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A B S T R A C T

We develop multidrug-loaded cubosome and spongosome lipid nanoparticles for targeting of endoplasmic re-
ticulum stress as a potential emerging therapeutic strategy against neuronal degeneration. The multicompartment
organization of the liquid crystalline nanoparticles (LCNPs), fabricated by self-assembly, was characterized by
cryogenic transmission electron microscopy (cryo-TEM) and small-angle X-ray scattering (SAXS). Monoolein-
based cubosome and spongosome LCNPs co-encapsulated the natural plant-derived antioxidant curcumin, fish
oil rich in ω-3 polyunsaturated fatty acids (PUFA), and the neurotrophin brain-derived neurotrophic factor
(BDNF), which is of vital need for neurogenesis. The neuroprotective properties of the nanoparticles were in vitro
investigated in a cellular model of tunicamycin-induced endoplasmic reticulum (ER) stress using differentiated
human neuroblastoma SH-SY5Y cells deprieved from serum. The intracellular accumulation of aggregates of
misfolded proteins, typical for the ER stress process, was analyzed by fluorescence microscopy co-localization
imaging and ER staining. The performed cellular bioassays established that the BDNF-loaded LCNPs enhanced
the neuronal cell survival. The diminution of the tunicamycin-induced ER stress upon internalization of neuro-
protective nanoparticles was quantified via the changes in the Thioflavin T fluorescence, which is a sensitive
marker of protein aggregation. LCNPs with multi-drug loading appear to be promising candidates to face the
challenges in neuroprotective nanomedicine development by exploiting ER-stress targeting mechanisms.
1. Introduction

Current treatments of neurodegenerative diseases are of limited ef-
ficacy and indicate the need of alternative approaches, which account for
the fact that neurodegenerative disorders involve multiple risk factors
[1–6]. Besides of environmental factors and genetic mutations, the
deficiency of neurotrophic factor proteins such as brain-derived neuro-
trophic factor (BDNF), the overproduced reactive oxygen species (ROS)
causing oxidative stress, DNA damage, and mitochondrial dysfunction,
the altered proteostasis, the deposition of senile plaques and the
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formation of neurofibrillary tangles from misfolded proteins and patho-
logical protein aggregates, as well as the altered lipid metabolism causing
metabolic stress, have been suggested to favor neuronal cell death and
neuroinflammation [7–15]. Protein misfolding and aggregation are
typical for Alzheimer's and Parkinson's diseases and have been a focus of
intensive research [16,17]. Novel therapeutic strategies, aiming at
slowing down the neuronal cell loss in the progression of the neurode-
generative diseases, consider the involved subcellular and
molecular-level mechanisms of these disorders [18,19].

Endoplasmic reticulum (ER) stress is an impairment of the ER
rch 2022
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Fig. 1. Formation of liquid crystalline nanoparticles (cubosomes) by agitation-
mediated dispersion of a bulk lipid cubic phase (Top panel) and a schematic
presentation of the 3D supramolecular organization of a cubosome liquid crys-
talline nanoparticle derived from a primitive lipid cubic phase (Im3m crystal-
lographic space group) (Bottom panel). The hydrophobic phytochemical
curcumin (CU), chosen for drug co-encapsulation in the nanocarriers, can
partition in the lipid bilayer membrane compartments of the cubosomes (bottom
left), while the hydrophilic brain derived neurotrophic factor (BDNF) protein
can be entrapped in the aqueous channel compartments (bottom right).
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membrane functioning that is associated with the pathogenic mecha-
nisms of a number of diseases including the neurodegenerative Alz-
heimer's, Parkinson's, and Huntington's diseases, amyotrophic lateral
sclerosis (ALS), brain ischemia, and various peripheral neuropathies
[20–27]. The endoplasmic reticulum organelle comprises a
three-dimensional (3D) membrane structure, which plays a key role in
protein maturation, the intracellular trafficking of secreted and
membrane-associated proteins, as well as in protein modification
[28–30]. It is responsible for the post-translational processing of proteins,
like disulfide bond formation and N-linked glycosylation, which are
determinant for the proper protein folding. ER disturbance by abnormal
accumulation of unfolded or misfolded proteins, acting as toxic aggre-
gates, can activate the ER stress-mediated apoptotic pathway in the cells
[31–35]. The ER compartment is involved also in other vital processes
such as the lipid biosynthesis, synthesis and transport of steroids, and the
maintenance of calcium homeostasis. Therefore, ER stress is critically
involved in the neuronal survival and damage as the ER stress may
provoke neuronal cell death [36–38].

Nanosized drug delivery systems have opened innovative directions
in nanomedicine development against neurodegenerative diseases
[39–44]. By combining two or more therapeutic compounds in a single
nanocarrier, they may be expected to achieve simultaneously (i) a
reduction of the ROS levels responsible for the oxidative stress in the
neuronal tissues, (ii) a diminishment of the damage of lipids, nucleic
acids, and proteins, as well as (iii) a recovery from mitochondrial
dysfunction and the abnormal changes occurring in the intracellular
275
mitochondrial pathway [45–49]. Thus, multidrug-loaded nanocarriers
may inhibit or hamper the cellular apoptosis signaling pathways. Such a
neuronal regeneration strategy presents a new expectation for repairing
neuronal damages.

Of particular interest are amphiphilic lipid-based nanocarriers,
including liposomes and liquid crystalline nanoparticles (LCNPs) with
inner self-assembled structures (cubosomes, spongosomes and hex-
osomes) [50–54]. They have a capacity for co-encapsulation of various
active pharmaceutical ingredients, which can be either hydrophilic or
lipophilic compounds attractive for drug delivery applications. Such
nanocarriers can improve the bioavailability and ensure the protection of
unstable encapsulated biomolecules. The lipids employed for their
formulation are usually naturally occurring species and may display af-
finity for fusion to biological membranes. In addition to enhancing the
drug bioavailability, the self-assembled lipid-based nanocarriers appear
to be biodegradable and with low toxicity for in vivo applications [55]. In
recent years, liquid crystalline nanoparticles of the cubosome type have
been designed for central nervous system (CNS) targeting [43,45,56–58].
Cubosomes [59–61] can be produced by dispersion of liquid crystalline
assemblies generated from lyotropic lipid cubic phases (Fig. 1, top panel).
These nanoparticles include a dense core of periodically ordered bicon-
tinuous lipid bilayer membranes that comprise a nanochannel architec-
ture with high encapsulation potential for either hydrophilic proteins (or
peptides) and poor water-soluble antioxidant agents [62–64]. Cubosome
particles (Fig. 1, bottom panel) have much higher surface area per vol-
ume as compared to micellar and lamellar structures.

In the present work, we investigate a new hypothesis of whether
liquid crystalline nanocarriers for combined delivery of neuroprotective
molecules may provide protection and diminution of intracellular ER
stress, in the perspective to halt the neuronal degeneration. For this
purpose, we designed novel multidrug-loaded liquid crystalline nano-
particles starting with a lipid cubic membrane structure (Fig. 1), which is
advantageous for co-encapsulation of hydrophilic and hydrophobic
therapeutic substances. The choice of the bioactive molecules promoting
the neuronal survival, i.e. (i) brain-derived neurotrophic factor (BDNF),
(ii) fish oil (FO), and (iii) curcumin (CU), was done for the following
reasons:

(i) Neurotrophins are needed for the growth, differentiation, and
survival of neurons [65–67]. Regeneration of neuronal function
can be achieved by enhancing the adult neurogenesis through
endogenous administration of neurotrophic growth factors,
among other neuro-regenerative mechanisms [65–69]. However,
the structure of the brain, which is protected by the blood-brain
barrier (BBB), limits the transport of macromolecular drugs,
which causes challenges in clinical trials. The deficiency of neu-
rotrophic factors has been defined as a risk factor of many
neurodegenerative disorders [68–70]. By activating the neuro-
trophin receptors (e.g., TrkB), these proteins support the mainte-
nance of neuronal functions, the synaptic plasticity of developing
and mature neurons, and the neuronal protection from injury and
toxins [67,68]. Exogenous BDNF is required for neurogenesis as
well as to compensate the decreased expression of the neuro-
trophic proteins in the neurodegenerative diseases [69]. Despite
of its significance, the therapeutic potential of BDNF is restricted
due to its short half-life (<10 min) in the circulation and the
inability to cross the BBB because of its relatively large size as a
dimeric protein (27 kDa) [69]. Recently developed nanoscale
materials have shown promising safety and efficacy profiles for
the encapsulated BDNF protein, BDNF-derived peptides or the
BDNF gene, which have been delivered to the central and the
peripheral nervous systems with enhanced bioavailability
[71–77].

(ii) Fish oil (FO) is a rich source of bioactive ω-3 polyunsaturated fatty
acid (ω-3 PUFAs) including docosahexaenoic acid (DHA; 22:6 n-3)



Fig. 2. Schematically presented cellular neurodegeneration model, created with
differentiated human neuroblastoma SH-SY5Y cells that are subjected to tuni-
camycin (TUN)-induced endoplasmic reticulum (ER) stress. Serum starvation
provokes oxidative-stress mitochondrial dysfunction and cellular apoptosis ef-
fects. ER stress caused by the neurotoxin TUN is accompanied by hampered
neurotrophin BDNF/TrkB signaling due to low neurotrophin receptor expression
and neurotrophin deficiency. The regenerative capacity of liquid crystalline lipid
nanoparticles loaded by multiple active ingredients (curcumin as a phyto-
chemical antioxidant, ω-3 PUFA-rich fish oil, and BDNF) is studied towards
development of emergent combination therapies making use of natural plant-
derived and marine-derived bioactive compounds.

Table 1
Representative mixed compositions and mass proportions of monoolein (MO)
lipid, amphiphilic PEGylated agent TPGS-PEG1000, ω-3 PUFA-rich fish oil (FO),
and curcumin (CU) for preparation of liquid crystalline nanoparticles by thin
lipid film hydration and self-assembly.

weight ratio (wt/wt) MO (g) TPGS-PEG1000 (g) FO (g) CU (g)

0/100 FO:MO 0.1 0.027 – –

32/68 FO:MO 0.1 0.027 0.0544 –

32/68 FO:MO 0.1 0.027 0.0544 0.0074
0/100 FO:MO 0.1 0.027 – 0.0074
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and eicosapentaenoic acid (EPA; 20:5 n-3) with neuroprotective
properties [78,79]. In vitro neuroprotective experiments per-
formed with SH-SY5Y cells have established that ω-3 PUFAs, e.g.
eicosapentaenoic acid (EPA) co-encapsulated in cubosome-type
lipid carriers, exert a potentiation effect on the BDNF activity
[80]. Moreover, it has been evidenced that neurotrophin-loaded
or dual drug-loaded nanoparticles may help compensating the
deficiency of the protein BDNF in disease models [45,71].

(iii) The plant-derived antioxidant curcumin (CU), which exerts neu-
roprotective and anti-inflammatory activities (among other
beneficial health effects) [81–88] was chosen for co-delivery with
BDNF. Curcumin has low bioavailability, due to its hydrophobic
nature, and therefore needs drug delivery carriers [57]. The
therapeutic advantages of curcumin have been broadly described
in the literature [81–88]. For instance, curcumin reduces the
oxidative damages and inhibits the formation of Amyloid β (1-42)
oligomers and fibrils in the amyloid pathogenesis of the Alz-
heimer's disease [85]. In addition, curcumin can modulate the
neurotrophin TrkB signaling and enhance the BDNF expression in
neurodegenerative disease models [49].

Here non-lamellar LCNPs were fabricated by self-assembly using lipid
mixtures based on the lyotropic lipid monoolein (MO). To evaluate the
neuroprotective potential of the novel liquid crystalline nanoparticles co-
loaded with curcumin (CU), ω-3 PUFA-rich fish oil (FO), and brain-
derived neurotrophic factor (BDNF), we elaborated an in vitro model of
ER stress with tunicamycin-treated human neuroblastoma SH-SY5Y cells,
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which were initially differentiated by retinoic acid and deprived of fetal
bovine serum (FBS). Tunicamycin (TUN) is a nucleoside antibiotic known
to induce ER stress [89–91]. TUN can act as an N-linked glycosylation
inhibitor. However, N-linked glycosylation is a key early step in the
folding of most proteins that takes place within the ER organelle. The
inhibition of the proper folding provokes the accumulation of misfolded
proteins in the ER compartment, which is a major hallmark of ER stress.
Unfolded protein response (UPR), activated after the application of TUN
as an ER stress-inducer, is characterized by a cessation of the global
protein synthesis and can favor apoptotic pathways. The cytosolic face of
the rough ER is the site of the protein synthesis where the neurotrophin
receptor production is hampered in the neuronal cells. Thus, tunicamycin
diminishes also the neurotrophin TrkB receptor expression because of the
induced ER stress. The main features of the created here in vitromodel of
neuronal cell degeneration and nanoparticle-mediated regeneration are
depicted in Fig. 2.

2. Material and methods

2.1. Materials and sample preparation

Monoolein (MO) with purity >99% was obtained from Hampton
Research. The PEGylated amphiphile, D-α-tocopheryl poly(ethylene
glycol)1000 succinate (denoted as TPGS-PEG1000) was purchased from
Sigma Aldrich. Fish oil (FO) (from menhaden, crude source of ω-3
polyunsaturated fatty acids), cis-4,7,10,13,16,19-docosahexaenoic acid
(DHA) (purity �98%), curcumin (CU) (purity >66%), butylated
hydroxytoluene (BHT), Thioflavin T (4-(3,6-dimethyl-1,3-benzothiazol-
3-ium-2-yl)-N,N-dimethylaniline chloride) (Ex. 458 nm, Em. 480–520
nm), and retinoic acid (RA) were purchased from Sigma Aldrich as well.
The water was of MilliQ quality (Millipore Corp., Molsheim, France) and
was used for preparation of a phosphate buffer solution (NaH2PO4/
Na2HPO4, 1 � 10�2 M, pH 7, p.a. grade, Merck). Human BDNF for
structural experiments was obtained from R&D Systems (BioTechne Ltd,
UK) as well as from Sigma Aldrich for the cell culture studies. For the cell
culture experiments, Dulbecco's modified Eagle's Medium (DMEM),
streptomycin-penicillin, phosphate buffered saline (PBS), trypsin, ethyl-
enediaminetetraacetic acid EDTA, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) were supplied by Sigma-Aldrich.
Fetal bovine serum (FBS) was provided by Thermo Fischer Scientific
(Illkirch, France). Fluorescent staining dyes and kits were purchased from
Thermo Fisher Scientific, Invitrogen, and Biotium.

Lipid nanoparticles were prepared by the method of hydration of a
lyophilized thin lipid film followed by physical agitation in excess
aqueous phase [47,48,59,92–94]. The lipid monoolein (MO), the
amphiphilic stabilizer TPGS-PEG1000, ω-3 PUFA-rich fish oil (FO), and
curcumin (CU) were weighed, dissolved in chloroform and mixed at
desired proportions. Typical amphiphilic compositions used for nano-
particle preparation are given in Table 1. The solvent was evaporated
under a stream of a nitrogen gas for 1 h at room temperature to create a
thin lipid film. The samples were lyophilized overnight under cooling to
remove the excess solvent. This step was followed by the hydration of the
thin film samples by an aqueous phase (1 � 10�2 M phosphate buffer),
which contained butylated hydroxytoluene (BHT). The antioxidant BHT



Fig. 3. In the LDH assay, the release of lactate dehydrogenase (LDH) from the
damaged cells is measured by supplying lactate, NADþ and iodonitrote-
trazolium violet (INT) as enzyme substrates in the presence of diaphorase
(coupled enzyme diaphorase-LDH assay). The generated red formazan product is
proportional to the quantity of LDH released from the cells, and therefore to the
number of lysed cells.
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helped ensuring the oxidative stability of the formulations. For dispersion
to nanoparticles, the multicomponent assemblies were agitated by soni-
cation and vigorous vortexing in cycles during 15 min. The lipid con-
centration was 10 wt%with regard to the aqueous phase. For preparation
of BDNF-loaded liquid crystalline nanoparticles, the neurotrophic protein
was incorporated by incubation and mixing of 1 μL BDNF stock solution
(500 μg/ml BDNF) and a volume of 4 μL of lipid nanoparticles (stock
concentration of 56 mM lipid monoolein in the samples). The
BDNF-loaded nanoparticles were stored at 4 �C.

2.2. Synchrotron small-angle X-ray scattering (SAXS)

The methodology of the performed SAXS study at the SWING beam-
line of synchrotron SOLEIL (Saint Aubin, France) was analogous to the
previously described [47]. The dispersed nanoparticle samples were
sealed in X-ray capillaries and placed in a designed holder with (X,Y,Z)
positioning. Temperature was 22 �C. The sample-to-detector distance
was 3 m and the X-ray beam spot size on the samples was 25 � 375 μm2.
The patterns were recorded with a two-dimensional Eiger X 4 M detector
(Dectris, Baden-Daettwil Switzerland) at 12 keV allowing measurements
in the q-range from 0.00426 to 0.37 Å�1. The q-vector was defined as q¼
(4π/λ) sin θ, where 2θ is the scattering angle. The synchrotron radiation
wavelength was λ ¼ 1.033 Å and the exposure time was 500 ms. The
q-range calibration was done using a standard sample of silver behenate
(d ¼ 58.38 Å). An average of five spectra per sample was acquired. Data
processing of the recorded 2D images was performed by the FOXTROT
software as previously indicated [47].

2.3. Cryogenic transmission electron microscopy (cryo-TEM)

The methodology of the cryo-TEM study was similar to that in the
previous work [48]. In brief, a sample droplet of 2 μL was put on a lacey
carbon film covered copper grid (Science Services, Munich, Germany),
which was hydrophilized by glow discharge (Solarus, Gatan, Munich,
Germany) for 30s. Most of the liquid was then removed with blotting
paper, leaving a thin film stretched over the lace holes. The specimen was
instantly shock frozen by rapid immersion into liquid ethane and cooled
to approximately 90 K by liquid nitrogen in a temperature and humidity
controlled freezing unit (Leica EMGP, Wetzlar, Germany). The temper-
ature and humidity were monitored and kept constant in the chamber
during all sample preparation steps. The specimen was inserted into a
cryo-transfer holder (CT3500, Gatan, Munich, Germany) and transferred
to a Zeiss EM922 Omega energy-filtered TEM (EFTEM) instrument (Carl
Zeiss Microscopy, Jena, Germany). Examinations were carried out at
temperatures around 90 K. The TEM instrument was operated at an ac-
celeration voltage of 200 kV. Zero-loss-filtered images (DE ¼ 0 eV) were
taken under reduced dose conditions (100–1000 e/nm2). The images
were recorded digitally by a bottom-mounted charge-coupled device
(CCD) camera system (Ultra Scan 1000, Gatan, Munich, Germany) and
combined and processed with a digital imaging processing system (Dig-
ital Micrograph GMS 1.9, Gatan, Munich, Germany). The sizes of the
investigated nanoparticles were in the range or below the film thickness
and no deformations were observed. The images were taken very close to
focus or slightly under the focus (some nanometers) due to the contrast
enhancing capabilities of the in-column filter of the employed Zeiss
EM922 Omega. In EFTEMs, the deep underfocused images can be totally
avoided.

2.4. Cellular viability determined by MTT assays

The cellular viability was determined by the tetrazolium salt test (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, MTT) after
SH-SY5Y cell treatment by (i) retinoic acid (RA) deprived of fetal bovine
serum (FBS), (ii) tunicamycin (TUN), and (iii) studied nanoparticles. In
this assay, the MTT reagent is reduced to formazan by the mitochondrial
succinate dehydrogenase enzyme in the living cells. The MTT compound
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forms a purple precipitate, the quantity of which is proportional to the
metabolic activity of the living cells. The cells were seeded at a density of
20 � 104 cells/well in 96-well plates. After 5 days of treatment with 10
μM retinoic acid, the RA-differentiated cells were stressed during 24 h by
deprivation of FBS (i.e. starvation) or by incubation with an ER stress
inducer (1 μM TUN). Blank (non-loaded) or BDNF-loaded nanoparticles
were incubated with the cells at 37 �C for 24 h at lipid concentrations of
2.5 μM and 5 ng/ml BDNF. Untreated cells maintained in the DMEM
medium were used as controls. The solution of MTT was prepared in PBS
and was filtered prior use. The reagent MTT was added to the wells at a
concentration of 5 mg/mL at 37 �C. After 1 h of incubation of the cells
with MTT, the medium was removed, and the cells were dissolved in
100% DMSO in order to solubilize the formazan precipitate. The optical
density of the samples was measured at a wavelength 570 nm using a
multiwell-scanning plate reader (LT-5000 MS, Labtech). The quantifi-
cation was done by averaging the measurements of a minimum six wells.

2.5. Cellular cytotoxicity determined by a LDH (lactate dehydrogenase)
assay

The CytoTox 96® Non-Radioactive Cytotoxicity Assay kit was used to
evaluate the cell death and the number of live cells following the SH-
SY5Y cell treatment by (i) retinoic acid (RA) deprived of fetal bovine
serum (FBS), (ii) tunicamycin (TUN), and (iii) nanoparticles. This assay
quantitatively measures the amount of lactate dehydrogenase (LDH), a
stable cytosolic enzyme that is released upon cell lysis. The released
protein LDH in the culture supernatants is measured within 30-min by a
coupled enzyme assay (Fig. 3), which results in the conversion of a
tetrazolium salt (iodonitrotetrazolium violet, INT) into a red formazan
product. The generated red color intensity is proportional to the number
of lysed cells. The absorbance data are collected using a standard 96-well
plate reader at a visible wavelength (490 nm).

To measure cell death, following cell starvation and incubation with
BDNF (5 ng/ml)-loaded LCNPs (48 h), the SH-5Y5Y cells were seeded at a
density of 20 � 104 cells/well in 96-well plates. 50 μL aliquots from all
test and control wells were transferred to a fresh 96-well flat-clear-
bottom plate and 50 μL of the CytoTox 96® reagent was added. The
plate was protected from light during 30 min incubation at room tem-
perature. Then, 50 μL of stop solution was added before recording the
absorbance at a wavelength 490 nm (or 492 nm) within 1 h. The quan-
tification of cytotoxicity (cellular death) was done using the relationship.
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Percent cytotoxicity¼Experimental LDH Release ðOD490Þ
Maximum LDH Release ðOD490Þ X 100
Fig. 4. Synchrotron small-angle X-ray scattering (SAXS) patterns of multicom-
ponent liquid crystalline lipid nanoparticles with encapsulated neuroprotective
molecules [MO/FO/CU/TPGS-PEG1000]. The dispersed nanoassemblies are sta-
bilized by the PEGylated amphiphilic agent D-α-tocopheryl-poly(ethylene gly-
col)1000 (TPGS-PEG1000). The nanoparticle dispersions are fabricated with 5 wt
% lipid content and 95 wt % aqueous medium. Aqueous phase composition: 1 �
10�2 M phosphate buffer containing butylated hydroxytoluene (BHT). Tem-
perature: 22 �C.
The CytoTox 96® Assay indirectly measures the lactate dehydroge-
nase activity of the enzyme, which is present in the cytoplasm of intact
cells. Therefore, cell number quantitation can only be done if the cells are
lysed to release the LDH enzyme from the cells. To measure the number
of live cells following the different treatments, the medium in the plate
containing the seeded cells was removed after taking aliquots for the
cytotoxicity assay. The cellular samples of interest were lysed by adding
15 μl of Lysis 10X Solution [9% (v/v) TritonR X-100 in water] per 100 μl
of culture medium, followed by incubation at 37 �C for 45–60 min.
CytoTox 96® Reagent (50 μl) was added to each supernatant sample, and
the enzymatic reaction was allowed to proceed for 30 min at room
temperature under protection from light. The enzymatic assay was then
stopped by adding 50μl/well of stop solution. The absorbance was
recorded at a wavelength 490 nm using a plate reader.

2.6. Fluorescence microscopy imaging of living cells

The cells were seeded at a density of 40 � 104 cells/well in 6-well
plates and treated with tunicamycin and BDNF-loaded LCNPs. Fluores-
cent microscopy images of living cells were acquired with a ZEISS AXIO
Observer Z1 video microscope equipped with a 63 £ objective and a
CoolSnap HQ2 camera. CALIBRI/LED (Light Emitting Diodes) of four
wavelenghts (365 nm, 470 nm, 555 nm, and 590 nm) were available as
excitation sources. The images were visualized using the ZEISS ZEN mi-
croscope software (Version 3.1, Germany). The excitation and emission
wavelength settings were the following: Thioflavin T (ThT) (Ex. 470 nm,
EM BP 530/50 nm), ER-Tracker™ Blue White DPX dye (Ex. LED 365 nm,
EM BP 445/500 nm) and MitoView™ Green (Ex. 470 nm, EM BP 530/50
nm). Each fluorescent channel was recorded sequentially, as opposed to
simultaneously, in order to avoid channel overlap. For fluorescence
quantification, the images were converted into 8-bit and treated through
the mean grey value analysis of the ImageJ software. A polygon (region of
interest, ROI) with the same area was selected for each image in order to
normalize and compare the fluorescence intensity data per cell.

2.7. Human free BDNF quantification by Quantikine® ELISA
immunoassay

The concentrations of human free brain-derived neurotrophic factor
(BDNF) in cell culture supernates were determined using Quantikine®
ELISA Human Free BDNF Immunoassay kit (Bio-Techne Ltd./R&D Sys-
tems, UK) following the manufacturer's instructions. Briefly, the 96 well
plates were pre-coated with a monoclonal antibody specific for human
free BDNF. BDNF standards and samples were pipetted and incubated
into the wells for 2 h and any free BDNF present was bound by the
immobilized antibody. An enzyme-linked monoclonal antibody, specific
for human free BDNF, was added to the wells for 1 h. All of the incubation
stages were conducted at room temperature. Then, a procedure of a total
of 3 washes with washing buffers was performed to remove any unbound
antibody-enzyme reagent. A substrate solution was added to the wells for
30 min. The color was developed in the wells proportionally to the
amount of free BDNF bound in the initial step. The color development
was stopped with a stop solution and the color intensity was measured by
a plate reader. The absorbance at 450 nm was measured within 30 min
after stopping the reaction.

The total protein concentration was measured by the Bradford Pro-
tein Assay (BSA). The stock solution of BSA was with a concentration 2
mg/mL in PBS, from which a calibration range of seven concentrations
was prepared. 20 μL of BSA standard solutions or cell lysate samples were
mixed in the wells with 180 μl Bradford reagent. The optical density of
every well was measured by a microplate reader set to a wavelength 595
nm. The total protein content was used for normalization of the deter-
mined BDNF protein amount in the studied samples.
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2.8. Statistical analysis

The data were expressed as mean � standard deviation (SD) of three
independent experiments. The results were analyzed by the Tukey test
after one-way analysis of variance. The probability values p < 0.05 were
considered statistically significant across the treatment groups.

3. Results and discussion

3.1. Structural characterization of the designed liquid crystalline lipid
nanoparticles

3.1.1. SAXS investigation of dispersed cubosome and spongosome lipid
nanoparticles

Fig. 4 shows the SAXS patterns of dispersed MO/TPGS-PEG1000 lipid
nanoparticles as well as of MO/FO/TPGS-PEG1000 and MO/FO/CU/
TPGS-PEG1000 nanocarriers, which are loaded with neuroprotective
bioactive ingredients, i.e. ω-PUFA rich fish oil (FO) and curcumin (CU).
The PEGylated amphiphile TPGS-PEG1000, included in the studied
multicomponent assemblies, provided steric stabilization of the nano-
particle dispersions. The structural effect of fish oil on the inner organi-
zation of the PEGylated liquid crystalline nanoparticles (Fig. 4, blue plot)
is presented together with that of encapsulated curcumin (Fig. 4, red
plot). The blank MO/TPGS-PEG1000 and the fish oil-loaded MO/FO/
TPGS-PEG1000 nanoparticles displayed scattering curves typical for
dispersed lipid membranes as precursors of bicontinuous cubic phases.
Two correlation peaks q1 ¼ 0.05 Å�1 and q2 ¼ 0.11 Å�1 were observed
for the LCNPs in the lack of encapsulated curcumin. The first correlation
peak corresponds to a precursor of a cubic Im3m primitive cubic phase
structure, which is dispersed into nano-objects [94]. The position of the
second correlation peak is close to the one of dispersed sponge-type lipid
membranes [43,92]. These structural data suggest that the studied
amphiphilic compositions may yield nanoparticles with domain organi-
zation, cubosomal intermediates, or coexistences of cubosomes and
spongosomes in the formulations [43,92–94].

The recorded Bragg reflections in the SAXS pattern of the curcumin
and fish oil dual-loaded MO/FO/CU/TPGS-PEG1000 LCNPs identified the
formation of cubosome nanoparticles with an inner cubic lattice structure
of the primitive cubic (Im3m) space group (Fig. 4, red plot). The q-vector
positions of the Bragg peaks centered at q ¼ 0.044 Å�1, 0.062 Å�1 and
0.076 Å�1 determined a unit cubic cell lattice parameter aQ(Im3m) ¼
20.19 nm for the dispersed cubosome particles. The broad correlation



Fig. 5. Cryo-TEM images of dispersed liquid
crystalline lipid nanoparticles with encapsu-
lated fish oil (rich in ω-3 PUFA) and phyto-
chemical antioxidant. The multicomponent
assemblies [MO/FO/CU/TPGS-PEG1000] are
stabilized by a PEGylated amphiphilic stabi-
lizer D-α-tocopheryl-poly(ethylene glycol)
1000 (TPGS-PEG1000). The incorporated
guest molecules cause distortions of the long-
range order of the bicontinuous lipid mem-
branes and lead to formation of cubosomal
intermediates and sponge type nanoparticles
(panel (A)); cubosomes with inner oil-rich
domains (outlined by red color in panel
(B)); or inner areas rich in curcumin (darker
domains in the core of the liquid crystalline
lipid nanoparticles) in panels (C) and (D).

M. Rakotoarisoa et al. Smart Materials in Medicine 3 (2022) 274–288
peak centered at q¼ 0.135 Å�1 indicated that the cubosomes coexist with
a portion of nanoparticles involving bicontinuous sponge membranes
with no periodic organization.

The small shift, observed in the position of the correlation peak
centered at q ¼ 0.135 Å�1 for the MO/FO/CU/TPGS-PEG1000 LCNPs
(Fig. 4, red line) with regards to its position at approximately q ¼ 0.11
Å�1 in the SAXS patterns of the other two types of LCNPs can be
explained by the density of the lipid membranes and their hydration level
in the dispersed lipid assemblies. We have previously shown that the
early stages of lipid membrane ordering during the bilayer vesicle-to-
cubosome particle transition are characterized by broad peaks in the
scattering patterns due to the small number of correlated lipid mem-
branes [93]. The intermediate transition states correspond to higher
hydration levels of the inner lipid nanoparticle organization, which is of
the swollen type and displays scattering peaks at smaller q-vector values.
The topological transition associated with membrane reorganization into
a bicontinuous three-dimensional membrane leads to progressive
squeezing of the water and formation of porous structures of varying
densities [92]. A higher density of the lipid bilayers corresponds to
LCNPs of less hydrated internal structure. In the present case, LCNPs
compositions involving curcumin appear to generate more densely
packed nanoscale structures as compared to those involving fish oil only
(Fig. 4). Thus, the shift from q ¼ 0.11 Å�1 to q ¼ 0.135 Å�1 may indicate
that curcumin slightly reduces the hydration of the dispersed lipid
membranes.

LCNPs nanostructures containing brain-derived neurotrophic factor
(BDNF) were obtained by incubation with the neurotrophin stock solu-
tion as described in Methods. The protein BDNF (as a high-affinity ligand
of the neurotrophin receptor TrkB) exerts its neuroprotective activity at
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very low concentrations (�nanogram/mL range). At the studied low
protein concentration, the SAXS patterns of the BDNF-associated (MO/
FO/CU/BDNF) nanoparticles did not differ from the LCNPs encapsulating
fish oil and curcumin (MO/FO/CU) (see the red plot for the MO/FO/CU/
TPGS-PEG1000 nanoassemblies in Fig. 4).

3.1.2. Morphological characterization of dispersed liquid crystalline lipid
nanoparticles by Cryo-TEM imaging

The dispersed liquid crystalline lipid nanoparticles were examined by
Cryo-TEM. The images presented in Fig. 5 show the topologies of the
cubosome and spongosome lipid nanoparticles loaded with bioactive
ingredients. A closer inspection of the Cryo-TEM micrographs revealed
the domain inner organization of the LCNPs and a phase separation
resulting from the encapsulation of ω-3 PUFA-rich fish oil and curcumin
in the host lipid particles. Depending on the composition, MO/FO/TPGS-
PEG1000 or MO/FO/CU/TPGS-PEG1000, the internal LCNP organization
involved inner oil-rich domains (Fig. 5B) or core-shell structures with
domains rich in curcumin in the core of the lipid nanoparticles (Fig. 5C
and D). The established multicompartment organization of the LCNPs
with internal domains, rich in fish oil and curcumin, suggests multistep
mechanism of release from the dual-loaded cubosome or spongosome
type lipid nanoparticles, which requires a separate investigation.

The investigated LCNP formulations were stable over at least three
months. The amphiphilic TPGS-PEG1000 agent favors the LCNPs disper-
sion by impeding the aggregation. The nanoparticle sizes as a function of
the content of encapsulated fish oil were studied by quasi-elastic light
scattering (QELS) in our recent work [94]. The determined size distri-
butions established a coexistence of small particles comprising dispersed
vesicular membranes and precursors of cubosomes (with hydrodynamic



Fig. 6. Cellular viability determined by a MTT assay for (A) retinoic acid (RA)-
differentiated SH-SY5Y cells after 24 h exposure to blank or FO/CU-loaded
liquid crystalline nanoparticles at varying concentrations; and (B) controls
versus treatment by LCNPs of different compositions at same lipid concentration
of 2.5 μM. Significant differences were observed with **p < 0.01 vs. RA (þ) FBS;
#p < 0.05 and ##p < 0.01 vs. BDNF alone.

Fig. 7. Results of a LDH assay for determination of cytotoxicity of blank or
loaded liquid crystalline nanoparticles in retinoic acid (RA)-differentiated SH-
SY5Y cells after 48 h exposure to LCNPs formulations. Significant differences
are observed for **p < 0.01 versus dead RA(�)FBS cells control; #p < 0.05 and
##p < 0.01 versus live RA(�)FBS cells control.
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diameters of about 100 nm) and bigger particles, which correspond to
LCNPs with inner self-assembled structure (cubosomes or spongosomes).
Their population is characterized by a mean hydrodynamic diameter in
the range 250 nm–450 nm. It has been previously emphasized that the
vesicular membranes, produced upon the dispersion and sonication of
the bulk liquid crystalline phase, serve as a reservoir of lipid membrane
building blocks for the generation of cubosome and spongosome LCNPs
[43,48,93].
3.2. Cytotoxicity of blank and multidrug-loaded liquid crystalline
nanoparticles

The human neuroblastoma SH-SY5Y cells were seeded and treated
with RA (10 μM) during 5 days to obtain the typical neuronal cell
phenotype. Then, the cells were starved by incubation with serum (FBS)-
free DMEMmedium for 24 h (the condition before the cell treatment with
the nanoparticles). The differentiated cells were exposed to formulations
of liquid crystalline nanoparticles for 24 or 48 h. The LCNPs were loaded
or not by BDNF (5 ng/ml). As viability controls, we used SH-SY5Y cells,
which were not exposed to nanoparticles, i.e. (RA(�)FBS).

3.2.1. MTT assay with liquid crystalline nanoparticles with and without
BDNF loading

The obtained MTT data (Fig. 6A and B) demonstrate that the cellular
viability decreased from 100 � 3.2% to 71 � 4.0% for starved differen-
tiated SH-SY5Y cells (RA(�)FBS) as compared to the RA-differentiated
SH-SY5Y control cells (RA(þ)FBS). The serum FBS deprivation influ-
enced significantly (**p < 0.01) the cellular viability. This result estab-
lished a crucial stress condition induced by the starvation.

Differentiated SH-SY5Y cells were exposed to blank or dual-loaded
liquid crystalline (MO/FO/CU) nanoparticles at different
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concentrations for 24 h (Fig. 6A). At all concentrations, the blank LCNPs
presented around 60% cellular viability (versus control), which did not
essentially differ from the cellular viability of the starved differentiated
SH-SY5Y cells (RA(�)FBS at 0 μM NPs content). The FO/CU-loaded
nanoparticles enhanced the cellular viability, with values from 77 to
87 � 5.0% at concentrations between 0.5 μM and 10 μM. Above 10 μM
LCNPs concentration, the viability was comparable with that of the
starved cells. These results indicated that the studied nanoparticles were
safe. Indeed, the FO/CU-loaded LCNPs increased the cellular viability at
low concentrations and protected them from starvation-induced stress
and cellular death. These results can be explained by the protective fish
oil effect and the survival effects favored by the antioxidant curcumin
[100–104]. A recent study has demonstrated the improvement of the
stability and efficacy of fish oil nanoemulsions by co-encapsulation of FO
with CU or other antioxidants [101].

The MTT results for cells exposed during 24 h to multidrug-loaded
liquid crystalline (MO/FO/CU/BDNF) nanoparticles at a lipid concen-
tration of 2.5 μM and at BDNF concentration of 5 ng/ml are shown in
Fig. 6B. The MTT data established a cell viability increase from 82 �
4.7% to 95 � 2.1% with the single- or multidrug-loaded nanoparticles
involving BDNF treatment. The obtained values did not suggest a sig-
nificant cell viability difference as compared to the control RA(þ)FBS
cells. A more significant cell viability decrease (66 � 4.7%, **p < 0.01)
was observed with the blank nanoparticles (MO) with no encapsulated
neuroprotective additives. These results evidenced the safety of the sin-
gle- and multidrug-loaded nanoparticles as well as the significant effect
of the BDNF-loaded LCNPs on the cellular survival after starvation of the
RA-differentiated SH-SY5Y cells.

Interestingly, the percentage of cell survival significantly increased
(#p< 0.05 and ##p< 0.01) upon treatment with BDNF-loaded LCNPs as
compared to free BDNF treatment alone (Fig. 6B). This result demon-
strates the advantage of using LCNPs for neuronal protection through
enhancement of the effect of the neurotrophic protein. The potentiation
effect of multicompartment lipid carriers, containing ω-3 PUFAs, on the
BDNF activity in in vitro neuroprotective experiments with SH-SY5Y cells
has been previously suggested [43,80]. The fact that the viability is
significantly higher with the multidrug [FO/CU/BDNF]-loaded LCNPs
may be due to a synergistic effect of co-encapsulated drugs in the
lipid-based nanocarriers (Fig. 6B). Curcumin may mediate the intracel-
lular BDNF signaling cascades, which are involved in the neuroprotective
pathways [105–110]. Zhang et al. have reported that chronic curcumin
treatments activate ERK or N-methyl-D-aspartate-CREB signaling, accel-
erate the expression of BDNF, and improve biochemical and behavioral
changes in an AD rat model induced by ventricular inoculation of Aβ1-42
[109]. Another study has hypothesized that the neuroprotection by
curcumin can be mediated via the BDNF/TrkB-MAPK/PI-3K-CREB
signaling pathway [108].



Fig. 8. Schematic presentation of the treatment
protocols of differentiated human neuroblastoma
SH-SY5Y cells employed for evaluation of the ef-
fect of LCNPs on the tunicamycin-induced endo-
plasmic reticulum stress (in vitro model). The
fluorescent dye Thioflavin T (ThT) (5 μM) was
used for cell culture staining in order to evidence
the tunicamycin-induced ER stress. The ThT
molecule directly interacts with the misfolded
proteins in the ER organelle. It is a marker for
detecting protein aggregates as a measure of the
ER stress levels in the cells [98].
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3.2.2. LDH assay with BDNF-loaded liquid crystalline nanoparticles
The lactate dehydrogenase (LDH) assay was used to quantify dead
Fig. 9. Tunicamycin dose-dependent effect on cellular viability of RA-differentiated
TUN for 24 h. A) Optical micrographs acquired by a ZEISS microscope with an obje
following exposure to 0–50 μM tunicamycin (see the treatment protocol depicted in
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cells by the released LDH protein in culture supernatants upon the cell
lysis due to serum starvation and treatment by BDNF(5 ng/ml)-loaded
SH-SY5Y deprived of FBS. The cells were treated with different concentration of
ctive � 63 (Scale bar: 15 μm). B) Cellular viability determined by a MTT assay
Fig. 8, middle row scheme).



Fig. 10. Fluorescence microscopy images showing the SH-SY5Y cellular morphology (DIC images in the upper row), the endoplasmic reticulum organelle imaged by
ER-Tracker™ Blue White DPX dye staining (Ex. LED 365 nm) (shown in light blue color), and mitochondrial visualization by MitoView™ Green (Ex. LED 470 nm)
staining (shown in green color). (A) Images acquired after 5 days of incubation with 10 μM RA and in FBS-free serum for 24 h; (B) Images after 1 μM Tunicamycin (ER
stress inducer) treatment for 5 h; and (C) after 1 μM TUN incubation for 5 h and 24 h treatment with curcumin, fish oil, and BDNF-loaded LCNPs (MO/FO/CU/BDNF)
(see the treatment protocol depicted in Fig. 8, bottom row scheme). Scale bar: 15 μm.
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LCNPs for 48 h. The live cells were quantified indirectly by the lactate
dehydrogenase activity in the cytoplasm of intact cells, which were lysed
to release the present LDH protein. The results obtained with the LDH
assay (Fig. 7) demonstrated that there is no significant difference (**p <

0.01) between the dead cells after treatment with blank (MO) LCNPs and
the dead cells in the control (RA(�)FBS or starved cells). At variance, a
significant decrease of dead cells was observed upon treatment with all
BDNF-loaded LCNPs as compared to the dead cell control. A significant
increase (##p < 0.01) of the live cells was determined upon treatment
with FO- and BDNF-loaded LCNPs as compared to the live cell control
(RA(�)FBS or starved cells). A trend of increasing live cells was observed
with CU-, FO-, and BDNF-loaded LCNPs. This corroborates with the fact
that PUFAs, in a combination with liquid crystalline monoolein (MO)-
based nano-assembles, exert a real potentiation effect on the neuro-
trophic factor protein BDNF [45,80].

The obtained data show that BDNF-loaded LCNPs are safe and favor
cellular survival and the protection against cell death induced by serum
starvation. In fact, serum provides optimal conditions for cell growth and
its deprivation induces cellular apoptosis. Therefore, one can consider
the regenerative potential of the BDNF-loaded LCNPs against cellular
apoptosis induced by neurotrophin deficiency.
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In summary, the results from both the MTT and LDH cytotoxicity
assays evidenced that the single- or multidrug-loaded liquid crystalline
nanoparticles, containing neurotrophin BDNF, are safe and contribute to
cellular repair via protection from cell death.
3.3. Cellular model of tunicamycin neurotoxicity and tunicamycin-induced
ER stress

Fig. 8 summarizes the cellular treatment schemes employed here to
study the tunicamycin cytotoxicity and the tunicamycin-induced ER
stress in differentiated human neuroblastoma SH-SY5Y cells as a mech-
anism of neurodegeneration. Tunicamycin-induced ER stress will be
quantified by the fluorescence of Thioflavin T (ThT). The ThT dye (4-
(3,6-dimethyl-1,3-benzothiazol-3-ium-2-yl)-N,N-dimethylaniline chlo-
ride) binds to protein aggregates and exhibits enhanced fluorescence,
which is proportional to the ER stress [95–99].

3.3.1. Cytotoxicity of tunicamycin to differentiated SH-SY5Y cells
The human neuroblastoma SH-SY5Y cells were seeded and differen-

tiated by retinoic acid RA (10 μM) for 5 days and deprived of FBS for 24
h. To establish the optimal concentration of the ER stress inducer



Fig. 11. Cellular viability determined by a MTT assay of RA-differentiated SH-
SY5Y subjected to ER stress upon TUN (1 μM) 5 h incubation and treated by
blank or multicompound-loaded liquid crystalline nanoparticles (LCNPs) during
24 h. Significant differences were observed with *p < 0.05 versus RA(�)FBS
control, and #p < 0.05 versus tunicamycin (TUN) alone.
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tunicamycin (TUN), that causes perceptible death in RA-differentiated
SH-SY5Y cells, the cells were treated with different concentrations of
the TUN compound for 24 h (Fig. 9). To visually monitor the changes in
the cellular morphology and viability, optical micrographs were recorded
following the exposure of the RA-differentiated SH-SY5Y cells to TUN
(0–10 μM). Fig. 9A shows the adherent control cells which developed
elongated neurites at no tunicamycin treatment (0 μM). The elongated
cells tended to evolve towards more rounded shapes upon deprivation
from serum (FBS). About half of the cells transformed into more rounded
shapes and the length of their neurites decreased upon the exposure to
TUN (1 μM). The detected cell detachment was indicative for the onset of
the apoptotic and/or cell death process. The cell exposure to 10 μM TUN
concentration, which mimics an acute stress condition, revealed a
massive cell death with cell confluence decreasing to <5% (Fig. 9A).

The concentration of tunicamycin inducing the cellular stress was
quantitatively determined by a MTT test (Fig. 9B). The toxicity of TUN to
RA-differentiated SH-SY5Y cells was studied at increasing concentrations
from 0 to 50 μM (top row scheme in Fig. 8). The results showed a dose-
dependent decrease in the cellular viability versus TUN concentration. A
50% decrease in cell viability was established at TUN concentrations
between 0.5 and 1 μM. Higher concentrations (10–50 μM) caused
massive cell death in the samples. Similar results were obtained by
Zamarbide et al. for human neuroblastoma SH-SY5H cells death
measured by the activity of released LDH in culture medium [91]. Based
on these data, a concentration of 1 μMof tunicamycin (TUN) for 5 h and a
concentration of 2.5 μMof LCNPs loaded with BDNFwere determined for
the subsequent experiments.

3.3.2. Changes in cellular morphology and viability upon multidrug-loaded
LCNPs treatment of a tunicamycin-induced ER stress model

Tunicamycin cytotoxicity is expected to induce ER stress and to lead
to neuronal cell death in human neuroblastoma SH-SY5Y cells differen-
tiated by retinoic acid and deprived of fetal bovine serum (FBS). TUN
treatment can be followed by abnormal accumulation and aggregation of
disease-specific proteins in addition to the oxidative stress and cellular
apoptosis effects provoked by serum starvation. Here we investigate
whether single- or multidrug-loaded LCNPs (fish oil, curcumin, BDNF)
can protect from ER stress-induced neuronal cell damage and promote
neuronal survival. To assess the effects of the LCNPs in RA-differentiated
SH-SY5Y cells stressed by tunicamycin, images of the samples were ac-
quired by fluorescence microscopy (Fig. 10) and the fluorescence in-
tensity was quantitatively analyzed. The fluorescence microscopy
imaging allowed determining the subcellular localization of the ThT
staining in the cells treated by 1 μM TUN for 5 h. The ThT fluorescence
was co-localized with that of the ER-tracker in the perinuclear region of
the tunicamycin-treated cells.

The DIC micrograph in Fig. 10A(top row) shows the morphology of
control cells (RA(�)FBS - SH-SY5Y). A lot of cells deprived from serum
were still attached to the plate and a few cells were in an apoptotic state.
The cellular endoplasmic reticulum and mitochondria organelles were
stained by ER-Tracker™ Blue and MitoView™ Green dyes (Fig. 10A,
middle and bottom panels). The DIC micrograph in Fig. 10B(top) shows
the morphology of the cells exposed to ER-inducer tunicamycin (1 μM)
for 5 h. Living cells with extended neurites are attached to the surface,
but several other cells are in a necrotic state. The fluorescent images of
the stained ER and mitochondria organelles demonstrate the distortions
in the sub-cellular organelle network in the TUN-treated cells (Fig. 10B,
middle and bottom panels). The DIC micrograph in Fig. 10C shows the
morphology of the cells treated by (MO/FO/CU/BDNF) LCNPs for 24 h
after exposure to TUN (1 μM) during 5 h. Markedly, cell survival effects
and growth of neurites extensions were observed. The images of the
stained ER and mitochondria (Fig. 10C) indicated a recovery of the
morphologies similarly to the living cells controls. Recent studies have
suggested the implication of the PI3/Akt/GSK3 and PI3/Akt/CREB/
BDNF signaling pathways in the neuroprotective activity of curcumin and
BDNF and the association of these two main pathways with antioxidant,
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anti-inflammatory, anti-apoptosis, andmitochondria biogenesis effects of
curcumin [108,111–113]. Such mechanisms can explain the observed
here effects. Thus, the performed investigations suggest neuronal cell
protection or repair of the TUN-damaged cells by the (MO/FO/-
CU/BDNF) LCNPs.

The cellular viabilities were quantified by a MTT assay after cellular
exposure to the ER stress-inducer tunicamycin (TUN 1 μM) for 5 h fol-
lowed by treatment with nanoparticles of different compositions for 24 h
(Fig. 11). At a lipid concentration of 2.5 μM, the LCNPs were loaded by
BDNF (5 ng/ml). The results presented in Fig. 11 indicate a significant
decrease (*p < 0.05) of cell viability upon tunicamycin treatment (43 �
3.1%) as compared to the cell viability of starved cells (RA(�)FBS),
which was equal to 74 � 3.7%. For TUN (1 μM)-damaged cells, a sig-
nificant decrease (#p < 0.05) of cell viability was observed with BDNF-
free and non-loaded (MO) LCNPs. However, a trend of increasing cellular
viability was established for both single BDNF-loaded LCNPs and multi-
loaded (MO/FO/CU/BDNF) LCNPs. Fig. 11 demonstrates the significant
increase (#p < 0.05) of the cellular viability observed with the FO/
BDNF-loaded LCNPs (57 � 7.0%). From these results, we can suggest
that the BDNF-loaded LCNPs promote the cellular survival upon TUN-
induced ER stress that provokes cell death.

3.4. Neuroprotective effects of BDNF-loaded LCNPs in ER stress cellular
model

The neuroprotective effects of BDNF-loaded LCNPs against the
endoplasmic reticulum (ER) stress, which is one of the risk factors for
neurodegenerative disorders, was studied in the tunicamycin-induced ER
stress model. As an inhibitor of N-glycosylation and proper protein
folding, tunicamycin promotes unfolded or misfolded proteins to accu-
mulate in the ER compartment thus causing ER stress. We exploited the
fact that the dye Thioflavin T (ThT) selectively binds to generated protein
aggregates and reveals their presence through its enhanced fluorescence
intensity [95–99]. We analyzed the changes in the ThT fluorescence in
co-localization studies with the ER organelle in order to evaluate the
neuroprotective properties of the studied LCNPs.

3.4.1. Quantification of endoplasmic reticulum stress after treatment with
BDNF-loaded LCNPs

The ER stress model induced using RA-differentiated human neuro-
blastoma SH-SY5Y cells was validated by the increased fluorescence of
Thioflavin T after TUN treatment. For this purpose, ThT (5 μM) was
added to the cultures in the presence of the ER stress-inducing agent (1
μMTUN) (Fig. 12). We determined the subcellular localization of the ThT
staining in RA-differentiated SH-SY5Y cells treated with 1 μM TUN for 5
h. The microscopy images (Fig. 12A) show the fluorescence pattern of the
ER tracker, which is visualized in the perinuclear region of the TUN-



Fig. 12. ThT fluorescence in retinoic acid
(RA)-differentiated human SH-SY5Y cells in
the presence of the ER-stress inducer tunica-
mycin (TUN). The cells were treated with 1
or 5 μM TUN for 5 h. A) Images revealing co-
localization of Thioflavine T (ThT) and ER
tracker fluorescence in cells treated with
TUN. The cells were stained with 5 μM ThT
and ER tracker before imaging by a ZEISS
microscope (n ¼ 2). Scale bar: 15 μm. B)
Living cell images acquired with treatment
with CU- and BDNF-loaded LCNPs versus
controls. Scale bar: 15 μm. C) Fluorescence
intensity quantification histograms. A signif-
icant increase in fluorescence is observed
with TUN-treated cells: *p < 0.05 and **p <

0.01 versus RA(þ)FBS cells; #p < 0.05 and
##p < 0.01 versus RA(�)FBS cells. A signif-
icant decrease in fluorescence is observed
with (MO/FO/CU/BDNF) LCNPs treatment
as compared to TUN (1 or 5 μM). Scale bar:
15 μm.
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treated cells. The ThT fluorescence was colocalized with the ER tracker
staining (Fig. 12A). This result is consistent with the fact that ThT did
interact with the misfolded protein aggregates produced in the endo-
plasmic reticulum of the TUN-treated cells.

The ThT fluorescence intensity was investigated in RA-differentiated
human neuroblastoma SH-SY5Y cells, which were cultured in the
absence (controls) or in the presence of 1 or 5 μM tunicamycin ER-stress
inducer. After exposure to TUN for 5 h, the cells were treated with cur-
cumin, fish oil and BDNF-loaded liquid crystalline nanoparticles (MO/
FO/CU/BDNF) LCNPs for 24 h at 5 μM lipid concentration (Fig. 12B and
C). The fluorescence images in Fig. 12B show a low-intensity ThT fluo-
rescence in the absence of TUN. The ThT fluorescence was enhanced in
the cells exposed to the ER stress inducer. However, the ThT fluorescence
diminished in the TUN-stressed cells, which were treated by
multicompound-loaded nanoparticles (MO/FO/CU/BDNF) LCNPs.

Quantitative results were obtained after image analysis with the
ImageJ software. Fig. 12C shows that ThT fluorescence intensity was
significantly enhanced in the tunicamycin-treated cells relative to con-
trols. An essential difference in the fluorescence intensity was observed in
the presence of 1 μM Tunicamycin (6-fold, **p < 0.01 compared to the
RA(þ)FBS condition and 2-fold, #p < 0.05 compared to the RA(�)FBS
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condition). Moreover, a significant intensity increase (p < 0.01) was
determined upon augmenting the TUN concentration to 5 μM as
compared to the non-stressed cells (RA with or without FBS).

The fluorescence intensity in cells treated by FO/CU/BDNF-loaded
LCNPs was not significantly different as compared to the non-stressed
cells (RA with or without FBS) (Fig. 12C). However, the ThT fluores-
cence significantly decreased when the cells, which were first exposed to
the ER-stress inducer (TUN), were subsequently treated by the (MO/FO/
CU/BDNF) LCNPs. This result revealed the effect of the LCNPs on the
diminution of the tunicamycin-induced ER stress in RA-differentiated
human neuroblastoma SH-SY5Y cells. The obtained data validated the
designed in vitro model of ER stress induced by tunicamycin in RA-
differentiated SH-SY5Y cells. Moreover, the combined drug (curcumin,
fish oil and BDNF)-loaded LCNPs appeared to be a promising treatment
for ER stress diminution under neurodegenerative conditions.

Molecular mechanisms of BDNF-mediated neuroprotection during ER
stress response have been proposed by Chen et al. and Shimoke et al.
[112,113]. The authors have shown that the pro-apoptotic protein CHOP
partially mediates the ER stress-induced neuronal death. BDNF sup-
presses the ER stress-induced upregulation/nuclear translocation of
CHOP. In fact, the transcription of CHOP is regulated by ATF4, ATF6, and



Fig. 13. Concentrations of human free BDNF normalized with regard to the total protein concentration in SH-SY5Y cells treated by: A) LCNPs 5 μM during 48 h
treatment, and B) TUN 1 μM during 5 h and LCNPs 5 μM during 48 h treatment (n ¼ 2).
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XBP1; and BDNF selectively blocks the ATF6/CHOP pathway. Further-
more, BDNF inhibits the induction of the death receptor 5 (DR5), a
transcriptional target of CHOP [112,113]. Other mechanisms of protec-
tion from endoplasmic reticulum stress consider the signaling pathways
affected by curcumin and the promotion of the neuronal survival through
enhanced BDNF secretion and increased phosphorylation of CREB
[105–111].

Based on the above, it can be suggested that the designed (MO/FO/
CU/BDNF) LCNPs exert a neuroprotective effect against tunicamycin-
induced endoplasmic reticulum stress and may find a potential applica-
tion towards cellular regeneration in neurodegenerative disorders.

3.4.2. Human free BDNF quantification in RA-differentiated SH-SY5Y cells
We quantitatively determined the concentrations of free brain-

derived neurotrophic factor (BDNF) in SH-SY5Y cell supernates by a
Quantikine® ELISA Human Free BDNF Immunoassay kit in order to
evaluate the capacity of the studied LCNPs to transport neuroprotective
molecules into the cells and stimulate the BDNF protein expression after
TUN treatment.

The results in Fig. 13 show very low BDNF concentrations in super-
nates of control differentiated RA(�)FBS SH-SY5Y cells and of cells
exposed to tunicamycin (TUN) or treated by blank LCNPs (non-loaded by
BDNF). At variance, we observed a trend of increasing BDNF concen-
trations in cells treated with FO-loaded and BDNF-loaded LCNPs. This
increase was higher for the single and dual FO/BDNF-loaded LCNPs with
regard to BDNF treatment alone. The obtained results evidenced the
capacity of the studied LCNPs to transport the protein drug across the
cellular membrane. The multi-loaded (MO/FO/CU/BDNF) LCNPs should
be further studied for eventual competition effects for the BDNF loading
as well as for the possibly slower kinetics of release of the bioactive
curcumin ingredient from the nanoparticles.

4. Conclusion

Lipid-based cubosome and spongosome liquid crystalline nanoparticles
involve 3D network architectures of internal compartments, which
represent a structural advantage enabling their high encapsulation efficacy
for hydrophobic and hydrophilic molecules. These nanoparticles can serve
as mesoporous reservoirs for co-encapsulation of neuroprotective ω-3
PUFA-rich fish oil with water-insoluble antioxidants, nutraceuticals, and
hydrophilic biomacromolecules toward development of combination
treatments against neurodenegeneration. In this work, single-, dual- and
multi-loaded nanocarriers of the cubosome or spongosome type were
designed by self-assembly. The obtained SAXS results indicated that cur-
cumin (a hydrophobic phytochemical compound) stabilizes the formation
of the cubosome nanoparticles. In the dispersions of MO/FO/CU compo-
sitions, the curcumin-loaded nanocarriers were found to be of higher inner
crystalline order as compared to the LCNPs lacking curcumin. However,
the morphological investigation of the dispersed LCNPs established that
the co-encapsulated compounds with neuroprotective properties may
separate into domains, which is likely due to their limited solubility.
285
The MO/FO-based nanoparticles were not toxic and delivered the
bioactive small molecules and the neurotrophic protein BDNF inside the
neuronally derived SH-SY5Y cells subjected to endoplasmic reticulum
(ER) stress. The inclusion of fish oil within the liquid crystalline nano-
assembles promoted the potentiation of the BDNF activity in the inves-
tigated in vitro cellular model of neurodegeneration. The cubosomal
nanoarchitectures preserved the encapsulated antioxidant and protein
molecules in a functional state, ensuring the cellular defense against ER
stress. We suggest that the modulation of the ER stress by multidrug-
loaded liquid crystalline lipid nanoparticles can be considered as a
therapeutic opportunity for neuroprotection and prevention of neuro-
degeneration. Further studies will be needed in order to determine an
eventual synergistic or competitive effect of curcumin and BDNF upon
dual delivery by LCNPs aiming at recovery from ER stress and halting
neuronal cell death. Low doses of curcumin help enhancing the expres-
sion of the neurotrophic factor BDNF. However, the co-administration of
the two compounds (CU and BDNF) seems to result in dose-dependent
responses, which may lead to attenuation of the survival effects at
increased doses.
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