European Journal of Pharmaceutics and Biopharmaceutics 138 (2019) 111-124

Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

journal homepage: www.elsevier.com/locate/ejpb

Research paper

Using microfluidic platforms to develop CNS-targeted polymeric M)
nanoparticles for HIV therapy Sheckior

updates

Claudia Martins™"*, Francisca Aratijo™™, Maria Joao Gomes™”, Carlos Fernandes®,
Rute Nunes™™“, Wei Li’, Hélder A. Santos"“¢, Fernanda Borges®, Bruno Sarmento™"""

23S - Instituto de Investigacdo e Inovagdo em Satide, Universidade do Porto, Rua Alfredo Allen 208, 4200-135 Porto, Portugal

P INEB - Instituto de Engenharia Biomédica, Universidade do Porto, Rua Alfredo Allen 208, 4200-135 Porto, Portugal

©FEUP - Faculdade de Engenharia da Universidade do Porto, Rua Dr. Roberto Frias s/n, 4200-465 Porto, Portugal

< ICBAS - Instituto Ciéncias Biomédicas Abel Salazar, Universidade do Porto, Rua de Jorge Viterbo Ferreira 228, 4050-313 Porto, Portugal

€ CIQUP - Centro de Investigagdo em Quimica, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade do Porto, 4169-007 Porto, Portugal

f Drug Research Program, Division of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, University of Helsinki, Viikinkaari 5E, FI-00014 Helsinki, Finland
& HILIFE — Helsinki Institute of Life Science, University of Helsinki, FI-00014 Helsinki, Finland

B CESPU - Instituto de Investigacdo e Formagdo Avangada em Ciéncias e Tecnologias da Satide, Rua Central de Gandra 1317, 4585-116 Gandra, Portugal

ARTICLE INFO ABSTRACT

The human immunodeficiency virus (HIV) uses the brain as reservoir, which turns it as a promising target to
fight this pathology. Nanoparticles (NPs) of poly(lactic-co-glycolic) acid (PLGA) are potential carriers of anti-HIV
drugs to the brain, since most of these antiretrovirals, as efavirenz (EFV), cannot surpass the blood-brain barrier
(BBB). Forasmuch as the conventional production methods lack precise control over the final properties of
particles, microfluidics emerged as a prospective alternative. This study aimed at developing EFV-loaded PLGA
NPs through a conventional and microfluidic method, targeted to the BBB, in order to treat HIV neuropathology.
Compared to the conventional method, NPs produced through microfluidics presented reduced size (73 nm
versus 133nm), comparable polydispersity (around 0.090), less negative zeta-potential (—14.1 mV versus
—28.0mV), higher EFV association efficiency (80.7% versus 32.7%) and higher drug loading (10.8% versus
3.2%). The microfluidics-produced NPs also demonstrated a sustained in vitro EFV release (50% released within
the first 24 h). NPs functionalization with a transferrin receptor-binding peptide, envisaging BBB targeting,
proved to be effective concerning nuclear magnetic resonance analysis (§ = —0.008 ppm; § = —0.017 ppm).
NPs demonstrated to be safe to BBB endothelial and neuron cells (metabolic activity above 70%), as well as non-
hemolytic (1-2% of hemolysis, no morphological alterations on erythrocytes). Finally, functionalized nanosys-
tems were able to interact more efficiently with BBB cells, and permeability of EFV associated with NPs through
a BBB in vitro model was around 1.3-fold higher than the free drug.
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1. Introduction a key role in the maintenance of a precisely regulated CNS micro-

environment [2]. However, the same mechanisms that protect this

Human immunodeficiency virus (HIV) infection and acquired im-
munodeficiency syndrome (AIDS) belong to a spectrum of conditions
derived from the HIV. The virus-associated pathology is characterized
by a neurovirulent profile, thus being able to infect the brain, using this
site as reservoir, and cause severe central nervous system (CNS) damage
[1]. In consequence, CNS is recognized as a sanctuary site for virus
replication.

The CNS is a well-protected structure by means of biological bar-
riers, namely the blood-brain barrier (BBB). This barrier, which is
mainly formed by endothelial cells that line cerebral microvessels, plays

complex physiological system against dangerous compounds can also
avoid brain-targeted drug delivery to be effective [3].

Efavirenz (EFV) is an antiretroviral drug, approved by Food and
Drug Administration (FDA) for HIV infection treatment [4], which acts
by attaching and blocking a virus-specific enzyme, the reverse tran-
scriptase [5-7]. However, in the case of EFV and other antiretroviral
drugs, the final amount of drug that reaches CNS is only a small fraction
of the administered dose, due to their poor ability to cross the BBB [8].
Besides hindering the therapeutic effect, this may involve the interac-
tion of drug molecules with healthy tissues, even causing the loss of
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drug efficacy and the emergence of undesirable effects [9].

The drawback faced by drugs when it comes to BBB crossing can be
circumvented by formulating them into an appropriate drug delivery
system (DDS). Nanoparticles (NPs) are considered one of the most
auspicious DDSs into regions of difficult access, like the brain, being
able to provide protection to therapeutic agents while efficiently deli-
vering them into the damaged areas [10-13]. Moreover, NPs offer the
opportunity of being functionalized with specific ligands, hence pro-
viding an accurate targeting to the biological site of interest. Nowadays,
polymeric NPs are most of the times preferred as DDSs due to their
favorable properties for drugs loading and delivery. Particularly in this
field, poly(lactic-co-glycolic acid) (PLGA) has shown immense potential
[14]. Already considered the Holy Grail among the synthetic polymers
to be applied in the biomedical field, PLGA is a FDA-approved polymer,
attractive regarding its properties of versatility, biocompatibility and
biodegradability [15].

Among the different techniques available to produce NPs as DDSs,
nanoprecipitation may be used to encapsulate EFV in PLGA NPs. The
successful loading of drugs within these DDSs core depends on their
pharmaceutical properties and particles composition, but also on the
encapsulation method [23]. Techniques performed by conventional
methods, using equipments as homogenizers or magnetic stirrers, offer
several limitations, such as the lack of precise control over NPs final
properties [16]. Therefore, microfluidic platforms emerged as potential
candidates to produce drug-loaded NPs in a well-controlled process
using the same techniques [17,18]. Microfluidics is a multidisciplinary
field intersecting science and technology, that deals with the manip-
ulation of nanoliter volumes of fluids in channels ranging from tens to
hundreds of micrometers [19]. Microfluidics is associated with a fine
manipulation of process parameters, thus providing the optimization
and tunability of NPs properties, including encapsulation efficiency of
drugs in the systems and monodispersity of batches. This method is able
to tightly control the local particle-formation environment in a con-
tinuous flow pattern [20]. Since the production process of NPs through
microfluidics is continuous, this contributes to the reduction of batch-
to-batch oscillations in relation to the final properties of the nanosys-
tems [18]. The accurate manipulation of fluids and their laminar re-
gimen inside the microchannels lead to the preservation of controlled
hydrodynamic conditions, which are rapidly defined and kept during
the process of formation of particles [21,22].

This work proposes the development of a DDS based on PLGA NPs
able to carry EFV to the brain, hence crossing the BBB and fighting HIV
neuropathology, to be administered by the intravenous route.
Nanoprecipitation technique performed through both conventional and
microfluidic approaches was used to produce the NPs. After comparison
of NPs final properties resulting from both methods, the most suitable
to accomplish the purpose of this work was selected. After this, a
functionalization strategy was implemented, involving the targeting to
the BBB through a transferrin receptor-binding peptide. NPs were
evaluated for their EFV in vitro release, cytotoxicity, hemocompatibility,
interaction with BBB endothelial cells, and BBB crossing ability.

2. Materials and methods
2.1. Materials

PLGA (PLGA 5004 A) was kindly provided by Corbion (Amsterdam,
Netherlands). Transferrin receptor-binding peptide (Thr-His-Arg-Pro-
Pro-Met-Trp-Ser-Pro-Val-Trp-Pro) was purchased from Eurogentec
(Liege, Belgium), PLGA labelled with Flamma 648 (PLGA-FKR648)
from PolySciTech (West Lafayette, IN, USA), and the crosslinker (NH2-
PEG-Mal, PEG of 5kDa) from Biochempeg (Watertown, MA, USA).

Tween® 80, hydrocortisone, ascorbic acid, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), basic fibroblast growth factor
(bFGF), 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
(MTT), acetic acid glacial, 2-(N-morpholino)ethanesulfonic acid (MES),
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1-ethyl-3-(3-dimethylaminopropyl)carbodiimide = (EDC), = N-hydro-
xysuccinimide (NHS), Histopaque-1077, paraformaldehyde, sodium
chloride, uranyl acetate, Pluronic® F-127 and sodium azide were ac-
quired from Sigma-Aldrich (St. Louis, MO, USA); EFV from BDR
Lifesciences (Vadodara, India); DMSO from VWR (West Chester, PA,
USA); endothelial basal medium 2 (EBM-2) and high glucose with ul-
traglutamine Dulbecco's Modified Eagle medium (DMEM) from Lonza
(Basel, Switzerland); acetonitrile and versene from Thermo Fisher
Scientific (Waltham, MA, USA); Triton X-100 from Spi-Chem (West
Chester, PA, USA); fetal bovine serum (FBS), penicillin-streotomycin,
chemically defined lipid concentrate, Hank's Balanced Salt Solution
(HBSS), rat tail collagen type I and acetic acid, from Gibco (Waltham,
MA, USA); glutaraldehyde from AGAR Scientific (London, UK); sodium
cacodylate from Fluka (Buchs, Switzerland); ethanol from Valente e
Ribeiro, Lda (Lisbon, Portugal); Alexa Fluor® 546 Phalloidin from Life
Technologies (Baltimore, MD, USA) and VECTASHIELD® from Vector
Laboratories, Inc. (Burlingame, CA, USA). Transwell® cell culture in-
serts (transparent polyester membrane; 12-well plate format; 0.4 um
pore size) were purchased from Corning Inc. (Corning, NY, USA).

Immortalized human cerebral microvascular endothelial cell line
(hCMEC/D3 cell line) was purchased from Cedarlane (Hornby, ON,
Canada), and mouse neuroblastoma (N18 tg 2) X rat dorsal root
ganglion neurone hybrid cell line (ND7/23 cell line) was purchased
from European Collection of Cell Cultures (ECACC, Wiltshire, UK) and
kindly provided by Dr. Pedro Moreno (i3S, Portugal).

2.2. Methods

2.2.1. Microfluidic platform fabrication

The microfluidic platform was assembled by gathering borosilicate
glass capillaries on a glass slide, as previously described [23-25].
Briefly, the chip was composed of two cylindrical capillaries (World
Precision Instruments Inc., Sarasota, FL, USA), for which the outer
diameter of the tapered one fitted the inner dimensions of the other.
One end of the internal capillary, comprising an inner and outer dia-
meters of around 580 and 1000 pum, respectively, was tapered using a
micropipette puller (P-97, Sutter Instrument Co., Novota, CA, USA) to a
diameter of 20 pm; then, this diameter was enlarged to around 80 pm
using a microforge (P-97, Sutter Instrument Co., Novota, CA, USA). This
capillary was partially placed into the external one, which had an inner
dimension of around 1000 um (Vitrocom, Mountain Lakes, NJ, USA),
and coaxially aligned. A transparent epoxy resin (5 min® Epoxi, Devcon,
Danvers, MA, USA) was used to fix the capillaries.

2.2.2. Production of nanoparticles

The production of NPs was based on the nanoprecipitation tech-
nique performed through a conventional and microfluidic approach
(Fig. 1). The organic phase consisted of a mixture of 20 mg/mL of PLGA
in DMSO, containing 3 mg/mL of EFV. The aqueous phase consisted of
2% Tween® 80 solution.

Considering the conventional method of NPs production, 1 mL of
organic phase was directly injected with a needle (25 G) into 20 mL of
aqueous phase. Then, the mixture was left under mechanical stirring for
3h, at 200 rpm and room temperature.

Regarding NPs production through microfluidics, the organic and
aqueous phase corresponded to the inner and outer fluid, respectively.
The phases were injected separately into the microfluidic platform
through polyethylene tubes (Smiths Medical International Ltd., Kent,
UK) attached to syringes (Henke-Sass Wolf GmbH, Tuttlingen,
Germany), at constant flow rates controlled by syringe pumps. After
optimization, the flow rate of the inner and outer fluid was defined as
2500 and 3750 pL/min, respectively. In the end, NPs suspension was
gently vortexed.

The production of NPs was run until a final volume of around 20 mL
for both methods. Unloaded (i.e., without EFV) and fluorescent NPs
were prepared using the same procedure but skipping the addition of
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Fig. 1. Schematic representation of the conventional
and microfluidic approaches used to produce EFV-
loaded PLGA NPs. The organic phase consisted of a
mixture of PLGA in DMSO, while the aqueous phase
consisted on a solution of Tween®80.

Outer fluid
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EFV. In the case of fluorescent NPs, 10% of the PLGA used in the pro-
duction of NPs consisted on PLGA-FKR648.

After production, NPs resulting from both methods of production
were washed three times with ultrapure water and recovered by ul-
trafiltration using Amicon Ultra-15 Centrifugal Filter units (Merck
Millipore, Billerica, MA, USA) with a molecular weight cutoff (MWCO)
of 100 kDa.

2.2.3. Characterization of nanoparticles
2.2.3.1. Mean particle size, size distribution and surface charge. NPs were
characterized for their average size (Z-average) and polydispersity
index (PDI) by dynamic light scattering (DLS) and zeta-potential (¢-
potential) through laser Doppler anemometry (LDA), using a Malvern
Zetasizer Nano ZS instrument (Malvern Instruments Ltd.,
Worcestershire, UK).

For these measurements, samples were diluted (1:100) in an ionic
solution of 10 mM sodium chloride.

2.2.3.2. Association efficiency and drug loading. To determine the
association efficiency (AE) and drug loading (DL) of the developed
nanosystems, the amount of EFV associated to NPs was indirectly
estimated. This calculation was made by the difference between the
total amount of EFV used to prepare the systems and the amount of EFV
that remained in the aqueous phase, after nanoparticles collection by
ultrafiltration, according to Egs. (1) and (2) [26].

Initial mass of EFV—Mass of recovered EFV

AE (%) = — x 100

Initial mass of EFV (@D)]
DL (%) = Initial mass of EFV—Mass of recovered EFV % 100

Total mass of NPs 2

The amount of EFV was determined using a high-performance liquid
chromatography (HPLC) method previously established [27]. Briefly,
the quantification was performed by reversed-phase HPLC with
ultraviolet detection using a Merck-Hitachi LaChrom® HPLC system
(Merck, Rahway, NJ, USA). A Symmetry C8 column (5 pm,
4.6 x 250 mm; Milford, MA, USA) with LiChrospher 100 RP-18 guard
column (Merck, Rahway, NJ, USA) was used as stationary phase.
Chromatographic runs were performed using an isocratic method and
the mobile phase used was acetonitrile:10 mM acetate buffer pH 4.0
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(57:43), at a flow rate of 1 mL/min. Samples injection volume was 10
uL and the detection wavelength was at 247 nm.

2.2.3.3. Morphology and chemical screening. The morphological features
of NPs were analyzed by transmission electron microscopy (TEM) with
a JEOL JEM 1400 microscope (JEOL Ltd., Tokyo, Japan) at an
accelerating voltage of 120kV. The energy-dispersive X-ray spectra
(EDS) were collected for chemical analysis. Images were digitally
recorded using a Gatan SC 1100 ORIUS CCD camera (Gatan Inc.,
Warrendale, PA).

Samples were prepared by dropping 10 pL of NPs suspension onto a
300-mesh nickel grid, and stained with uranyl acetate. NPs resulting
from the microfluidic method of production were prior diluted ten
times in water.

2.2.4. Invitro release study

For the release study, EFV-loaded NPs (corresponding to 315 ng of
drug) were added to 6 mL of 0.2% of Pluronic® F-127 in PBS solution,
pH 7.4, and then placed into an orbital shaker incubator, at 100 rpm
and 37 °C, during 24 h (sink conditions were assured). Aliquots of 500
uL were collected at specific time points during the assay, and the
withdrawn volume was replaced with pre-heated 0.2% of Pluronic® F-
127 in PBS solution. All the collected aliquots were centrifuged at
10,000g for 15 min and the supernatant was used for HPLC analysis, in
order to quantify the EFV released from NPs over time.

2.2.5. Nanoparticles functionalization and characterization

2.2.5.1. Functionalization process. PLGA NPs were functionalized with a
transferrin-receptor binding peptide. A carbodiimide coupling
chemistry was performed, where the carboxyl groups of PLGA
(—-COOH) were conjugated with the amine groups of a PEG-based
crosslinker, NH,-PEG-Mal. Then, a maleimide coupling chemistry was
run in order to conjugate the maleimide group of the crosslinker (-Mal)
with the terminal cysteine of the peptide through its sulfhydryl group
(-SH).

Regarding the carbodiimide reaction, 1 mg/mL of NPs was dis-
persed in MES solution (10 mM, pH = 5.5) containing 1 mol of EDC and
0.5mol of NHS for each mol of carboxyl groups of PLGA, as well as
3 ug/mL of crosslinker (adapted from [23,28,29]). Afterwards, the
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mixture was kept stirring (300 rpm) overnight at room temperature.
NPs were washed three times with ultrapure water to remove by-pro-
ducts of the reaction and unbound crosslinker, and were collected by
ultrafiltration. Afterwards, NPs were dispersed in PBS pH 7.4, the
peptide was added in a molar ratio of 1:15 in relation to the PLGA NPs,
and the maleimide reaction was allowed to run for 3h at room tem-
perature (adapted from [28,29]). NPs were washed again to remove
unbound peptide and recovered by ultrafiltration.

2.2.5.2. Nuclear magnetic resonance. To confirm the presence of the
peptide after NPs functionalized, proton nuclear magnetic resonance
(*H NMR) spectroscopic analysis was used for the detection of
differences on spectra from non-functionalized and functionalized
particles. Non-functionalized and functionalized unloaded PLGA NPs,
as well as commercial PLGA used in the production process of NPs,
were dissolved (3 mg) in deuterated DMSO (DMSO-ds) and placed on
appropriate nuclear magnetic resonance tubes. The analysis was
performed at room temperature on a Britker AMX 300 spectrometer
(Bruker, Karlsruhe, Germany) operating at 400.13 MHz, with every
chemical shift value (8) expressed relatively to tetramethylsilane (TMS)
as an internal reference.

2.2.6. Cell culturing

Both hCMEC/D3 and ND7/23 were grown in tissue culture flasks
(passage 38-50 and 11-21, respectively). The hCMEC/D3 cell line was
maintained in EBM-2 media supplemented with FBS (5%, v/v), peni-
cillin-streptomycin (1%, v/v), hydrocortisone (1.4 uM), ascorbic acid (5
pug/mL), chemically defined lipid concentrate (1/100, v/v), HEPES
(10 mM) and bFGF (1 ng/mlL). This last supplement was added ex-
temporaneously in the culture medium.

The ND7/23 cell line was maintained in DMEM supplemented with
FBS (10%, v/v) and penicillin-streptomycin (1%, v/v). Cell cultures
were kept in an incubator (CellCulture CO, incubator, ESCO GB Ltd.,
Downton, UK) at 37 °C with 5% CO,, in a water saturated atmosphere.
Cell culture medium was changed every 2-3 days.

2.2.7. Cellular metabolic activity assay

Samples toxicity was assessed in the hCMEC/D3 and ND7/23 cell
lines using the MTT metabolic viability assay. For the hCMEC/D3 cell
line, 200 pL of cells were seeded in a 96-well plate in a concentration of
0.04 x 10° cells/mL in EBM-2 [29]. Regarding the ND7/23 cell line,
the same volume was seeded in a concentration of 0.015 x 10° cells/
mL in supplemented DMEM. After the seeding, cells were incubated
during 24 h and then medium was removed and cells were washed with
200 pL of PBS, pH 7.4. Thereupon, cells were incubated with free EFV,
unloaded NPs, functionalized unloaded NPs, EFV-loaded NPs and
functionalized EFV-loaded NPs, in concentrations of 100, 10, 1, 0.1, and
0.01 uM (in medium) determined in relation to the drug, for 24 h.
Afterwards, solutions were discarded, cells were washed with 200 pL of
PBS and then treated with 200 puL of MTT solution (0.5mg/mL, in
medium), during 4 h in the dark. Formazan crystals, resulting from the
reduction of MTT by viable cells, were solubilized with 200 pL of
DMSO, under 20 min slight shake, at 100 rpm and room temperature.
Finally, absorbance was measured at 590 and 630 nm.

A negative control (NC), consisting on cells incubated with 1% of
Triton X-100 in medium solution (0% of metabolic activity), and a
positive control (PC), consisting on cells incubated only with medium
(100% of metabolic activity), were also prepared and treated similarly
to the sample wells. Metabolic activity was expressed as a percentage
compared to the controls according to the Eq. (3) [29].

Experimental value—NC

Metabolic activity (%) = X 100

v () PC-NC ()
2.2.8. Hemocompatibility assay
2.2.8.1. Quantification of hemolysis. The assay related to the
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quantification of hemolysis resulted from an adaptation of the
protocol previously described by Pinto et al. [30]. Red blood cells
were isolated from buffy coats (obtained from Immunohemotherapy
Service, S. Joao Hospital, Porto, Portugal). Briefly, 2 mL of the buffy
coat content were centrifuged over density gradient with 2mL of
Histopaque-1077 for 30min at 400g and room temperature, in
accordance with the instructions of the manufacturer. After removal
of the plasma upper layer, the lower layer containing red blood cells
was washed three times with 8 mL of PBS, pH 7.4 (centrifugations for
30 min at 400g and room temperature). Then, 100 pL of red blood cells
in a concentration of 2 x 108 cells/mL were placed in eppendorf tubes.
Next, 100 uL of free EFV, unloaded NPs, functionalized unloaded NPs,
EFV-loaded NPs and functionalized EFV-loaded NPs were added to the
tubes to obtain a final concentration of 50, 5, 0.5, 0.05, and 0.005 uM in
PBS (concentrations determined in relation to the drug). Eppendorf
tubes were incubated for 3h at 100 rpm and 37 °C. Afterwards, tubes
were centrifuged at 400g for 5min to collect the supernatants, which
were transferred (80 pL) to 96-well plates for absorbance reading.

The PC, consisting on cells incubated with 1% of Triton X-100
(100% hemolysis), and NC, consisting on cells incubated only with PBS
(0% hemolysis), were also prepared and treated similarly to the sample
tubes.

The hemoglobin value of the samples was calculated in accordance
with Eq. (4) [30].

Hemoglobin value of sample (mg/dL)
_ [2 X Ays—(Asso + Auso)] X 100 X Dy v
E

100 )
where Asgg is the absorbance value at 380 nm, A4;5 is the absorbance
value at 415 nm, Ayso is the absorbance value at 450 nm, Dy is the di-
lution factor (that was 35), and E is the molar absorptivity of oxyhe-
moglobin at 415 nm (that is 79.46). The absorbance value at 415 nm
corresponds to the Soret band absorption of hemoglobin, and the ab-
sorbance values at 380 and 450 nm correspond to the absorption of
uroporphyrin, which falls under the same wavelength range.

Afterwards, the hemolytic potential of the samples was calculated in
accordance with Eq. (5) [30].

Hemoglobin value of sampe
Hemoglobin value of PC

Hemolysis (%) = x 100

)
The osmolarity of the formulations incubated with red blood cells were
also determined at room temperature using a Micro-Osmometer M3320
(Advanced Instruments, Inc.).

2.2.8.2. Morphology of red blood cells. The assay related to the
assessment of cell membrane integrity and morphology of red blood
cells resulted from an adaptation of the protocol previously described
by Shahbazi et al. [31] and was based on scanning electron microscopy
(SEM) imaging. Briefly, after the isolation of red blood cells from buffy
coats, as described for the quantification of hemolysis, 1 mL of red
blood cells in a concentration of 4 x 10° cells/mL in HBSS were seeded
in 6-well plates containing plastic tissue culture coverslips of 13 mm.
Then, NPs dispersed in HBSS were added to the wells, to reach a final
concentration of 50 uM of EFV. The plates were placed in an orbital
shaker incubator for 3h at 37 °C and 100 rpm.

NC, consisting on cells incubated only with HBSS (0% hemolysis),
was also prepared and treated similarly to the sample wells.

Cells were then fixed in 2.5% glutaraldehyde in sodium cacodylate
buffer (pH 7.4) for 1h, and dehydrated in increasing concentrations of
50, 70, and 100% of ethanol for 5, 20, and 15 min, respectively. Finally,
coverslips were removed from wells, mounted on SEM supports using
double sided carbon adhesive tape and coated with gold/platinum
under vacuum for 90s, with a 15mA current. Afterwards, they were
observed under SEM (FEI Quanta 400F, FEI Company, Hillsboro, OR,
USA) using an electron beam intensity of 10kV and magnification
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ranging from 1000 to 15,500 times.

2.2.9. Cell-nanoparticle interaction

2.2.9.1. Flow cytometry. hCMEC/D3 cells were detached from culture
flasks with versene in order to preserve the transferrin receptor, and
washed with PBS, pH 7.4. After being fixed in 0.1% sodium azide and
1% FBS in PBS (1 x 10° cells/mL, 30 min), 100 uL of cells were seeded
in round-bottom 96-well plates and recovered through centrifugation at
300g during 7 min. Cells were ressuspended in 50 pL of non-
functionalized or functionalized fluorescent NPs (400 pug/mL, in
10 mM HBSS-HEPES) and incubated for 3h in ice. After incubation,
cells were washed twice with PBS and placed in cytometer tubes.

A competition assay was performed by incubating cells with the
transferrin receptor-binding peptide (50 pL at concentration of 1 mg/
mL for 30 min) before adding the functionalized NPs. A control based
only on cells without NPs was also performed.

The quantification of the NPs associated to the BBB endothelial cells
was done using a FACS CANTO II cytometer (BD Biosciences, San Jose,
CA, USA), where NPs were detected through the allophycoerythrin
(APC) channel. The results were analyzed using the software FlowJo
vX.0.7 and expressed as the medium fluorescence intensity (MFI).

2.2.9.2. Confocal laser scanning microscopy. The procedure for confocal
laser scanning microscopy resulted from an adaptation of the protocol
previously described by Gomes et al. [29]. hRCMEC/D3 cells were seeded
in glass coverslips of 14 mm (400 pL at concentration of 2.5 x 10°
cells/mL), placed inside a 24-well plate and pre-coated with type I
collagen for 1h, and were allowed to attach overnight. Cells were
washed twice with PBS pH 7.4, and then 200 pL of non-functionalized
or functionalized fluorescent NPs (400 ug/mL, in 10 mM HBSS-HEPES)
were added to each well and incubated for 3h at 37°C. After
incubation, cells were washed twice with PBS, fixed with PFA 4%
(200 pL) for 7 min, washed again three times with PBS (2 min each),
and permeabilized with 0.1% Triton X-100 for 10 min (200 pL). After a
new washing step, actin-network was labelled with Alexa Fluor® 546
Phalloidin (1:200, 200 pL) for 20 min. The excess of staining solution
was washed three times with PBS. Finally, coverslips were mounted on
a slide using VECTASHIELD® mounting medium for subsequent
microscopic observation.

A competition assay was performed by incubating the cells with the
transferrin receptor-binding peptide (200 pL at a concentration of
1 mg/mL for 30 min) before adding the functionalized NPs.

The interaction between nanoparticles and brain endothelial cells
was assessed through a confocal microscope (Leica Microsystems
GmbH, Wetzlar, Germany).

2.2.10. Permeability study

The guidelines to set up the BBB in vitro model used in the perme-
ability study were already reported in previous works [28,32]. Briefly,
2.5 x 10* cells/cm?® of hCMEC/D3 cells (500 pL of medium) were
seeded on 12-Transwell® cell culture inserts (apical side). Previously to
the seeding, the inserts were coated with 90 pL of a 50 ug/mL rat tail
collagen type I in acetic acid solution (0.02M) for 1h, at 37 °C, and
then washed twice with PBS pH 7.4. The basolateral side was filled with

Table 1

European Journal of Pharmaceutics and Biopharmaceutics 138 (2019) 111-124

1.5 mL of medium. The system was maintained in the incubator at 37 °C
with 5% CO, during 8 days, and medium was changed every 2 days.
The hCMEC/D3 cells monolayer became confluent at the day 8 after
seeding, which was the day appropriate to perform the permeability
study. The integrity of the cell monolayer was checked every 2 days by
monitoring the transendothelial electric resistance (TEER) using an
endothelial Volt—-Ohm meter (Millicell® ER S-2; Merck Millipore, Bill-
erica, MA, USA). The resistance value of an empty filter was subtracted
from each measurement.

The permeability experiment was performed in the apical-to-baso-
lateral direction. After removing the cell culture medium, the baso-
lateral compartment was filled with 1.5 mL of 0.2% Pluronic® F-127 in
HBSS, ensuring sink conditions. Regarding the apical compartment, 500
uL of EFV 10 uM, in the free form or loaded on PLGA NPs, diluted in
HBSS were added. Then, the assay was conducted at 37 °C using an
orbital shaker incubator (100 rpm). At different time points (15, 30, 45,
60, 90 and 120 min), 200 pL samples were taken from the basolateral
side, and the same volume of pre-heated 0.2% Pluronic® F-127 in HBSS
was added to replace the withdrawn volume. The integrity of the cell
monolayer was checked during the permeability experiment by mon-
itoring the TEER.

All samples were used for HPLC analysis, in order to quantify EFV.

2.2.11. Statistical analysis

All the results were represented as mean * standard deviation
from a minimum of three independent experiments. Statistical analysis
was performed by one-way analysis of variance (ANOVA) followed by a
post hoc test (Tukey's honestly significant difference) to compare more
than two groups. In case of comparison of two different groups, un-
paired Student t-test was used.

Differences were considered significant at p < 0.05, p < 0.01, or
p < 0.001. All statistical analysis was performed with the software
GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA).

3. Results and discussion

3.1. Conventional and microfluidic production: Comparison of
nanoparticles properties

The development of NPs was based on the nanoprecipitation tech-
nique performed through both the conventional and microfluidic
method of production.

The co-flow geometry of the fluids was adopted in the production of
NPs through microfluidics. This geometry implied that the inner fluid
flowed inside the internal capillary, while the outer fluid flowed be-
tween the internal and external capillaries, in the same direction [33].
Following co-flow in parallel directions and merger of fluids from the
tapered end of the internal capillary, they underwent turbulence-free
mixing by well-defined diffusion of molecules across the interface be-
tween the organic and aqueous phase, subsequently leading to the
formation of nanoparticulate systems [34,35].

The final properties of NPs were compared between the two
methods of production, in order to understand which of them could be
more fruitful concerning the aim of the work.

Properties of NPs resulting from the conventional and microfluidic approach. Results are presented as mean * SD (n = 3).

Method NPs Z-average (nm) PDI {-Potential (mV) AE (%) DL (%)

Conventional Unloaded 134.0 = 2.7 0.092 + 0.009 —-27.4 = 31 - -
EFV-loaded 133.0 = 3.6 0.090 + 0.010 —28.0 + 2.4 327 £ 1.0 3.2 £ 0.1

Microfluidic Unloaded 70.9 = 327" 0.085 + 0.003 -15.0 = 1.6 - -
EFV-loaded 72.8 + 4.9 0.086 + 0.004 -141 = 1.3 80.7 + 8.3 10.8 = 1.1

Z-average: average size; PDI: polydispersity index; {-Potential: zeta-potential; AE: association efficiency; DL: drug loading; NPs: nanoparticles; EFV: efavirenz.

s

115

and “"" denote a significant difference of p < .01 and p < .001, respectively (comparison between unloaded and EFV-loaded NPs resulting from both methods).
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The results for the evaluation of the obtained NPs in relation to their
Z-average, PDI, and {-potential were depicted in Table 1. All formula-
tions presented NPs which met the requirement of a Z-average under
200 nm, which is important to accomplish the brain-targeted drug de-
livery [36]. The size of NPs obtained by microfluidics (around 70 nm)
was significantly lower (p < 0.001) compared to the conventional
methodology (around 133 nm). It is well known that lower sizes of NPs
enable longer blood half-time [37]. Moreover, Gao et al. injected
polymeric drug-loaded NPs with sizes of 70, 170, 220 and 345 nm into
rats (at the same dose), and proved that NPs with a size smaller than
100 nm led to the highest drug level in the brain; the authors associated
the size of 70 nm with an easier endocytosis of NPs by vascular en-
dothelial cells of the BBB [38]. Compared to the conventional produc-
tion, the mixing in microfluidic platforms is usually faster than the time
necessary to occur NPs nucleation and growth. Therefore, the polymer
is not able to adsorb to recently-formed NPs, and ends up forming more
particles with a smaller size [18,39]. In relation to PDI of NPs, results
were not significantly different between the different approaches.
However, it is necessary to highlight that the microfluidic technology
was able to provide PDI values as low as the ones obtained by the
conventional methodology (around 0.1). This was expected since par-
ticles narrow size distribution is commonly associated with microfluidic
technology [40]. Regarding (-potential, results demonstrated a sig-
nificant increase in surface charge (p < 0.001) when performing NPs
production by microfluidics, instead of the conventional methodology.
This may be explained by an increase in the quantity of Tween®80
associated with the particles when they were produced using the mi-
crofluidic approach, hence retaining a less negative charge [41]. Still,
all formulations presented a negative {-potential, which is due to the
end carboxyl groups of PLGA [42]. Unloaded and EFV-loaded NPs
presented similar properties in relation to the mentioned physical-
chemical parameters.

Microfluidics-associated AE of NPs was significantly higher (around
80%; p < 0.001) compared to the conventional methodology, with a
difference of around 50%. Moreover, DL experienced a significant in-
crease (p < 0.001) in microfluidics-produced NPs (around 11%) in
comparison to the conventional method (around 3%). Liu et al. at-
tributed AE and DL differences between the two methods to the fixed
higher volume ratio between the aqueous and organic phase in mi-
crofluidics, instead of a gradual increase in the ratio of these two phases
during the conventional NPs synthesis process [43]. Moreover, it is
probable that a slower solvent diffusion in microfluidics might promote
less simultaneous drug migration out of the particles during the fabri-
cation process, creating a coefficient which did not favor EFV presence
in the aqueous phase. This is in accordance with the work of Luo et al.
[18], who referred that microfluidics reduces the movement of mole-
cules from the organic to the aqueous phase, hence promoting the ef-
fectiveness of drug entrapment. Moreover, the reduced drug loss due to
fewer steps involved in microfluidics-assisted NPs production compared
to sequential conventional mixing of phases may contribute to the
difference observed between the two methods concerning AE and DL of
particles [44]. The selected combination of inner and outer flow rates
allowed matching drug flow with nanosystems generation and that the
population of PLGA NPs were formed from the tapered end of the in-
ternal capillary under precisely the same conditions, including drug/
polymer and surfactant concentration, thus contributing to a better EFV
entrapment [34]. NPs formulations associated with low AE and DL
values imply the administration of large amounts of non-therapeutic
excipients to reach a clinically relevant drug dose, which is associated
with side effects emergence [45,46]. Thus, these two parameters are of
extreme importance when developing DDSs.

TEM analysis (Fig. 2) revealed round-shaped particles with rela-
tively smooth surfaces. Moreover, no apparent morphological differ-
ences were found between NPs resulting from the two production
methods. According to the images, PDI of NPs resulting from both
methods demonstrated to be similar, which corroborated DLS data.
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Conventional method

Microfluidic method

Fig. 2. TEM images of EFV-loaded PLGA NPs produced by the conventional and micro-
fluidic method.

Regarding particles size, TEM images of microfluidics-produced NPs
showed a discrepancy compared to DLS measurements. However, TEM
only provides a visualization of a limited number of NPs, while DLS
allows to averagely estimate the size of several thousands [47].
Therefore, DLS results may be considered more reliable, since it is a
more quantitative technique, hence providing an overview of the whole
sample.

The EDS capability of TEM was used for elemental mapping of EFV-
loaded PLGA NPs produced through both conventional and microfluidic
method (Table 2). Since the microfluidic method implied considerable
higher volume of DMSO involved on the production of each batch of
NPs compared to the conventional one, the need for evaluating the

Table 2
EDS analysis of EFV-loaded PLGA NPs produced through both conventional and micro-
fluidic method. Results are presented as mean + SD (n = 5).

Element  Associated Method of NPs Average atomic (%)
substance production
S DMSO Conventional 0.04 = 0.02
Microfluidic 0.02 = 0.03
F EFV Conventional 0.15 = 0.10
Microfluidic 0.37 = 0.07
S: sulfur; F: fluorine; DMSO: dimethyl sulfoxide; NPs: nanoparticles; EFV: efavirenz.

* denotes a significant difference of p < .05 (comparison between each associated
substance group).
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amount of organic solvent remaining on their structure emerged.
Moreover, EDS analysis was also useful to report the quantity of EFV
associated with each NPs type, microfluidic- or conventionally-pro-
duced. Therefore, the analysis was conducted through detection of
sulfur (S) and fluorine (F), which are chemical components of DMSO
and EFV, respectively. A single NP was focused, scanned and analyzed
for its elemental composition. As expected, the results confirmed the
presence of the chemical components carbon and oxygen in all for-
mulations of NPs, resulting from the presence of the polymer and the
surfactant used in the production process. In relation to the S element,
no differences in the DMSO content were found between the two
methods of fabrication, evidencing that the microfluidic production did
not imply an increase in the amount of organic solvent associated with
the NPs. This may be considered a great achievement since organic
solvents should be present in reduced amounts in the final pharma-
ceutical product due to their capability of raising toxicity phenomena,
as well as causing changes on the organoleptic properties of the for-
mulations [48]. In relation to the F, a significant difference (p < 0.01)
was observed between NPs produced by the two methods. The micro-
fluidic method allowed the formation of NPs with detectable levels of F
approximately two times higher than the conventional method. This is
in good accordance with the results obtained for the AE and DL of the
formulations, revealing the successful association of EFV with NPs
when using the microfluidic method of production.

Data obtained until this point suggested that the microfluidic
method of NPs production could be advantageous, providing adequate
particles size to allow BBB crossing, monodisperse batches and higher
efficiency in what concerns NPs-drug association. Furthermore, some
advantages inherent to the microfluidics technology needed to be
stressed out, as it is far more fast, user-friendly and easy to handle
compared to the conventional method of production. Thus, the micro-
fluidics-produced formulation was selected to proceed with the next
experiments, involving NPs biological characterization and functional
targeting.

3.2. In vitro release assay

The release profile of EFV from microfluidics-produced PLGA NPs
(Fig. 3) was characterized by an initial rapid burst effect, with around
30% of the drug being recovered from the medium in the first 30 min.
This could result from the amount of drug which was near or attached
to particles surface [49]. Oppositely, the amount of drug which is
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Fig. 3. In vitro release profile of EFV from microfluidics-produced PLGA NPs.
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contained within the NPs core is usually released during a more pro-
longed period of time. PLGA NPs provided a release of EFV of around
50% within the first 24 h. This release behavior of drugs from PLGA NPs
was frequently reported in the literature [50-53]. The mechanism re-
sponsible for the release of EFV could be pointed out as a result of the
diffusion of the drug through the PLGA, and also polymer surface or
bulk degradation, erosion, and swelling [54]. PLGA nanosystems were
able to present a sustained release behavior, which may be due to its
very well compacted internal structure, hence avoiding water pene-
tration from the medium and promoting a relatively low drug diffusion
out of NPs [55].

3.3. Nanoparticles functionalization and characterization

Nanoparticles were functionalized with a peptide-binding trans-
ferrin receptor in order to target the BBB, avoid EFV-related side effects
and enhance therapeutic efficacy of the drug. In healthy conditions, this
receptor is overexpressed at the BBB level, specifically in brain capil-
laries, which turns it as a promising mediator for drug delivery to the
brain [56].

The functionalization process (Fig. 4A) involved two different cou-
pling chemistries. The first one, a carbodiimide reaction, was run in
order to link the carboxyl groups of PLGA to the amine groups of a PEG-
based crosslinker (NH,-PEG-Mal). This step also involved the PEGyla-
tion of NPs, which is especially important when NPs are intravenously
administered, since PEG is responsible for hindering the adsorption of
opsonins to the nanosystems and their consequent clearance through
the phagocytic system, hence prolonging their circulation time [15,57].
The second coupling chemistry, a maleimide reaction, was used to at-
tach the maleimide group of the PEG-based crosslinker to the terminal
cysteine of the peptide. This functionalization rendered the peptide a
site-orientation, due to the high specificity degree towards the coupling
between the functional group of PLGA NPs (~COOH) and the one of the
peptide (-SH); the linkage between them was indirectly performed, but
in a specific manner, through the crosslinker. Once the NPs were
functionalized, they should be theoretically able to reach the brain,
mainly by interconnection with the transferrin receptor at the BBB.

A close observation of the functionalized PLGA NPs 'H NMR spectra
(Fig. 4B and C) allowed the confirmation of the presence of small peaks
at —0.008 and —0.017 ppm, which are described in the literature as
traces of the presence of the peptide, being related with the alkyl pro-
tons of its amino acids residues [29,58]. It was also possible to observe
peaks at 1.4 (3H), 4.8 (2H) and 5.2 (1H) ppm which were related to the
—CHj3, —CH,, and —CH protons of PLGA, respectively [59]. In addition,
an intense peak related with Tween®-80 used in NPs preparation ap-
peared at 3.6 ppm [58].

3.4. Influence of nanosystems on cellular metabolic activity

In vitro cell viability determination was assessed through a MTT
assay in the hCMEC/D3 (Fig. 5) and ND7/23 (Fig. 6) cell lines. The
hCMEC/D3 cell line was chosen since brain endothelial cells represent
the major cellular component of the BBB, while ND7/23 cells were used
as a model of a sensorial neuron cell line of brain parenchyma. A range
of concentrations from 0.01 uM to 100 uM of free EFV, unloaded NPs,
functionalized unloaded NPs, EFV-loaded NPs, and functionalized EFV-
loaded NPs were tested (concentration in relation to the drug).

Metabolic activity of BBB endothelial cells and neuron cells was
found to be always above 90% and 70%, respectively, when in contact
with all NPs, at all evaluated concentrations. Therefore, NPs formula-
tions should be considered non-toxic, and potentially safe, according to
the 10993-5 norm stated by the International Organization for
Standardization (ISO), in the context of the pre-clinical testing eva-
luation of the cytotoxicity of medical devices by in vitro techniques
[60].

The concentration of 100 uM free EFV demonstrated to cause severe
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Fig. 4. (A) Functional groups of NPs during the different stages of functionalization process. (B) "H NMR spectra (DMSO-d,) of commercial PLGA, functionalized and non-functionalized
PLGA NPs at 400 MHz. (C) 'H NMR analysis of both nanoparticulate systems near to 0.00 ppm, where peaks at —0.008 and —0.017 ppm are visible and described as traces of the presence
of the transferrin receptor-binding peptide. Peak at 3.3 ppm is related with water presence in samples.

Fig. 5. Metabolic activity of hCMEC/D3 cells when
incubated with different concentrations of free EFV,
unloaded NPs, functionalized unloaded NPs, EFV-
loaded NPs, and functionalized EFV-loaded NPs,
during 24h. # denotes a significant difference be-
tween free EFV 100 uM and the other concentrations
in the same group. Both EFV-loaded or functionalized
EFV-loaded NPs groups were compared with free EFV
one, being a, B, x and e related with a significant
difference of p < .001, p < .05, p < .05 and
p < .05, respectively (comparison between equal
concentrations). NC and PC consisted on cells in-
cubated with 1% of Triton X-100 in medium, and only
with medium, respectively.
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Fig. 6. Metabolic activity of ND7/23 cells when in-
cubated with different concentrations of free EFV,
unloaded NPs, functionalized unloaded NPs, EFV-
loaded NPs, and functionalized EFV-loaded NPs,
during 24h. # denotes a significant difference be-
tween free EFV 100 uM and the other concentrations
in the same group. Both EFV-loaded or functionalized
EFV-loaded NPs groups were compared with free EFV
group, being a, B and 7 related with a significant
difference of p < .001, p < .01 and p < .01, re-
spectively (comparison between equal concentra-
tions). NC and PC consisted on cells incubated with
1% of Triton X-100 in medium, and only with
medium, respectively.

Free EFV Unloaded Functionalized EFV-loaded Functionalized
NPs unloaded NPs EFV-loaded
NPs NPs

damages to both cell types, resulting in the total absence of metabolic
activity. According to the obtained results, the maximum concentration
limit for a safe use of the free drug form in the hCMEC/D3 and ND7/23
cell line is probably defined between 10 uM and 100 uM, and 1-0.1 uM,
respectively.

The results for the cellular metabolic activity related to unloaded
NPs (> 90%) for both cell types, reinforced the apparent low con-
tribution of particles matrix to the emergence of cytotoxicity phe-
nomena.

Significant metabolic activity differences can be observed when
comparing equal concentrations between free EFV and EFV-loaded NPs
group. The EFV-loaded NPs provided a higher cellular metabolic ac-
tivity than the free drug and, therefore, it is possible to state that the
cellular cytotoxicity associated with free EFV can be diminished by
encapsulating the drug in NPs, demonstrating that these nanocarriers
have a protective role for EFV administration in the selected hCMEC/D3
and ND7/23 cell lines. Moreover, functionalized EFV-loaded NPs de-
monstrated to have metabolic activity profiles similar to EFV-loaded
NPs, indicating that the functionalization process with a peptide did not
influence the safety of the nanosystems.

In general, it was possible to denote that the neuron cell line was
prone to present smaller values of cellular metabolic activity in com-
parison to the endothelial cell line. This may be mainly due to one of
the principal EFV metabolites, namely, 8-hydroxy-efavirenz, which was
already associated with cytotoxicity to neuron cultures [61]. However,
once again, this reduction in the cellular metabolic activity was atte-
nuated by the encapsulation of EFV in NPs, which potentially mini-
mized the toxic effect of the drug in the neuron cell line.

3.5. Nanoparticles hemocompatibility

Erythrocytes are the most abundant cells in the bloodstream, and
they may experience deformation or membrane damages derived from
intravenous-administered pharmaceutical formulations [31]. Herein,
the free drug and all types of NPs formulations were directly incubated
with erythrocytes in concentrations ranging from 0.005 pM to 50 uM
(concentration in relation to the drug). The results for hemolysis are
shown in Fig. 7.

The percentage of hemolysis for all samples at all analyzed con-
centrations was always below 2%, which corresponded to hemoglobin
concentrations between 2.1 and 3.7 mg/dL, and no significant differ-
ences were found between the different groups. Moreover, the
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percentage of hemolysis calculated for the NC (0%) and PC (100%)
were correlated with hemoglobin concentration of 0.1 mg/dL and
209.5mg/dL, respectively. The obtained results demonstrated that
neither the free drug, nor unloaded NPs, nor drug-loaded NPs can be
considered dangerous for red blood cells. Herein, functionalized NPs
demonstrated to have a hemolytic profile similar to the non-functio-
nalized NPs, and thus the functionalization process did not affect the
hemocompatibility of the nanoformulations. In accordance to a gui-
dance for in vitro hemolysis described by representatives of the Johnson
& Johnson and Novartis Pharmaceuticals Corporation [62], hemolysis
percentages below 10% are related with non-hemolytic formulations,
while hemolysis percentages above 25% are related with hemolytic
formulations. Thus, the nanosystems herein developed were considered
non-hemolytic. The osmolarity of the formulations was also measured
(considering that PBS and blood hold similar osmolarities), in order to
understand the relation between their osmotic concentration and the
osmotic concentration of blood. All formulations presented osmolarity
values within the range for blood osmolarity, which is 285-300 mOsm/
L [63], and thus osmolarity-related hemolysis was not expected to
occur.

The morphology of erythrocytes after interaction with NPs was also
evaluated by SEM imaging (Fig. 8). Herein, only the maximum con-
centration of unloaded NPs and EFV-loaded NPs, 50 uM, was tested.
NPs demonstrated to have an impact on red blood cells similar to the
NC. Therefore, no considerable morphological changes in the cells were
observed.

All these findings supported the theory that the NPs formulations
are hemocompatible, and therefore could be safe for intravenous ad-
ministration.

3.6. Cell-nanoparticle interaction

The interaction between non-functionalized and functionalized NPs
with human BBB endothelial cells was quantitatively studied through
flow cytometry after 3h incubation. Confocal microscopy was also
used, hence enabling a qualitative analysis of the interaction.

Flow cytometry outcomes of all samples were expressed as MFI, as
represented in Fig. 9. It was possible to observe that functionalized
microfluidics-produced NPs interacted with BBB endothelial cells in
higher extent than non-functionalized ones, leading to a significant
higher MFI value (p < .05). Therefore, the peptidic functionalization
of NPs towards the transferrin receptor increased the interaction and
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Fig. 7. Percentage of hemolysis associated with the
free drug, unloaded NPs, functionalized unloaded
NPs, drug-loaded NPs, and functionalized drug-loaded
NPs. NC and PC consisted on cells incubated only with
PBS, and with 1% of Triton X-100, respectively.

0.005 uM

OOOOODA

QO

Unloaded Functionalized EFV-loaded Functionalized NC PC
NPs unloaded NPs EFV-loaded
NPs NPs

further binding to the surface and/or internalization of the nanosystems
into cells. Confocal microscopy analysis (Fig. 10) also evidenced an
increase in the functionalized NPs-associated fluorescence accumulated
on hCMEC/D3 cells, compared to non-functionalized NPs. Thus, the
flow cytometry and confocal microscopy study corroborated the NMR
spectra outcome, and proved the achievement of a successful attach-
ment of the peptide to microfluidics-produced PLGA NPs.

To further verify the specific role of the transferrin receptor-binding
peptide used to functionalize NPs, the interaction of the functionalized
nanosystems in the presence of free peptide, which acted as a compe-
titor in what concerns receptor attachment, was also accessed. As
shown in Fig. 9, the free peptide decreased the interaction between
functionalized NPs and BBB endothelial cells, to levels similar to the
ones found for non-functionalized NPs, thus suggesting that

Unloaded NPs NC

EFV-loaded NPs

120

functionalized NPs interacted with hCMEC/D3 cells specifically via
transferrin receptor. Exploiting this active mechanism of transport, the
receptor is associated with a clathrin-mediated endocytosis. The com-
plex ligand-receptor is captured by a clathrin-coated pit after diffusing
through the plasma membrane, forming a clathrin-coated vesicle and,
later on, fusing to an early endosome. The endocytosed cargo may then
follow to recycling, lysosomes or other cellular pathways [28,64,65].
Confocal microscopy images (Fig. 10) supported the key role of this
receptor on the interaction of functionalized NPs with the cells, de-
monstrating similarities between the behavior of the control (addition
of free peptide prior to functionalized NPs) and non-functionalized NPs.
The results herein were in agreement with those of Gomes et al.,
who intended to deliver siRNA through conventionally-produced PLGA
NPs, functionalized with the same peptide, in order to target the BBB

Fig. 8. SEM images of red blood cells morphology
after interaction with PBS (NC), and 50 uM of un-
loaded NPs and EFV-loaded NPs in PBS, during 3h.
No relevant morphological differences were found
between the three groups. NC consisted on cells in-
cubated only with HBSS.
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Fig. 9. The level of interaction between hCMEC/D3 cells and microfluidics-produced
PLGA NPs, functionalized and non-functionalized, was quantified through flow cytometry
(after 3h of incubation) and reported as MFI + SD. * denotes a significant difference
(p < .05) when comparing NPs functionalized with a transferrin receptor-binding pep-
tide with both non-functionalized NPs and the control, which consisted on the addition of
free peptide prior to functionalized NPs (competition assay). Data (n = 3) illustrative of
three independent experiments.

and treat CNS disorders [28,29]. The authors verified an increase in the
interaction of functionalized particles with hCMEC/D3 cells, compared
to non-functionalized ones. The site-orientation of the peptide was
pointed out as a key aspect to attain a successful functionalization.

Kang and co-workers reported a nanotechnology-based product,
PLGA-PEG NPs, to treat glioblastoma disease, delivering paclitaxel, and
target the BBB [66]. The targeting was done through functionalization
of NPs with a peptide based on an iron-mimicry moiety, driving the
nanosystems to the transferrin receptor. They demonstrated an increase
in the association of peptide tagged PLGA NPs with BBB endothelial
cells, compared to untagged NPs, and remarkably prolonged median
survival of mice treated with them.

The importance of NPs targeting to the right biological site has been
more and more recognized, leading to efforts in the search for accurate
functionalization processes. Herein, the functional targeting of NPs to
the BBB was successfully accomplished, which represents higher
probabilities of NPs accumulation in the brain and controlled biodis-
tribution of EFV, thus ultimately leading to better outcomes on HIV-
infected patients. However, further studies would be needed to be sure
about the efficiency of this functionalization, for example, in what
concerns NPs behavior facing protein corona phenomena.

3.7. Permeability study

Lastly, the BBB permeability of EFV was studied in order to un-
derstand to what extent the nanosystems could enhance the bioavail-
ability of the drug across this biological barrier.

The permeability study was conducted through a cell-based BBB in
vitro model consisting on a monolayer of hCMEC/D3 cells, which were
allowed to grow for 8 days in a Transwell® system. TEER values within
the range 40-70 Q cm? were obtained, demonstrating the tightness and
integrity of the cell monolayer, as verified in several transmigration
studies in which the model was used [28,67-69]. In fact, recently de-
veloped BBB in vitro models, consisting on co-culture of different CNS
cell types or primary cultures, are able to provide systems with in-
creased complexity, resembling the in vivo conditions with higher pre-
cision [70]. However, they also present several disadvantages, high-
lighting the resemblance of in vivo conditions only temporarily (initial
stage of development), difficult obtainment of cell sources, complex
characterization, time spent in cell culture, as well as lack of reprodu-
cibility and high costs of maintenance [71,72]. Moreover, despite the
simplicity, the model adopted is considered appropriate for the initial
screening of drugs permeability, since hCMEC/D3 cells are responsible
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for the expression of most transporters and receptors observed in the
BBB in vivo microenvironment [73,74].

The permeation of EFV through the BBB in vitro model was around
1.3-fold higher (p < .001) when using PLGA NPs as drug carriers (both
non- and functionalized NPs), compared to the free drug, over the 120-
min experimental time frame (Fig. 11). The increase in the permeability
of EFV may be associated with the ability of NPs to improve the poor
aqueous solubility of the drug, leading to an enhancement on its
bioavailability at the BBB, and ultimately culminating in better crossing
of the barrier [75,76]. This result was consistent with the work of
Graverini et al., who developed a nanoparticulate system to encapsulate
another poorly water-soluble drug, andrographolide, and verified an
improved permeability of the nanosystem through a BBB in vitro model
of hCMEC/D3 cells, compared to the free form of the compound [77].

Regarding the permeability of non-functionalized and functiona-
lized EFV-loaded NPs, no significant differences were found between
them (Fig. 11). Although the functionalization with a transferrin re-
ceptor-binding peptide demonstrated to be able to efficiently target the
NPs to the BBB, providing their deposition at this biological site, it was
not able to promote higher permeation of EFV through the hCMEC/D3
cell monolayer. However, this may be explained by the rapid recycling
associated with the transferrin receptor. According to the literature, this
receptor has a pre-recycling half-time of only around 10 min after in-
ternalization, which limits the transcytotic pathway and, consequently,
the receptor-mediated permeation of functionalized NPs through the
BBB [78,79]. Therefore, the endosomal trafficking associated with the
transferrin receptor may be compromised due to the highly dynamic
and transient character of the endosomes. Moreover, beyond the en-
dosome formation during cellular internalization, the clathrin-mediated
endocytosis may follow the lysosomally degradative pathway [80]. This
limitation may be avoided by using ligands to functionalize NPs which
promote the caveolin-mediated endocytosis through the BBB, hence
escaping from the lysosomal pathway and leading to direct exocytosis
of the cargo [81].

4. Conclusion

Gathering together all this knowledge, the herein work presented a
profitable microfluidic method of production of EFV-loaded PLGA NPs,
highlighting the smaller size and remarkably higher AE and DL of the
nanosystems, compared to the conventional fabrication. Microfluidics-
produced NPs demonstrated to meet the safety requirements necessary
to be intravenously administered, with special emphasis on the effec-
tiveness of the nanoparticulate systems to avoid cytotoxicity in relation
to the free form of EFV. Further functional targeting of NPs allowed to
promote their deposition at the BBB, being expected to control the
biodistribution of this anti-HIV drug. Although the functionalization
strategy could not potentiate EFV permeability though the BBB, con-
siderable improvements on the bioavailability of the drug at this bio-
logical site were achieved through the nanosystems, hopefully opening
doors to future advances in therapies against HIV neuropathology. This
work further lay the foundation for testing the efficacy of the nanofo-
mulation developed on HIV-infected cell culture models, as well as
under in vivo conditions, moving a step closer towards a translational
DDS.
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