 cells per
well. The concentrations used for treatments were as follows: LPS 1 pg/
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ml, IFN-y 0.1 pg/mL (in a mix with LPS), BDNF 25 ng/mL and BDNF-
SLNs 25 ng/mL.

2.13. Real-time PCR

After 24 h from the addition of the treatments, total RNA was iso-
lated from the samples using the commercially available kit Qiagen
RNeasy Mini Kit (Cat. No. 74104), according to the manufacturer’s in-
structions, by directly lysing the cells in the multiwells. RNA quality and
quantity were assessed using a NanoDrop spectrophotometer. cDNA was
synthesized using QuantiTect Reverse Transcription Kit (Cat. No.
205311). Real-time PCR was performed using Applied Biosystems Tagq-
Man™ Gene Expression Master Mix (catalog number: 4369016) and the
QuantStudio™ 3 Real-Time PCR System (Applied Biosystems). The mix
of primers and probes for Nos2 and housekeeping gene (Actb) were
purchased from Integrated DNA Technologies. The real-time PCR reac-
tion mixture was prepared according to the user guide of the TagMan™
master mix relative to the 96 fast-plate duplex setup. The thermal
cycling conditions were as follows: 50 °C for 2 min, 95 °C for 10 min, and
40 cycles of 95 °C for 15 s and 60 °C for 1 min. The real-time PCR data
were analyzed using the 2724%4 method. The results were expressed as
mean (log1o) + standard deviation.

2.14. Measurement of nitrite (NO?") levels

The level of nitrites produced after the neuroinflammatory damage
was evaluated by using the commercially available nitrite assay kit
(Griess reagent) purchased from Sigma-Aldrich. After 24h of treatment,
the media of the samples were collected and were used to assess the
amount of nitrites (NO2™) which is a stable NO product. Tests were
performed by mixing 100 pL of each sample with 10 pL of Griess reagent
I, 10 pL of Griess reagent II and 80 pL of nitrite buffer. The nitrite con-
centration was evaluated after 10 min of incubation by measuring the
absorbance at A = 540 nm using using a spectrophotometer (Infinite®
200 PRO, Tecan, Switzerland). The measurement was performed in
triplicate and data are shown as mean =+ standard deviation.

2.15. Statistical analysis

Data have been presented when needed as a mean value + standard
deviation value. All data were obtained in triple replicates unless stated
otherwise. When comparing data sets for statistical significance, one-
way ANOVA analysis, Multiple t-test, and Student t-test were per-
formed (Version GraphPad Prism 8.0.2), adhering to a p value of <0.05.

3. Results and discussion
3.1. Microfluidic-assisted production and characterization of BDNF-SLNs

For the production of BDNF-SLNs was applied a commercially
available polycarbonate device. The chip is characterized by an internal
staggered herringbone pattern and a Y-shaped geometry with two inlets
converging into the main channel (Fig. 1). This device was chosen in
accordance with the required output as the miniaturized microchannels
are responsible for the high-quality result. In fact, in the case
microfluidic-assisted production conducted under laminar flow condi-
tion, the focus is on diffusive phenomena which guide the chemical
reactions at the interfaces of the two fluids by following the Fick’s law
[39].

It is interesting to note the abundance of studies in literature showing
how effectively the herringbone structure ensures the creation of
nanosized monodisperse nanoformulations [24,40]. Since the chaotic
aversion phenomena occurs at intermediate Reynolds numbers, the
proposed shape allows for the production of rotational flow conditions.
Under these circumstances, the flow direction within the device is
changed numerous times, reducing the time required for molecules to
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Detail A

Detail A

10:1

Fig. 1. Schematic representation of the microfluidic set-up and of the Y-shaped microfluidic device [42].

diffuse and enabling faster production with a high degree of mono-
dispersion while keeping all the parameters strictly controlled [41].

In a more detailed way, the in-flow production of BDNF-SLNs was
carried out on using the previously published set-up [32] with slight
changes (Fig. 1). Specifically, the BDNF was solubilized in a surfactant
aqueous solution (Lutrol F68, 2 % w/v) at a final concentration of 1
pg/mL, while the organic phase consisted of cetyl palmitate in ethanol
(95 %, 10 mg/mL).

Here, in contrast to prior work [32], the novel device with smaller
microchannel dimensions necessitated a change in the flow parameters
to prevent chip leakage. As a result, the production was conducted at a
TFR of 6 mL/min while maintaining the previously optimized FRR of 1:5
between the organic phase and aqueous phase.

Characterization data of the BDNF-SLNs showed the technique’s
robustness and proficiency in generating appropriate nanosystems in
terms of size and PDI. According to DLS analyses, the formulations
revealed good findings regarding hydrodynamic dimensional range
(190.3 + 10.1 nm) and PDI (0.180 =+ 0.023), and the EE % (40.3 + 2.7
%). It is important to emphasize that an EE of 40 % of the total load is
consistent with other encapsulated biological molecules when taking
into account other microfluidic-based SLNs [43]. Indeed, in contrast to
small compounds, biotechnological molecules’ three-dimensional
structure, and spatial arrangement of hydrophobic amino acid resi-
dues may have a significant impact on the lipid matrix’s deposition and,
consequently, affecting the amount of encapsulated cargo. In contrast to
prior work in which the presence of the biological molecule had been
demonstrated both inside the lipid matrix and adsorbed on the surface of
the nanosystem resulting in a major EE % [32], here Z-potential values
of empty and BDNF-loaded SLNs were found to be stable and negative,
respectively (- 38.3 = 1.18 mV) and (- 39.2 &+ 1.30 mV), giving precious
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information about the placement of the drug only within the lipidic core.
The BDNF is a protein characterized by an isoelectric point at pH 9.6
[44] and considering the aqueous Lutrol F68-stabilized solution (2 %
w/v) at the pH value of 6.30, all the polarized groups of BDNF were
protonated when it was inside the aqueous phase. The evidence that
BDNF-SLNs exposed a homogeneous negative surface charge was
indicative that the growth factor was localized within the lipid core, and
not absorbed on the nanosystems’ surface; otherwise, the {-potential
values would have been turned positive [32]. To conclude, it should be
reiterated that there are works in which a higher EE has been obtained
[45], however these examples do not concern microfluidic-based lipid
formulation. Furthermore, a 40 % EE serves as suitable starting point for
further biological investigations, since the in vitro neurotrophic activity
of BDNF has been tested in a range of concentration between 10 and 100
ng/mL [46,47].

In addition to characterization data, NTA analysis confirmed the DLS
results, highlighting the actual size of moving BDNF-SLNs equal to
166.5 nm (+53.8 nm), with a concentration of 9.31e*%%8 (+7.68e7%%%)
particles/mL (Fig. 2).

The BDNF-SLNs release study was achieved via the use of Franz-
diffusion cell using PBS as receptor medium at 37 °C to mimic physio-
logical condition. As broadly reported in literature, the SLNs are a
valuable drug delivery system performing a sustained release of the
encapsulated cargo over time after enzymatic degradation of the lipid
matrix [22]. For this reason, the in vitro release experiment was con-
ducted with and without lipase in the donor compartment in order to
simulate a more physiological sitting and stimulating the degradation of
the lipidic matrix [26]. As shown in Fig. 3, BDNF-loaded SLNs in pres-
ence of water in the donor compartment reached a release of the 20 % in
the first 4 h of incubation and remained steady within 72 h.

B)

Intensity (a.u.)

T T T T T 1
0 100 200 300 400 500 €00 700 800 €00 1000

Size (nm)

Fig. 2. Size distribution from NTA measurements of BDNF-SLNs using constant experimental and evaluation parameters. A) Triplicate measurements of the
same monodisperse sample size vs. concentration was reported. B) Triplicate measurements of the same monodisperse sample size vs. intensity was reported.
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Fig. 3. In vitro release profiles of BDNF from SLNs using Franz-diffusion
cell at 37°C. The study was performed diluting BDNF-loaded SLNs with the
same amount of water or lipase (1 mg/mL in water) in the donor compartment.
Resulting data were reported as mean + SD, n = 3.

Comparatively, under lipase-positive conditions, BDNF was released
from the lipid matrix to the extent of 40 % in the first 4 h, 64 % in the
next 24 h, and 93 % up to 72 h.

3.2. Cellular permeability study through the in vitro BBB model

To assess the permeability of both plain and encapsulated BDNF
through the barrier, the in vitro BBB model was constructed in accor-
dance with the literature [19,36]. The hCMEC/D3 monolayer is an
adequate model able to accurately replicate the human BBB physiolog-
ical condition as it shows a good representation of the majority of the
receptors and transporters expressed in vivo, while enabling relevant
CNS cellular and molecular drug transport pathways [36].

The cell culture was built using Transwell® set-up in which a
monolayer of hCMEC/D3 was seeded on a porous insert, determining
the formation of an apical compartment and a basolateral one which
represented the “blood” side and the “brain” side, respectively.

To control the viability of the in vitro model [37], TEER values were
checked during the formation of hCMEC/D3 monolayer. TEER values
increased from 134.2 + 3.4 Q (1 day after seeding) to 172.9 + 2.7 Q (on
the day 15th after seeding).

The permeability study was conducted by evaluating the perme-
ability of plain BDNF, BDNF-SLNs, diazepam and FD4 across the cell

Journal of Drug Delivery Science and Technology 96 (2024) 105699

monolayer. The experiment was carried out by using the same concen-
tration of plain BDNF and BDNF loaded into SLNs, namely 3.98 x 1073
pg/mL, while the lipid content of BDNF-SLNs and empty SLNs was 0.6
mg/mL. To evaluate the transcellular permeability was used diazepam
at final concentration of 75 pM, while for the paracellular pathway was
applied FD4 at 200 pg/mL. The permeation across the monolayer of
hCMEC/D3 was estimated after 3 h of incubation by measuring the
amount of BDNF, diazepam and FD4 collected in the basolateral
compartment. The Py, was calculated following Eq. (3) [37], evaluating
values for plain BDNF, BDNF-SLNs, diazepam, and FD4 (Fig. 4).

After 3 h of permeation across the cell monolayer, collected data
demonstrated a slight increase in the Py, of the encapsulated BDNF
(1.27x 107> ¢cm/s) in comparison with plain BDNF (9.31 x 107% cm/s) at
the same concentration.

As documented in literature [19,48], the SLNs demonstrated to be a
valuable nano DDSs, also considering the great protection of the cargo
provided by the lipid core from the rapid in vivo degradation. In addi-
tion, the coating of the nanosystems with a surfactant would create a
steric hindrance, slowing the opsonization process and the rapid clear-
ance from the RES. The improved SLNs retention in brain capillaries
combined with adsorption onto capillary walls may result in a higher
concentration gradient, which would improve drug delivery to the brain
by improving transport across the endothelial cell layer [16]. These
pharmacokinetic properties allow the SLNs to arrive unmodified to the
site of interest, where internalization takes place mainly exploiting the
mechanism of clathrin-mediated endocytosis. After the uptake, the
nanosystem could take the lysosomal or endosomal route. In the former
situation, the lipid matrix degrades, resulting in drug release into the
cell, whereas the endosome transports the entire nanosystem to the
opposite pole of the barrier, leading the release of embedded drug in the
brain compartment [48].

In the present study the permeability of BDNF encapsulated within
SLNs resulted greater than plain BDNF in a well-established model
reflecting the actual situation of a healthy barrier. Concerning a TBI-
compromised condition, however, the dysregulation of tight junctions
and extracellular matrix is responsible for the increase in paracellular
permeability [3], thus highlighting the possibility that using a
pathological-like model the SLNs permeability and the release of
encapsulated drug could be increased even more.
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Fig. 4. Endothelial permeability of plain BDNF, BDNF-SLNs, diazepam and FD4. (A) Summary of calculated values of Py, after 3 h of incubation in the
Transwell® system. (B) Graphical illustration of endothelial permeability study results by comparing plain BDNF and BDNF-SLNs. Experiments were performed in
triplicate and reported as mean + standard deviation. Student t-test was performed to calculate the statistical significance of plain BDNF and BDNF-SLNSs, adhering to

a p value of <0.05 [* = p < 0.0332 by Student t-test.].
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3.3. Haemolysis assay

After delivery, nanoparticles can interact with blood components,
causing various blood phenomena including the breakdown of blood
clotting pathways, complement activation, and erythrocyte haemolysis.
Indeed, preclinical studies on red blood cell compatibility are essential
in assessing the safety of both the carrier and the drug to be administered
[49,50]. The in vitro haemolysis assay is used to determine the amount of
hemoglobin released from erythrocyte breakdown after exposure to
nanoparticles. In the presence of oxygen, hemoglobin quickly converts
to oxyhemoglobin, which is then quantified spectrophotometrically.
Following the assay, the formulations are classified as non-hemolytic
when the percentage of hemolysis is less than 5 %, and certainly he-
molytic when the range is larger than 25 % [51].

To evaluate the biocompatibility of empty and BDNF-SLNs with
blood components in the context of potential parenteral administration
of these nanocarriers, a hemolysis test simulating the interaction be-
tween nanocarriers and whole blood was conducted (Fig. 5). Data have
been reported as haemolysis percentage (H %) in comparison with the
positive control Triton X-100 1 % (w/v) and the blank/negative control
PBS which were used for complete haemolysis (100 %) and zero hae-
molysis (0 %, not shown in Fig. 5), respectively.

The haemolytic activity of the formulations is purely related to the
carrier and not to the presence of BDNF since the behavioral trend of
empty SLNs and BDNF-SLNs is alignable. To our knowledge, no available
data have been published about haemolytic activity of microfluidic-
based SLNs. When examined at the production concentration in terms
of lipid and surfactant content (0.10 mg/mL), both empty SLNs and
BDNF-SLNs showed a modest rate of haemolysis, respectively 7.80 +
0.08 and 8.10 + 0.05 %. From this perspective, it may be possible to
explain the higher haemolysis percentage of the formulations at the
same concentration as they are produced, requiring further dilutions
before their administration. Interestingly, when alternative formulation

Empty SLNs
BDNF-SLNs
B  TRITON X-100 (1% w/v)

% % %k %k

100+

90+

% Haemolysis
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Fig. 5. Haemolysis test results after incubation of empty SLNs and BDNF-
SLNs with HWB. Data have been shown as mean + standard deviation. One-
way ANOVA was used to calculate statistical significance of the empty SLNs
and BDNF-SLNs versus the positive control [ns = p value > 0.05; * = p <
0.0332; ** = p value < 0.0021; *** = p value < 0.0002; **** = p value <
0.0001]. All samples revealed a statistical significance (****) compared to the
Triton X-100 (1 % w/V).
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dilutions were tried, however, the haemolysis percentage decreased by
less than 5 %, showing that the formulations were non-haemolytic [52,
53].

3.4. Short-term physical stability study

As reported in the literature, stability studies of both empty and
enzyme loaded SLNs have been previously conducted in PBS and human
serum [25,32]. The same microfluidic technique used to produce the
latter SLNs was also employed for the production of BDNF-SLNs. To the
best of our knowledge, previous evaluation regarding the colloidal sta-
bility of BDNF-SLNs produced via microfluidic technique have not been
found. Therefore, a short-term stability study was assessed on empty
SLNs and BDNF-SLNs, in both above mentioned media (i.e., PBS and
human serum). Resulting data have been shown in Fig. 6 and revealed
that, considering PBS as relevant medium, there was no significant in-
crease in size and PDI for empty SLNs and those encapsulating BDNF
after the observation time of 120 min (p-value ns). As reported in
literature, the SLNs represent a more stable DDSs due to the presence of
the lipid core, showing limited phenomena of aggregation and surfac-
tant expansion over time when tested in PBS [43]. Conversely, the sta-
bility test performed in human serum revealed the growing trend in
terms of size and more specifically in PDI for both evaluated SLNs (p <
0.05; p < 0.0001). This phenomenon could be ascribable to the protein
corona effect [54], which usually occurs when a nanocarriers circulates
in the physiological fluids, due to the presence of biological substances,
mostly proteins, in the human plasma. Here, since we have emulated the
physiological conditions by investigating the stability in human serum,
the increasing pattern was explained by the dynamic
adsorption-desorption phenomena involving both BDNF and serum
proteins on the surface of BDNF-SLNs.

3.5. In vitro neuroinflammation study

As previously mentioned, when TBI occurs the BBB suffers both acute
and delayed impairments. First of all, the primary injury induces
changes in the molecular traffic in and out the brain compartment and
the usual functional relations between glial cells and the cerebrovas-
cular endothelium are altered [3,6]. Subsequently, the injury results in
oxidative stress, which boosts the production of proinflammatory me-
diators and the expression of cell adhesion molecules on the surface of
the brain endothelium, also allowing inflammatory cells to enter the
injured brain parenchyma [6]. The neuro-inflammatory event typically
starts after the initial injury in the form of microglial and complement
activation, which is in charge of repairing the injured cells and providing
defense against encroaching pathogens [55]. Additionally, complement
activation increases the BBB-crossing of neutrophils, monocytes, and
lymphocytes, which release prostaglandins, chemokines, and cell
adhesion molecules [56,57].

At the same time, the microglial activation triggers the activation of
iNOS that consequences in NO production [58]. Excessive production of
NO by iNOS can lead to the formation of highly reactive nitrogen species
that can cause oxidative stress, damaging cellular components like
proteins, lipids, and DNA [59]. Oxidative stress is a major contributor to
neurodegenerative damage, in fact the prolonged and sustained pro-
duction of NO, especially at high concentrations, may trigger neuronal
cell death through mechanisms such as apoptosis or necrosis. As a result,
the delayed onset secondary phase of the disease is responsible for
long-term damages caused by neuroinflammation and no therapies are
currently available to revert this detrimental situation [13,15].Several
research in literature have shown the possibility to mimic a neuro-
inflammatory damage-like phenotype using LPS or a mixture of LPS and
IFN-y, which effect is to induce microglial activation leading to an
increased expression of Nos2, the iNOS gene [60]. To this end, LPS and
LPS + IFN-y mix are applied to a N9 cell line to mimic a
neuroinflammation-like condition for evaluating the potential
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Fig. 6. Short-term stability study of empty and BDNF-SLNs. (A) Size of empty and BDNF-SLNs in PBS, (B) size of empty and BDNF SLNs in human serum, (C) PDI
of empty and BDNF-SLNs in PBS, (D) PDI of empty and BDNF SLNs in human serum. Results are expressed as mean + standard deviation. Statistical analysis was

performed by a Multiple t-test (ns = p-value>0.05; **p < 0.05; ***p < 0.0001).

therapeutic benefits of BDNF. To compare the activity of encapsulated
and plain BDNF as neuroprotective agents, a pre-incubation of the cell
line with both BDNF-SLNs and plain BDNF, at the same concentration of
25 ng/mlL, was carried out for 4 h. Subsequently, LPS alone and a
mixture of LPS and IFN-y (L + I) were added to the cell cultures for a
duration of up to 24 h. The levels of Nos2 mRNA and the amount of
nitrites in cell culture media as NO products were then measured to
assess the neuroprotective effects of BDNF. The N9 cells that underwent
pretreatment with BDNF-SLNSs for 4 h before the insult with LPS and L +
I show a significant reduction in Nos2 mRNA levels when compared to
plain BDNF and, more prominently, when compared to LPS and L + I
control (Fig. 7- A and B). This is also reflected in the nitrite levels in the
cell culture medium of cells pretreated with BDNF-SLNs, which are
significantly lower than the nitrite levels in the medium of cells treated
only with LPS or L + I (Fig. 7- C and D). Data from this experiment
clearly showed that the formulation of BDNF-SLNs was capable to
reduce nitrites production. In fact, it has been demonstrated that
encapsulated BDNF had a substantially greater ability to block iNOS
activation than plain BDNF since BDNF alone has a short half-life due to
its susceptibility to quick enzymatic degradation, whereas lipid nano-
carrier was able to protect the drug enclosed into the lipid core and
potential provided sustained release over time. This meant that encap-
sulated BDNF did not degrade quickly and maintained more its neuro-
protective effect, resulting in better outcomes than treatment with the
unencapsulated one.

4. Conclusion

In a time where the development of novel formulations for the
administration of biological drugs is of paramount importance, we stand
at a remarkable crossroads. These formulations hold the potential to
revolutionize the treatment of many diseases that have thus far
remained intractable. In the case of TBI and other neuro-inflammatory
disorders, the absence of effective therapeutic procedures continues to
pose a significant challenge. Based on these compelling findings, we
selected SLNs as the vehicle for delivering BDNF to the brain. In contrast,

traditional SLNs production methods apply not-sustainable solvents,
resulting in significantly longer manufacturing times and less effective
returns. Furthermore, the importance of the microfluidic approach
stems from its ability to scale up the process of fabrication, which con-
nects academic scientific research to the reality of industrial production.
Building on a previously refined approach, we created BDNF-loaded
SLNs using commercially available equipment and microfluidic tech-
nology. The success of our continuous in-flow manufacturing approach
was clearly established, as evidenced by the characterization data of
BDNF-SLNs. Moreover, our BDNF-SLN formulation proved to be
adequately stable in the media where short-term stability was assessed.
A haemolysis test demonstrated, for the first time to our knowledge, the
biocompatibility of SLNs produced through microfluidics. The in vitro
permeability study revealed that BDNF encapsulated within SLNs
exhibited enhanced permeability compared to free BDNF. Additionally,
the neuro-inflammation test conducted on a TBI-like model showed that
encapsulated BDNF outperforms the free drug in terms of neuro-
protective effects, paving the way for potential advancements in non-
invasive treatments.
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