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Abstract: As the blood-brain barrier (BBB) prevents most compounds from entering the brain,
nanocarrier delivery systems are frequently being explored to potentially enhance the passage of
drugs due to their nanometer sizes and functional characteristics. This study aims to investigate
whether Pluronic® F68 (P68) and dequalinium (DQA) nanocarriers can improve the ability of cur-
cumin, n-acetylcysteine (NAC) and/or deferoxamine (DFO), to access the brain, specifically target
mitochondria and protect against rotenone by evaluating their effects in a combined Transwell®

hCMEC/D3 BBB and SH-SY5Y based cellular Parkinson’s disease (PD) model. P68 + DQA nanofor-
mulations enhanced the mean passage across the BBB model of curcumin, NAC and DFO by 49%, 28%
and 49%, respectively (p < 0.01, n = 6). Live cell mitochondrial staining analysis showed consistent
co-location of the nanocarriers within the mitochondria. P68 + DQA nanocarriers also increased the
ability of curcumin and NAC, alone or combined with DFO, to protect against rotenone induced
cytotoxicity and oxidative stress by up to 19% and 14% (p < 0.01, n = 6), as measured by the MTT
and mitochondrial hydroxyl radical assays respectively. These results indicate that the P68 + DQA
nanocarriers were successful at enhancing the protective effects of curcumin, NAC and/or DFO by
increasing the brain penetrance and targeted delivery of the associated bioactives to the mitochondria
in this model. This study thus emphasises the potential effectiveness of this nanocarrier strategy in
fully utilising the therapeutic benefit of these antioxidants and lays the foundation for further studies
in more advanced models of PD.

Keywords: curcumin; n-acetylcysteine; deferoxamine; oxidative stress; Parkinson’s disease;
neurodegeneration; iron; blood-brain barrier; Transwell® model; hCMEC/D3; SH-SY5Y cells

1. Introduction

Parkinson’s disease (PD) is one of the most common progressive neurodegenerative
diseases [1–4]. It is characterised by a marked and continued loss of dopaminergic neurons
in the substantia nigra of the brain [1,2]. Although the aetiology of PD is not yet fully
understood, several studies have suggested that excessive free iron and the related oxidative
stress within these neurons play a major role in both the development and progression of
the disease [5–9]. In PD, the ability of free iron to react with hydrogen peroxide via the
Fenton reaction, coupled with the reduced levels of endogenous protective antioxidants,
such as glutathione, drives the continual production of toxic hydroxyl radicals [10–15]. Such
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increased levels of hydroxyl radicals within mitochondria results in sustained oxidative
damage to proteins, lipids and DNA and eventual cell death [16,17].

Compounds such as curcumin and n-acetylcysteine (NAC) have generated interest as
potential disease-modifying treatments for PD due to their antioxidant capabilities [4,18–23].
Equally, the potential of iron chelators such as deferoxamine (DFO) have also been inves-
tigated as a preventative strategy to reduce the production of hydroxyl radicals [24–26].
Numerous in vitro and in vivo studies have indicated neuroprotective effects of DFO, cur-
cumin and NAC individually [18–26], and it is hypothesised that the combination of iron
chelators and antioxidants may exert a more potent effect due to the two-pronged approach
to combat oxidative stress by limiting the availability of detrimental free iron whilst neutral-
ising any free radicals that may be generated [27]. However, the therapeutic values of such
compounds are reduced by issues such as low bioavailability, minimal brain penetrance,
and lack of organelle targeting [13,28–30].

Nanocarriers have demonstrated potential as targeted delivery systems to counter
issues of bioavailability and to enhance delivery across biological membranes, including
the blood brain barrier (BBB) [31,32]. Polymeric micelles are considered particularly advan-
tageous for brain delivery due to characteristics such as small particle size (10–200 nm),
high water-solubility, high association efficiency, as well as relatively low toxicity [33–37].
The amphiphilic polymer Pluronic® F68 (P68) combined with the mitochondria targeting
agent, dequalinium (DQA), have been successfully used to develop micellar nanocarriers
of curcumin and NAC, alone or in combination with DFO [38,39]. Previous studies have
shown that free and P68 + DQA nanoformulated preparations of curcumin, NAC and/or
DFO, are protective against rotenone induced oxidative stress and cytotoxicity in the neu-
ronal SH-SY5Y cells [38,39]. Nanoformulations containing the mitochondrial targeting
agent DQA also demonstrated increased ability to protect against the rise in mitochondrial
hydroxyl radicals following rotenone treatment, evidencing indirectly their potential to
target the mitochondria [32,40,41]. The ability to target the mitochondria is particularly
desirable, since mitochondria are the main site of oxidative stress [12,14,15,42].

However, as SH-SY5Y cells were directly exposed to the treatments in these studies, it
is not established whether the effects would be replicated in vivo, where the ability of drugs
to treat neurological conditions are limited due to the primary challenge of permeating
across the BBB. The BBB is known to prevent the passage and activity of 98% of potential
neuropharmaceuticals [43] and although curcumin, DFO and NAC may have some brain
penetrance, they are unlikely to access the brain in sufficiently high concentrations to have
a significant effect on PD progression. In addition, the ability of these nanoformulations to
directly and specifically target the mitochondria has also not been determined previously
in this context.

Therefore, this study aims to investigate whether P68 + DQA nanoformulations im-
prove the ability of curcumin and NAC, alone and in combination with DFO, to access
the brain and target mitochondria in a biomimetic manner by evaluating the effects of
each drug in a combined Transwell® hCMEC/D3 BBB and SH-SY5Y cellular model. It
will also evaluate whether the protective effects of the free and formulated drugs against
rotenone induced cytotoxicity and oxidative stress are retained following passage across
the BBB model. A significant advantage of using such a co-culture in-vitro model is that
it allows quantitative estimation of the relative bioaccesibility of the nanoformulations
and qualitative real time evaluation of their mitochondrial targeting ability thus laying the
foundation for more specific future in vivo studies utilising the most optimum nanoformu-
lated preparation(s).

2. Materials and Methods
2.1. Materials

Unless otherwise stated, chemicals were either analytical grade or cell culture grade.
SH-SY5Y cells were from the American Type Culture Collection (ATCC CRL-2266, Manassas,
VA, USA) and hCMEC/D3 cells were kindly gifted from Dr Simon McArthur (Queen Mary



Antioxidants 2023, 12, 130 3 of 19

University of London, UK). The hCMEC/D3 cells originated from VHBio Ltd. (Gateshead,
UK) (Hoyles et al., 2018). EGM-2 MV Microvascular Endothelial Cell Growth Medium-2
BulletKitTM, Hank’s Buffered Saline Solution (HBSS), HEPES Buffer (1 M), Dulbecco’s
phosphate buffered saline (DPBS), fibronectin (bovine plasma) and collagen from calf skin,
were supplied by Lonza (Slough, UK). Fisher Scientific (Loughborough, UK) supplied
methanol (HPLC grade), L-glutamine, foetal bovine serum (FBS), Dulbecco’s Modified
Eagle Medium (DMEM) Glutamax®, Minimum Essential Media (MEM), 100× antibiotic-
antimycotic and poloxomer 68 (Pluronic® F68), as well as the MitoTracker Red CMXRos
kit and NucBlue™ Live ReadyProbes™ reagent. Dimethyl sulfoxide (DMSO), Thiazolyl
Blue Tetrazolium Blue (MTT), Dequalinium chloride hydrate (95%), Rotenone (≥95%),
Curcumin (≥94% curcuminoid content, ≥80% curcumin), Deferoxamine mesylate salt
(92.5%) and N-Acetyl-L-cysteine (99%) were obtained from Sigma-Aldrich (Poole, UK).
Abcam (Cambridge, UK) was the supplier of the mitochondrial hydroxyl radical detection
assay kit (cat no. ab219931). Millipore (Dublin, Ireland) provided the Millex-MP sterile
filters and flasks were from Nunc (Roskilde, Denmark). Corning (Fisher Scientific, Lough-
borough, UK) supplied the plasticware such as culture plates, pipettes, eppendorf tubes
and stripettes. Purified water with a resistivity of 18.2 MΩ (Milli-Q water) was used to
prepare experimental reagents.

2.2. Preparation of Antioxidant and/or Iron Chelator Nanoformulations

Nanoformulations were prepared using a modified thin-film hydration method [32,40].
Different ratios of P68 and DQA were dissolved in 10 mL of methanol along with the an-
tioxidant (curcumin or NAC) and/or iron chelator (DFO) of interest (Table 1). Evaporation
of methanol and production of the thin-film was achieved under vacuum using a rotary
evaporator (Hei-VAP Advantage Rotary Evaporator, Heidolph, Germany) at 200 rpm and
80 ◦C. Distilled water (10 mL) was mixed in at 80 ◦C for 1–2 min and sonicated for a
further 1 min using a VWR Ultrasonic cleaner bath USC300T (VWR International Limited,
Lutterworth, UK) to hydrate and disperse the film. The solution was then sterile filtered
(0.22 µm) to remove any unloaded antioxidant and/or iron chelator.

Table 1. Hydrodynamic Diameter (d), Polydispersity Index (PDI), Surface Charge, Drug Loading (DL)
and Association Efficiency (AE) of blank and drug-loaded P68 + DQA nanoformulations prepared at
and 80 ◦C (mean ± S.D., n = 6) as previously reported in Mursaleen et al. [34,35].

Sample Contents (mg/mL) d (nm) PDI Charge (mV) DL (%) AE (%)

P68 + DQA (Blank)
P68: 9

25.52 ± 10.25 0.24 ± 0.04 −0.78 ± 0.80 - -
DQA: 1

P68 + DQA P68: 9
182.6 ± 31.5 0.10 ± 0.09 4.27 ± 4.15 14.68 ± 1.55 86.17 ± 10.58Curcumin DQA: 1

Curcumin: 2

P68 + DQA P68: 9

191.8 ± 45.3 0.08 ± 0.04 9.29 ± 5.12

Curcumin: Curcumin:
Curcumin + DFO DQA: 1 7.36 ± 0.19 81.78 ± 10.16

Curcumin: 0.28 DFO: DFO:
DFO 5 31.77 ± 1.80 95.56 ± 7.83

P68 + DQA P68: 9
50.44 ± 33.1 0.25 ± 0.05 0.02 ± 1.62 16.10 ± 0.43 95.94 ± 3.07DFO DQA: 1

DFO: 2

P68 + DQA P68: 9
125.67 ± 9.98 0.23 ± 0.05 3.67 ± 0.46 64.88 ± 1.93 92.74 ± 7.54NAC DQA: 1

NAC: 20

P68 + DQA P68: 9

130.33 ± 11.49 0.24 ± 0.02 6.63 ± 1.44

NAC: NAC:
NAC + DFO DQA: 1 17.53 ± 0.56 98.32 ± 1.44

NAC: 12.4 DFO: DFO:
DFO: 5 17.59 ± 0.54 94.36 ± 4.27
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2.3. Nanoformulation Size and Surface Charge

Nanoformulation particle size distribution was measured as ZAve hydrodynamic diam-
eter and polydispersity index. Surface charge was measured as zeta potential. These char-
acteristics were assessed using the Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).

2.4. Nanoformulation Drug Loading and Association Efficiency

Nanoformulation drug loading and association efficiency were studied using UV-Visible
(UV-Vis) spectroscopy and calculated from the calibration curves of the free drugs, as
previously described [38,39,44]. In order to achieve a theoretical concentration of each
drug (10 µg/mL curcumin, 20 µg/mL DFO and 1 mg/mL NAC), the nanocarrier was
dissolved in methanol and water (1:1 ratio) to release the drug(s). Curcumin, DFO and
NAC content were calculated using UV-Vis spectroscopy at 423 nm, 204 nm and 234 nm,
respectively. Calculation of drug loading and association efficiency were carried out using
the following equations:

Drug loading (%) = (determined mass of drug within nanocarriers/mass of drug-loaded nanocarriers) × 100

Association efficiency (%) = (determined mass of drug within nanocarriers/theoretical mass of drug within
nanocarriers) × 100

2.5. hCMEC/D3 Cell Culture

The hCMEC/D3 cerebral microvascular endothelial cell line was used to create an
in vitro model of the BBB as previously described [44]. Briefly, hCMEC/D3 cells were
grown in Microvascular Endothelial Cell Growth Medium-2 BulletKitTM (EGM-2 MV)
that contains 0.1% w/v ascorbic acid, 5% v/v foetal bovine serum (FBS), 0.1% v/v gentam-
icin sulfate-amphotericin, 0.4% v/v human basic fibroblast growth factor, 0.1% v/v human
recombinant insulin-like growth factor, 0.04% v/v hydrocortisone and 0.1% v/v vascular en-
dothelial growth factor, in 5% CO2 and 37 ◦C environment until ~70% confluent. Following
trypsinisation, the cells were seeded at 300,000 cells/cm2 into polycarbonate membrane
inserts (3.0 µm pore size) of 6 and 96-well Costar Transwell® plates according to the exper-
iment being conducted. Inserts were precoated with 1:20 type 1 collagen from calf skin:
DPBS for 1 h followed by 1:100 fibronectin from bovine plasma: DPBS for a further 1 h.
72 h before testing, hCMEC/D3 cells were incubated in VEGF-free media to aid promote
tight junction formation [45–48].

2.6. Trans-Endothelial Electrical Resistance Assessment

Trans-endothelial electrical resistance (TEER) was measured to assess the resistance of
the BBB model as previously described [44,49]. An epithelial Volt-Ohm meter and sterile
Chopstick Electrodes were used to obtain the TEER values which are calculated from the
resistance of the tissue (Ω) × membrane area (cm2) and therefore expressed as Ω.cm2. High
TEER values are desired as the presence of tight junctions increases the resistance [50].
In the presence of hydrocortisone, hCMEC/D3 TEER values have been shown to reach
~300 Ω.cm2 [44,48,51,52]. Once seeded into Transwell® plates, TEER values were therefore
measured each day until a resistance in the region of 300 Ω.cm2 was reached before carrying
out any of the BBB model passage experiments.

2.7. BBB Membrane Permeability–Lucifer Yellow Assay

The integrity of the BBB model was also assessed using the Lucifer yellow perme-
ability assay (as previously described by [52–54]). The lithium salt Lucifer yellow CH is a
small (MW 457 Da) hydrophilic dye that is retained by the BBB and therefore presence of
Lucifer yellow passing through the BBB model indicates a weak, leaky model [52]. Once
a TEER value of 300 Ω.cm2 was reached, hCMEC/D3 cells were incubated at 37 ◦C for
1 h with 1.5 mL 0.1 mg/mL Lucifer yellow in HBSS + 10 mM HEPES in the apical upper
compartment and 2.5 mL of HBBS in the lower basolateral chamber. Following this, the
medium in the basolateral compartment and samples from the treatments added to the
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apical compartment were aliquoted in duplicate into a black 96 well plate in order to
carry out fluorometric analysis using the Fluostar Optima Fluorescence Plate Reader (BMG
LABTECH, Aylesbury, UK) at excitation 485 nm, emission at 535 nm. The results were
expressed in terms of permeability in 10–3 cm/min with the aim of achieving a permeability
between 1.2 and 0.6 × 10–3 cm/min as previously reported [55–57], as it is above this point
when the barrier is considered permeable or open. The permeability coefficient (Pc) was
calculated from the following equation: Pc (cm/min) = (Vb × Cb)/(Ca × A × T) where
Vb is the volume in the basolateral side (µL), Cb is the final basolateral concentration of
Lucifer yellow (µM), Ca is the initial apical concentration of lucifer yellow (µM), A is the
membrane growth area (cm2), and T is the time of transport (min) [52,53].

2.8. Assessment of Nanocarrier BBB Permeability

A transport assay was carried out to assess the flux of nanoformulations across the
model BBB as previously described [44,58–60]. Each chamber was washed three times
with phenol red-free HBSS carefully to avoid disturbing the hCMEC/D3 monolayer. The
apical and basolateral chambers were then incubated at 37 ◦C for 10 min in 1 mL and
2.5 mL HBSS, respectively. Following aspiration, the apical chamber was treated for 1 h
at 37 ◦C with 1.5 mL nanoformulated or corresponding free curcumin, NAC and/or DFO
treatments (in HBSS) at a range of concentrations. The basolateral chambers were then
sampled and curcumin, DFO and NAC content was calculated using UV-Vis spectroscopy
(as described above) at 423 nm, 204 nm and 234 nm, respectively. TEER measurements
were taken immediately after each transport assay to assess the stability of the BBB model
and potential toxicity of each treatment.

2.9. hCMEC/D3 and SH-SY5Y Co-Culture

As described above, the hCMEC/D3 cells were grown in T75 flasks until sufficiently
confluent (~70%). The adherent cells were then seeded into the 3.0 µm pore polycarbonate
membrane inserts of 6-well or 96-well Costar Transwell® plates precoated with 1:20 type
1 collagen from calf skin: DPBS (1 h) and 1:100 fibronectin from bovine plasma: DPBS
(1 h), at a seeding density of 300,000 cells/cm2. SH-SY5Y cells were grown in parallel.
Once 70% confluent, adherent SH-SY5Y cells were detached from the surface of the T75
flasks via trypsinisation and seeded at 1,000,000 cells/cm2 into 6-well or 96-well plates.
The Transwell® inserts containing hCMEC/D3 cells at a membrane potential of 300 Ω.cm2

were placed into the relevant culture plates once the SH-SY5Y cells were confluent. The
treatments and assays outlined below were then immediately carried out using this co-
culture system.

2.10. Assessment of the Ability of Nanocarriers to Permeate the BBB and Target Mitochondria

The ability of the curcumin nanoformulations to target mitochondria was assessed
as previously described by Zupančič et al. [32]. The basolateral chamber of the 6-well
co-culture system containing confluent SH-SY5Y cells was treated with 2.5 mL MEM. The
apical chamber containing hCMEC/D3 cells was treated with 1.5 mL nanoformulated or
corresponding free curcumin treatments (in HBSS) at 10 µM concentration and incubated
for 1 h at 37 ◦C in a humidified incubator containing 5% CO2. The basolateral inserts
were then removed and the SH-SY5Y cells were incubated for a further 2 h at 37 ◦C to
allow the treatments to be internalised. Following the incubation, the treatment media was
aspirated, and cells were washed with DPBS and incubated for 30 min with 100 nM solution
of red fluorescent mitochondrial dye Invitrogen™ MitoTracker™ Red CMXRos in MEM.
The cells were then washed with DPBS and cell nuclei were stained with NucBlue™ Live
ReadyProbes™ reagent diluted in MEM. The samples were examined under a fluorescent
microscope (EVOS™ FL Auto 2–Invitrogen, Fisher Scientific, Loughborough, UK) to assess
mitochondrial targeting properties of curcumin-loaded nanocarriers. These experiments
were carried out using curcumin and curcumin-loaded nanocarriers only due to the ability
of curcumin to auto-fluoresce and be identified using a fluorescent microscope. The nuclei,
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mitochondria and curcumin were visualised using the DAPI (excitation: 357/44 nm, emis-
sion: 447/60 nm), CY5 (excitation: 628/40 nm, emission: 685/40 nm) and GFP (excitation:
470/22 nm, emission: 525/50 nm) objectives respectively.

2.11. Assessment of the Ability of Nanocarriers to Pass the BBB and Protect against Rotenone

The basolateral chamber containing confluent SH-SY5Y cells was treated with MEM
(200 µL). 150 µL of nanoformulated or corresponding free curcumin, NAC and/or DFO
treatments (in HBSS) was added to the apical chamber containing hCMEC/D3 cells at a
range of concentrations and incubated for 1 h at 37 ◦C. Following removal of the inserts,
SH-SY5Y cells were incubated at 37 ◦C for a further 2 h. The cells then underwent a
24 h 100 µM rotenone treatment. To assess the protective effects of the treatments against
rotenone induced cytotoxicity and oxidative stress following passage across the BBB model,
the MTT and mitochondrial hydroxyl radical assays were carried out, as previously de-
scribed [44]. Rotenone only and MEM only treatments, without any pre-treatments, were
used as controls.

The protective properties of drug-loaded nanocarriers against rotenone-induced re-
duction in cell viability was assessed using the MTT Assay. 20 µL of 5 mg/mL solution of
MTT DPBS solution was added to the cells at 37 ◦C for 4 h. The resulting formazan crystals
were dissolved in 100 µL of DMSO, following aspiration. The MaxQ 4000 benchtop orbital
shaker (Thermo Fisher Scientific, Loughborough, UK) was used at 75 rpm for 15 min to
ensure the DMSO was mixed well. A spectrophotometer (VersaMax, Molecular Devices,
San Jose, CA, USA) was then used to read the absorbance at 570 nm.

The mitochondrial hydroxyl radical detection assay was carried out in the co-culture
model according to manufacturer’s protocol (ab219931; Abcam, Cambridge, UK). After the
nanoformulation treatments and once the hCMEC/D3 inserts had been removed (described
above), DPBS was used to wash the SH-SY5Y cells, and they were then treated at 37 ◦C
for 1 h with 100 µL of the hydroxyl radical specific OH580 probe. The cells were then
incubated with 100 µM rotenone for 24 h at 37 ◦C. Once washed, the cells were read
on the Fluostar Optima Fluorescence Plate Reader (BMG LABTECH, Aylesbury, UK) at
540/590 nm excitation/emission.

2.12. Statistical Analysis

The data is provided as mean ± standard deviation (S.D.), for all experiments the
mean of six replicates was calculated for each treatment. Statistical analysis of the TEER
and BBB model passage data was carried out using two-way analysis of variance (ANOVA)
with the Šidák multiple comparisons post hoc test. One-way ANOVA with the Dunnett’s
T3 post hoc test was used for the results of each MTT and mitochondrial hydroxyl radical
assay (PRISM software package, Version 8, Graphpad Software Inc., San Diego, CA, USA).

3. Results

All drug loaded nanoformulations exhibited high association efficiency (82–98%)
with NAC formulations exhibiting 6% and 16% higher mean association efficiencies than
curcumin formulations in the antioxidant only and combined antioxidant and DFO formu-
lations (respectively), however there was no significant difference (Table 1). All drug loaded
nanocarrier formulations exhibited a significantly higher mean particle size compared to
the unloaded blank nanoformulation (p < 0.0001) (Table 1). The addition of DFO into the
formulation, appeared to increase the mean association efficiency of NAC (5%) but not cur-
cumin (−4%) (Table 1). The mean size of both the NAC (126 nm) and NAC + DFO (130 nm)
P68 + DQA nanocarriers were smaller than the curcumin (183 nm) and curcumin + DFO
(192 nm) nanocarriers but the DFO only nanocarrier exhibited the smallest particle size
of 50 nm (Table 1). The addition of DFO to the NAC and curcumin P68 + DQA nanofor-
mulations did not significantly alter particle size (Table 1). All nanoformulations had
low polydispersity as represented by mean polydispersity indices < 0.25, which indicated
that the majority of the nanocarriers within each formulation sample were of similar size
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(Table 1). The mean surface charge of all drug loaded nanocarriers were moderately
positive (4–9 mV) but each drug loaded nanoformulation had a higher surface charge
compared to the blank unloaded nanoformulation, which exhibited a slightly negative
charge (−0.78 mV) (Table 1).

The mean TEER of hCMEC/D3 cell monolayers grown on Transwell® inserts was
shown to peak at 320 Ω.cm2 on day five post seeding, falling to 304 Ω.cm2 by day seven
(Figure 1). On day five post seeding, the permeability of the hCMEC/D3 monolayers were
consistently below 1.2 × 10−3 cm/min (0.91 ± 0.13 × 10−3 cm/min).
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Figure 1. Mean TEER of hCMEC/D3 cell monolayers grown on 3.0 µm Transwell® inserts on days 1,
3, 5 and 7 post cell seeding.

A significant reduction in TEER was observed following treatment with 100 µM free
DFO (p = 0.0108, Figure 2A). There was no significant change in TEER following treatment
with any other free or nanoformulated versions of curcumin or DFO (Figure 2). Similarly, no
significant difference in TEER was observed following any of the free and nanoformulated
NAC treatments (Figure 3).

When assessing the percentage of curcumin able to pass through the hCMEC/D3
monolayers, significant differences were observed between the different treatment prepa-
rations when comparing free and P68 + DQA nanoformulated curcumin (F(1, 32) = 235.4,
p < 0.0001) (Figure 4A). In the majority of cases, significantly higher percentages of cur-
cumin were reached with the P68 + DQA nanoformulations compared to free curcumin
and cur-cumin + DFO treatments (p < 0.0001 in all cases, except with P68 + DQA 5 µM
curcumin + 50 µM DFO where p = 0.0018), with the formulations resulting in between
19.8–48.8% more curcumin compared to the free drug treat-ments (Figure 4A). The largest
differences between the formulations and free drug treatments were observed at 10 µM
curcumin where the P68 + DQA formulations resulted in 48.8% more curcumin compared
to treatment with free curcumin (Figure 4A). However, the highest percentage of curcumin
(more than 80%) passing the hCMEC/D3 monolayer was achieved with the 5 µM curcumin
and 10 µM curcumin + 100 µM DFO treatments (Figure 4A).
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Figure 2. (A) Mean TEER of hCMEC/D3 cell monolayers on day 3 post seeding before (pre-treatment)
and after (post-treatment) treatment with free 5 or 10 µM curcumin (C5 and C10), 100 µM DFO (D100) or
the combination of 5 µM or 10 µM curcumin with 50 µM or 100 µM DFO (C5 + D50 and C10 + D100, re-
spectively). (B) Corresponding TEER results pre- and post-treatment with P68 + DQA nanoformulations
of curcumin, DFO and combined curcumin and DFO. * represents significance values when comparing
the pre- and post-treatment TEER values for a given treatment condition (* p < 0.05).
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Figure 3. (A) Mean TEER of hCMEC/D3 cell monolayers on day 3 post seeding before (pre-treatment)
and after (post-treatment) treatment with 500 µM or 1000 µM NAC (N500 and N1000) or the combination
of 500 µM or 1000 µM NAC with 50 µM or 100 µM DFO (N500 + D50 and N1000 + D100, respectively).
(B) Corresponding TEER results for the P68 + DQA nanoformulated NAC and NAC + DFO treatments.
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Figure 4. (A). Mean percentage of curcumin in the basolateral compartment of the hCMEC/D3
Transwell® system following 60 min treatment with free or P68 + DQA curcumin (5 and 10 µM)
and combined curcumin and DFO (5 and 10 µM curcumin + 50 and 100 µM DFO, respectively).
(B) Mean percentage of NAC in the basolateral compartment of the hCMEC/D3 Transwell® system
following 60 min treatment with free or P68 + DQA NAC (500 and 1000 µM) and combined NAC
and DFO (500 and 1000 µM NAC + 50 and 100 µM DFO, respectively). Percentage curcumin or
NAC = ((absorbance of the basolateral compartment sample − control)/(absorbance of the treatment
− control)) × 100, where the absorbance was read at 423 for curcumin or 234 nm for NAC and the
control was MEM. * represents significance values of nanoformulated drug compared to free drug
within the same treatment condition (**** p < 0.0001, ** p < 0.01).

Similarly, when comparing the P68 + DQA nanoformulation and free drug treatments
of NAC, and NAC + DFO, significant differences in the percentage of NAC (F(1, 32) = 44.73,
p < 0.0001) were observed following passage across the hCMEC/D3 monolayer (Figure 4B).
The P68 + DQA formulations resulted in significantly higher NAC for all conditions except
500 µM NAC + 50 µM DFO, resulting in between 13.8% and 28.3% more NAC compared
to the free drug treatments (500 µM NAC—p = 0.0026, 1000 µM NAC—p = 0.0024 and
1000 µM NAC + 100 µM DFO—p = 0.0079) (Figure 4B). The highest percentage of NAC fol-
lowing passage across the hCMEC/D3 monolayer (88.2%) was achieved using P68 + DQA
500 µM NAC, however all P68 + DQA formulations resulted in more than 78% NAC in the
basolateral compartment (Figure 4B).
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Significant differences in the percentages of DFO passing the BBB monolayer were also
observed between the different preparation types, when comparing free and P68 + DQA
DFO, curcumin + DFO and NAC + DFO (F(1, 34) = 222.0, p < 0.0001) (Figure 5). In all
cases, the P68 + DQA nanoformulated preparations resulted in significantly more DFO
(between 29.3 and 49.1%) compared to the free drug treatments (p < 0.0001 in all cases),
with the highest increase of DFO observed when using the P68 + DQA 100 µM DFO
treatment (Figure 5).
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Figure 5. Mean percentage of DFO in the basolateral compartment of the hCMEC/D3 Transwell®

system following 60 min treatment with free or P68 + DQA DFO (100 µM), combined curcumin and
DFO (5 and 10 µM curcumin + 50 and 100 µM DFO, respectively) and combined NAC and DFO
(500 and 1000 µM NAC + 50 and 100 µM DFO, respectively). Per-centage DFO = ((absorbance of the
basolateral compartment sample − control)/(absorbance of the treatment − control)) × 100, where
the absorbance was read at 204 nm and the control was MEM. * represents significance values of
nanoformulated drug compared to free drug within the same treatment condition (**** p < 0.0001).

Due to the ability of curcumin to autofluoresce, free and P68 + DQA nanoformulated
curcumin was used to assess the mitochondrial targeting properties of the P68 + DQA
nanocarriers. The fluorescent microscopy imaging presented in Figure 6 shows relatively
high levels of curcumin accumulation in SH-SY5Y cells following treatment with P68 + DQA
curcumin, indicating high cellular uptake of these nanocarriers following passage across
the hCMEC/D3 monolayer. There was minimal curcumin accumulation observed with the
free curcumin treatment (Figure 6). The merged image for the P68 + DQA treatment shows
significant overlap of curcumin and cell mitochondria fluorescence (Figure 6), indicating
co-location of the curcumin released from the P68 + DQA nanocarriers and mitochondria.
There was no clear overlap between curcumin and mitochondria with the free curcumin
treatment (Figure 6).

When assessing the ability of free and P68 + DQA curcumin and curcumin + DFO to
protect against rotenone induced cytotoxicity following passage across the hCMEC/D3
monolayer, significant differences were observed (F(11, 42.47) = 95.47, p < 0.0001) (Figure 7A).
3 h pre-treatment with all free and formulated curcumin and curcumin + DFO conditions
significantly protected against the 53.2% reduction in cell viability induced by rotenone
(p < 0.0001 in all cases except with free 10 µM curcumin + 100 µM DFO where p = 0.0006 and
P68 + DQA 5 µM curcumin where p = 0.0014). Pre-treatment with P68 + DQA prepara-
tions of 10 µM curcumin + 100 µM DFO resulted significantly higher cell viability (16.8%,
p = 0.0002) compared to the free drug preparation (Figure 7A). The P68 + DQA 10 µM
curcumin + 100 µM DFO condition was the most protective against rotenone induced
reduction in cell viability, maintaining cell viability at 88.2% of control (Figure 7A).
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Figure 6. Mitochondrial targeting with P68 + DQA 10 µM curcumin compared to free 10 µM curcumin
in SH-SY5Y cells following passage across the hCMEC/D3 Transwell® model. Mitotracker™-stained
mitochondria are shown in red (Cy5 objective), internalised curcumin is shown in green (GFP
objective); stained nuclei are shown in blue (DAPI objective) and orange indicates the overlap of
curcumin and mitochondrial fluorescence (merged image). Scale bars = 75 µm.

Likewise, when comparing free and P68 + DQA NAC treatments, significant differ-
ences in cell viability were also observed (F(9, 34.74) = 44.8, p < 0.0001) (Figure 7B). All
free and P68 + DQA NAC pre-treatments were able to protect against rotenone induced
cytotoxicity following passage across the BBB model (p < 0.0001 in all cases except with
free 500 µM NAC and free 500 µM NAC + 50 µM DFO where p = 0.0036 and p = 0.005,
respectively). However, P68 + DQA 1000 µM NAC and 1000 µM NAC + 100 µM DFO
conditions resulted in significantly higher cell viabilities compared to the corresponding
free drug conditions (18.6% p = 0.0067 and 13.7% p = 0.0081, respectively), in both cases
maintaining cell viability at more than 90% of control (Figure 7B).

Mitochondrial hydroxyl radical levels were also assessed using the Transwell® model
to evaluate the ability of the free and nanoformulated treatments to protect against rotenone
induced oxidative stress. Significant differences were observed between the different free
and P68 + DQA curcumin and curcumin + DFO treatments (F(11, 42.75) = 71.23, p < 0.0001)
(Figure 8A). All curcumin and curcumin + DFO free and P68 + DQA conditions, except
5 µM free curcumin, significantly protected against rotenone induced increased hydroxyl
radical levels (free drug: 10 µM curcumin—p = 0.0008, 100 µM DFO—p = 0.0002, 5 µM
curcumin + 50 µM DFO—p = 0.0001 and 10 µM curcumin + 100 µM DFO—p < 0.0001.
P68 + DQA: p ≤ 0.0001 in all cases) (Figure 8A).

In each case, the P68 + DQA preparations were the most protective, resulting in lower
percentage hydroxyl radical levels in all cases compared to the corresponding free drug
conditions (between 3.2 and 14.2%) (Figure 8A), with P68 + DQA 10 µM curcumin + 100 µM
DFO resulting in the lowest hydroxyl radical levels, −5.2% relative to control (Figure 8A).
The differences in hydroxyl radical were found to be significantly lower when pre-treating
with P68 + DQA preparations of 5 µM curcumin (p = 0.004), 10 µM curcumin (p = 0.0091),
5 µM curcumin + 50 µM DFO (p = 0.0169) and 10 µM curcumin + 100 µM DFO (p = 0.0003)
compared to the corresponding free drug conditions (Figure 8A).

Significant differences were also observed when using the mitochondrial hydroxyl
radical assay to assess the ability of free and P68 + DQA NAC and NAC + DFO
(F(8, 18.79) = 83.49, p < 0.0001) to protect against rotenone induced oxidative stress in
the Transwell® model (Figure 8B). All free and P68 + DQA NAC and NAC + DFO con-
ditions significantly protected against the rise in hydroxyl radical induced by rotenone
(p ≤ 0.0001 in all cases, Figure 8B). Again, the P68 + DQA conditions generally resulted in
lower hydroxyl radical compared to the free drug conditions (Figure 8B). However, of the
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NAC and NAC + DFO treatments, the only significant difference between the P68 + DQA
and free drug preparations was with 1000 µM NAC + 100 µM DFO (p = 0.0022), where there
was a difference of 7.5%, with the percentage of hydroxyl radical following the P68 + DQA
treatment reaching −3.1% relative to control levels (Figure 8B).
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Figure 7. (A) SH-SY5Y MTT assay results for free and P68 + DQA preparations of 5 and 10 µM
curcumin, 100 µM DFO or combined curcumin and DFO (5 or 10 µM curcumin + 50 or 100 µM DFO,
respectively) following passage across the hCMEC/D3—SH-SY5Y co-culture Transwell® system. The
hCMEC/D3 cells were grown on the insert and the SH-SY5Y cells were located at the bottom of
the basolateral compartment. Treatments were added to the apical compartment of the Transwell®

system and incubated for 3 h, the SH-SY5Y cells were then incubated with 100 µM rotenone for
24 h. These results were compared to rotenone treatment alone. MEM represents the control
condition where cells were only treated with media (mean ± S.D., n = 6). (B) Corresponding MTT
assay results for free and P68 + DQA preparations of 500 and 1000 µM NAC and combined NAC
and DF0 (500 or 1000 µM NAC + 50 or 100 µM DFO, respectively) following passage across the
hCMEC/D3—SH-SY5Y co-culture Transwell® system. * represents significance values of control
or pre-treatment conditions compared to rotenone treatment alone (**** p < 0.0001, *** p < 0.001,
** p < 0.01). # represents significance values of nanoformulated drug compared to free drug within
the same treatment condition (#### p < 0.0001, ## p < 0.01).
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Figure 8. (A) SH-SY5Y mitochondrial hydroxyl radical assay results for free and P68 + DQA prepa-
rations of 5 and 10 µM curcumin, 100 µM DFO or combined curcumin and DFO (5 or 10 µM
curcumin + 50 or 100 µM DFO, respectively) following passage across the hCMEC/D3—SH-SY5Y
co-culture Transwell® system. The hCMEC/D3 cells were grown on the insert and the SH-SY5Y
cells were located at the bottom of the basolateral compartment. Treatments were added to the
apical compartment of the Transwell® system and incubated for 3 h, the SH-SY5Y cells were then
incubated with 100 µM rotenone for 24 h. These results were compared to rotenone treatment
alone. Mitochondrial hydroxyl radical levels are expressed as the percentage of hydroxyl radical
identified in control cells (SH-SY5Y cells treated with MEM media only, for 24 h). (mean ± S.D.,
n = 6). (B) Corresponding mitochondrial hydroxyl radical assay results for free and P68 + DQA
preparations of 500 and 1000 µM NAC and combined NAC and DF0 (500 or 1000 µM NAC + 50 or
100 µM DFO, respectively). * represents significance values of control or pre-treatment conditions
compared to rotenone treatment alone (**** p < 0.0001, *** p < 0.001). # represents significance values
of nanoformulated drug compared to free drug within the same treatment condition (### p < 0.001,
## p < 0.01, # p < 0.05).
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4. Discussion

The human derived brain endothelial cell line, hCMEC/D3, cultured on permeable cell
culture plate inserts is a well-established in vitro model of the BBB [50,51,61,62]. This model
can be used in co-culture with other cell lines to evaluate treatments following permeation
of the membrane to provide a more accurate indicator of the potential in vivo effects [62,63].
This study combined the hCMEC/D3 BBB model with the SH-SY5Y rotenone model of PD
in a Transwell® co-culture system to evaluate the passage of P68 + DQA nanoformulated
curcumin, NAC, and/or DFO treatments across the model BBB as well as the effectiveness
of these treatments at protecting against PD-related neurotoxicity and oxidative stress
following permeation of the membrane. For a preclinical screening study of this nature, the
model has the advantage of allowing quantitative permeability assessments in combination
with real-time live cell determinations while limiting use of animals. Although not a
replacement for animal models, this approach allows selection and refinements of the most
optimal delivery systems which can then be fully validated in in vivo studies.

The TEER of the hCMEC/D3 monolayers peaked at 320 Ω.cm2. This, along with the
mean permeability of 0.91 ± 0.13 × 10−3 cm/min, was consistent with previous studies
which have reported acceptable permeability as less than 1.2 × 10−3 cm/min [55–57] and
TEER values of approximately 300 Ω.cm2 when cultured in the presence of hydrocorti-sone
to modulate the expression of tight junctional proteins and prevent endothelial barrier
breakdown [48,51,52,56].

The various free and nanoformulated curcumin and NAC treatments, alone and in
combination with DFO, were tested on this model to assess whether they were likely to enter
the brain in vivo and to evaluate whether the protective effects of these treatments against
rotenone induced oxidative stress (as previously outlined by Mursaleen et al. [38,39]) were
retained after passage across a model of the BBB. Importantly, no significant differences in
TEER values were observed following treatment with all free and P68 + DQA curcumin,
NAC and combined DFO conditions, suggesting that none of these treatments are likely
to cause toxicity to the BBB (Figures 2 and 3). 100 µM free DFO did however cause a
significant reduction in TEER and therefore may not be suitable as a treatment for PD.
The fact that 100 µM free DFO resulted in some cytotoxicity of the hCMEC/D3 cells
but the corresponding nanoformulated treatments did not, suggests that the formulation
strategy is protective against this effect. Furthermore, none of the combination treatments
containing 100 µM DFO resulted in any cytotoxicity, including the free drug conditions,
suggesting that in this case the presence of the antioxidant in the free drug treatments may
act as a protective agent to counter the detrimental effects of the high DFO concentration.
However, if this were to be the case in a physiological scenario, a proportion of the total
overall antioxidant power of the free drug conditions may be consumed at the site of the
BBB, reducing the activity available at the desired site of neurodegeneration. This further
highlights the benefit of nanoformulation for these drugs to enable targeted delivery.

In line with previous literature [22,63–66], these results indicate that curcumin, DFO
and NAC can all pass the BBB to some extent. However, in every case the P68 + DQA
nanoformulation of these drugs increased the percentage of each antioxidant reaching
the basolateral compartment of the Transwell® model by up to 49% for curcumin (with
10 µM curcumin) and 28% for NAC (with 1000 µM NAC and 1000 µM NAC + 100 µM
DFO) (Figure 4). This trend was also observed for treatments containing DFO, where
the percentage of DFO passing the BBB model reached up to 72% with the combined
P68 + DQA NAC + DFO (Figure 5).

Although it was previously reported that DQA is a mitochondrial targeting agent [32,40,41];
the live cell mitochondrial staining analysis results presented here have demonstrated
for the first time that the P68 + DQA nanoformulations resulted in more curcumin re-
leased at the mitochondria compared to free curcumin treatment (Figure 6). This indicates
mitochondrial-specific accumulation of curcumin when using the P68 + DQA nanocarriers
due to the ability of DQA to specifically target cellular mitochondria. The P68 + DQA
nanocarriers may therefore be particularly suitable for PD because mitochondria are the
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main site of oxidative stress [12,14,15,42] and mitochondrial dysfunction has been linked
to the development and progression of PD [67–74]. This is further supported by the SH-
SY5Y cell viability and mitochondrial hydroxyl radical assay results which show that the
P68 + DQA formulations of each treatment consistently resulted in the most protection
against rotenone, which is a mitochondrial complex 1 inhibitor [75], following passage
across the hCMEC/D3 Transwell® model.

Overall, the cell viability and mitochondrial hydroxyl radical assay results were
consistent with previous studies which have shown protective effects of curcumin, NAC
and DFO against rotenone in in vitro models of PD [18,21,38,39]. However, unlike the
results reported by Mursaleen et al. [38] where the P68 + DQA curcumin nanoformulations
were assessed in SH-SY5Y cells alone without the BBB Transwell® compartment and
where for the most part the formulations were only at least as good as the free drug
conditions at protecting against rotenone, when using the Transwell® model the P68 + DQA
nanoformulated treatments were found to be generally more protective than the free drugs.
In line with the live cell mitochondrial staining analysis, this suggests that the P68 + DQA
formulations were able to mostly stay intact until reaching the mitochondria within the SH-
SY5Y cells where they could then exert their effects, highlighting the value of the targeted
delivery approach.

There was, however, little change compared to previous reports using the SH-SY5Y
model alone in terms of which concentrations of these treatments were the most successful
at protecting against rotenone [38,39]. The highest concentrations of the P68 + DQA
combinations of curcumin and DFO were the most effective of the treatments containing
curcumin at protecting against rotenone induce cytotoxicity and increased mitochondrial
hydroxyl, maintaining cell viability above 80% and hydroxyl radical at least in line with
control levels (Figures 7A and 8A). Of the treatments containing NAC, P68 + DQA 1000 µM
NAC was equally as effective as the combination of 1000 µM NAC with 100 µM DFO, in
each case maintaining cell viability above 91% and hydroxyl radical 2.7% below control
levels (Figures 7B and 8B). As implied by previous work [38,39], these results further
suggest that NAC, unlike curcumin, does not necessarily benefit from the addition of an iron
chelator, likely due to its potent iron chelating capabilities [76–78]. Although curcumin has
also been reported to possess metal chelating properties forming ligand:metal complexes
in a 2:1 ratio [79], these effects may not be realised at the low treatment concentrations
used for curcumin compared to those of NAC. This may be because at such high metal
iron concentrations the α,β-unsaturated β-diketo moiety of curcumin that is known to be
responsible for forming metal chelates may have been fully utilised [79]. Thus, at these
curcumin concentrations the inclusion of a chelator such as DFO could be expected to have
been beneficial.

5. Conclusions

In summary, taken together, these results indicate that the P68 + DQA nanoformula-
tions were successful at enhancing the protective effects of curcumin and NAC, alone and
in combination with DFO, by increasing the BBB permeability and targeted delivery of the
associated drugs within the cellular Transwell® system. This is supported by the live cell
mitochondrial staining analysis results which demonstrated for the first time mitochondrial-
specific accumulation of curcumin when using the P68 + DQA nanocarriers in a Transwell®

hCMEC/D3—SH-SY5Y co-culture system. The improved biological effects of protecting
against rotenone observed with the P68 + DQA nanoformulations compared to the free
drug treatments in this system is supportive of these nanocarriers increasing passage across
the model BBB. This nanocarrier strategy may therefore be an effective approach to fully
utilise the therapeutic benefit of these antioxidants. The use of lipid nanoparticles to de-
liver the Pfizer-BioNTech [80] and the SARS-CoV-2 [81] COVID-19 vaccinations recently
has made great progress in promoting the use of nanocarrier delivery systems in clinical
therapy. Such work paves the way for nanocarriers, such as the P68 + DQA formulations
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evaluated in this study, to be potentially used for clinical therapy, after comprehensive
evaluations have first been made in more advanced models of disease.
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32. Zupančič, Š.; Kocbek, P.; Zariwala, M.G.; Renshaw, D.; Gul, M.O.; Elsaid, Z.; Taylor, K.M.G.; Somavarapu, S. Design and

Development of Novel Mitochondrial Targeted Nanocarriers, DQAsomes for Curcumin Inhalation. Mol. Pharm. 2014, 11,
2334–2345. [CrossRef] [PubMed]

33. Gaucher, G.; Dufresne, M.-H.; Sant, V.P.; Kang, N.; Maysinger, D.; Leroux, J.-C. Block Copolymer Micelles: Preparation,
Characterization and Application in Drug Delivery. J. Control. Release 2005, 109, 169–188. [CrossRef] [PubMed]

34. Batrakova, E.V.; Kabanov, A.V. Pluronic Block Copolymers: Evolution of Drug Delivery Concept from Inert Nanocarriers to
Biological Response Modifiers. J. Control. Release 2008, 130, 98–106. [CrossRef]

35. Kataoka, M.; Sugano, K.; da Costa Mathews, C.; Wong, J.W.; Jones, K.L.; Masaoka, Y.; Sakuma, S.; Yamashita, S. Application of
Dissolution/Permeation System for Evaluation of Formulation Effect on Oral Absorption of Poorly Water-Soluble Drugs in Drug
Development. Pharm. Res. 2012, 29, 1485–1494. [CrossRef]

36. Elezaby, R.S.; Gad, H.A.; Metwally, A.A.; Geneidi, A.S.; Awad, G.A. Self-Assembled Amphiphilic Core-Shell Nanocarriers in Line
with the Modern Strategies for Brain Delivery. J. Control. Release 2017, 261, 43–61. [CrossRef]

37. Rakotoarisoa, M.; Angelova, A. Amphiphilic Nanocarrier Systems for Curcumin Delivery in Neurodegenerative Disorders.
Medicines 2018, 5, 126. [CrossRef]

38. Mursaleen, L.; Somavarapu, S.; Zariwala, M.G. Deferoxamine and Curcumin Loaded Nanocarriers Protect Against Rotenone-
Induced Neurotoxicity. J. Park. Dis. 2020, 10, 99–111. [CrossRef]

39. Mursaleen, L.; Noble, B.; Chan, S.H.Y.; Somavarapu, S.; Zariwala, M.G. N-Acetylcysteine Nanocarriers Protect against Oxidative
Stress in a Cellular Model of Parkinson’s Disease. Antioxidants 2020, 9, 600. [CrossRef]

40. Weissig, V.; Lasch, J.; Erdos, G.; Meyer, H.W.; Rowe, T.C.; Hughes, J. DQAsomes: A Novel Potential Drug and Gene Delivery
System Made from Dequalinium. Pharm. Res. 1998, 15, 334–337. [CrossRef]

41. Lyrawati, D.; Trounson, A.; Cram, D. Expression of GFP in the Mitochondrial Compartment Using DQAsome-Mediated Delivery
of an Artificial Mini-Mitochondrial Genome. Pharm. Res. 2011, 28, 2848. [CrossRef] [PubMed]

42. Thomas, C.; Mackey, M.M.; Diaz, A.A.; Cox, D.P. Hydroxyl Radical Is Produced via the Fenton Reaction in Submitochondrial
Particles under Oxidative Stress: Implications for Diseases Associated with Iron Accumulation. Redox Rep. 2009, 14, 102–108.
[CrossRef] [PubMed]

43. Dove, A. Breaching the Barrier: The Blood-Brain Barrier Has Confounded the Development of Many Neurological Treatments
over the Years. Now, Several Companies Are Claiming They Can Tackle the Problem. Alan Dove Reports. Nat. Biotechnol. 2008,
26, 1213–1216. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21082761
http://doi.org/10.1016/j.brainresbull.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25732239
http://doi.org/10.1016/j.parkreldis.2015.02.020
http://www.ncbi.nlm.nih.gov/pubmed/25765302
http://doi.org/10.1007/s11064-017-2371-0
http://doi.org/10.1196/annals.1306.025
http://www.ncbi.nlm.nih.gov/pubmed/15105275
http://doi.org/10.1007/s00702-010-0531-3
http://www.ncbi.nlm.nih.gov/pubmed/21165659
http://doi.org/10.1089/ars.2013.5593
http://www.ncbi.nlm.nih.gov/pubmed/24251381
http://doi.org/10.1371/journal.pone.0085115
http://www.ncbi.nlm.nih.gov/pubmed/24400127
http://doi.org/10.1002/bdd.2510080407
http://doi.org/10.1016/j.jchromb.2007.03.010
http://doi.org/10.1038/s41598-017-01402-2
http://doi.org/10.1155/2013/238428
http://www.ncbi.nlm.nih.gov/pubmed/25937958
http://doi.org/10.1021/mp500003q
http://www.ncbi.nlm.nih.gov/pubmed/24852198
http://doi.org/10.1016/j.jconrel.2005.09.034
http://www.ncbi.nlm.nih.gov/pubmed/16289422
http://doi.org/10.1016/j.jconrel.2008.04.013
http://doi.org/10.1007/s11095-011-0623-2
http://doi.org/10.1016/j.jconrel.2017.06.019
http://doi.org/10.3390/medicines5040126
http://doi.org/10.3233/JPD-191754
http://doi.org/10.3390/antiox9070600
http://doi.org/10.1023/A:1011991307631
http://doi.org/10.1007/s11095-011-0544-0
http://www.ncbi.nlm.nih.gov/pubmed/21833794
http://doi.org/10.1179/135100009X392566
http://www.ncbi.nlm.nih.gov/pubmed/19490751
http://doi.org/10.1038/nbt1108-1213
http://www.ncbi.nlm.nih.gov/pubmed/18997754


Antioxidants 2023, 12, 130 18 of 19

44. Mursaleen, L.; Noble, B.; Somavarapu, S.; Zariwala, M.G. Micellar Nanocarriers of Hydroxytyrosol Are Protective against
Parkinson’s Related Oxidative Stress in an In Vitro HCMEC/D3-SH-SY5Y Co-Culture System. Antioxidants 2021, 10, 887.
[CrossRef]

45. Cristante, E.; McArthur, S.; Mauro, C.; Maggioli, E.; Romero, I.A.; Wylezinska-Arridge, M.; Couraud, P.O.; Lopez-Tremoleda, J.;
Christian, H.C.; Weksler, B.B.; et al. Identification of an Essential Endogenous Regulator of Blood–Brain Barrier Integrity, and Its
Pathological and Therapeutic Implications. Proc. Natl. Acad. Sci. USA 2013, 110, 832–841. [CrossRef]

46. Maggioli, E.; McArthur, S.; Mauro, C.; Kieswich, J.; Kusters, D.H.M.; Reutelingsperger, C.P.M.; Yaqoob, M.; Solito, E. Estrogen
Protects the Blood–Brain Barrier from Inflammation-Induced Disruption and Increased Lymphocyte Trafficking. Brain. Behav.
Immun. 2016, 51, 212–222. [CrossRef]

47. Hoyles, L.; Snelling, T.; Umlai, U.-K.; Nicholson, J.K.; Carding, S.R.; Glen, R.C.; McArthur, S. Microbiome–Host Systems
Interactions: Protective Effects of Propionate upon the Blood–Brain Barrier. Microbiome 2018, 6, 55. [CrossRef]

48. Gonzalez-Carter, D.; Goode, A.E.; Kiryushko, D.; Masuda, S.; Hu, S.; Lopes-Rodrigues, R.; Dexter, D.T.; Shaffer, M.S.P.; Porter, A.E.
Quantification of Blood–Brain Barrier Transport and Neuronal Toxicity of Unlabelled Multiwalled Carbon Nanotubes as a
Function of Surface Charge. Nanoscale 2019, 11, 22054–22069. [CrossRef]

49. Burkhart, A.; Skjørringe, T.; Johnsen, K.B.; Siupka, P.; Thomsen, L.B.; Nielsen, M.S.; Thomsen, L.L.; Moos, T. Expression of Iron-
Related Proteins at the Neurovascular Unit Supports Reduction and Reoxidation of Iron for Transport Through the Blood-Brain
Barrier. Mol. Neurobiol. 2016, 53, 7237–7253. [CrossRef]

50. Paradis, A.; Leblanc, D.; Dumais, N. Optimization of an in Vitro Human Blood–Brain Barrier Model: Application to Blood
Monocyte Transmigration Assays. MethodsX 2015, 3, 25–34. [CrossRef]

51. Weksler, B.; Romero, I.A.; Couraud, P.-O. The HCMEC/D3 Cell Line as a Model of the Human Blood Brain Barrier. Fluids Barriers
CNS 2013, 10, 16. [CrossRef] [PubMed]

52. Molino, Y.; Jabès, F.; Lacassagne, E.; Gaudin, N.; Khrestchatisky, M. Setting-up an In Vitro Model of Rat Blood-Brain Barrier (BBB):
A Focus on BBB Impermeability and Receptor-Mediated Transport. JoVE J. Vis. Exp. 2014, 88, e51278. [CrossRef] [PubMed]

53. Qosa, H.; Mohamed, L.A.; Al Rihani, S.B.; Batarseh, Y.S.; Duong, Q.-V.; Keller, J.N.; Kaddoumi, A. High-Throughput Screening for
Identification of Blood-Brain Barrier Integrity Enhancers: A Drug Repurposing Opportunity to Rectify Vascular Amyloid Toxicity.
J. Alzheimers Dis. JAD 2016, 53, 1499–1516. [CrossRef] [PubMed]

54. Setiadi, A.F.; Abbas, A.R.; Jeet, S.; Wong, K.; Bischof, A.; Peng, I.; Lee, J.; Bremer, M.; Eggers, E.L.; DeVoss, J.; et al. IL-17A Is
Associated with the Breakdown of the Blood-Brain Barrier in Relapsing-Remitting Multiple Sclerosis. J. Neuroimmunol. 2019, 332,
147–154. [CrossRef]

55. Paolinelli, R.; Corada, M.; Ferrarini, L.; Devraj, K.; Artus, C.; Czupalla, C.J.; Rudini, N.; Maddaluno, L.; Papa, E.;
Engelhardt, B.; et al. Wnt Activation of Immortalized Brain Endothelial Cells as a Tool for Generating a Standardized
Model of the Blood Brain Barrier In Vitro. PLoS ONE 2013, 8, e70233. [CrossRef]

56. Förster, C.; Burek, M.; Romero, I.A.; Weksler, B.; Couraud, P.-O.; Drenckhahn, D. Differential Effects of Hydrocortisone and TNFα
on Tight Junction Proteins in an in Vitro Model of the Human Blood–Brain Barrier. J. Physiol. 2008, 586, 1937–1949. [CrossRef]

57. Eigenmann, D.E.; Xue, G.; Kim, K.S.; Moses, A.V.; Hamburger, M.; Oufir, M. Comparative Study of Four Immortalized Human
Brain Capillary Endothelial Cell Lines, HCMEC/D3, HBMEC, TY10, and BB19, and Optimization of Culture Conditions, for an in
Vitro Blood–Brain Barrier Model for Drug Permeability Studies. Fluids Barriers CNS 2013, 10, 33. [CrossRef]

58. Kuo, Y.-C.; Chen, H.-H. Effect of Nanoparticulate Polybutylcyanoacrylate and Methylmethacrylate–Sulfopropylmethacrylate
on the Permeability of Zidovudine and Lamivudine across the in Vitro Blood–Brain Barrier. Int. J. Pharm. 2006, 327, 160–169.
[CrossRef]

59. Bressler, J.; Clark, K.; O’Driscoll, C. Assessing Blood–Brain Barrier Function Using In Vitro Assays. In Cell-Cell Interactions:
Methods and Protocols; Baudino, T.A., Ed.; Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2013; pp. 67–79.
[CrossRef]

60. Åberg, C. Quantitative Analysis of Nanoparticle Transport through in Vitro Blood-Brain Barrier Models. Tissue Barriers 2016,
4, e1143545. [CrossRef]

61. Weksler, B.B.; Subileau, E.A.; Perrière, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; Nicotra, A.;
Bourdoulous, S.; Turowski, P.; et al. Blood-Brain Barrier-Specific Properties of a Human Adult Brain Endothelial Cell Line. FASEB
J. 2005, 19, 1872–1874. [CrossRef]

62. Helms, H.C.; Abbott, N.J.; Burek, M.; Cecchelli, R.; Couraud, P.-O.; Deli, M.A.; Förster, C.; Galla, H.J.; Romero, I.A.;
Shusta, E.V.; et al. In Vitro Models of the Blood–Brain Barrier: An Overview of Commonly Used Brain Endothelial Cell Culture
Models and Guidelines for Their Use. J. Cereb. Blood Flow Metab. 2016, 36, 862–890. [CrossRef] [PubMed]

63. Pucci, C.; De Pasquale, D.; Marino, A.; Martinelli, C.; Lauciello, S.; Ciofani, G. Hybrid Magnetic Nanovectors Promote Selective
Glioblastoma Cell Death through a Combined Effect of Lysosomal Membrane Permeabilization and Chemotherapy. ACS Appl.
Mater. Interfaces 2020, 12, 29037–29055. [CrossRef] [PubMed]

64. Boddaert, N.; Le Quan Sang, K.H.; Rötig, A.; Leroy-Willig, A.; Gallet, S.; Brunelle, F.; Sidi, D.; Thalabard, J.-C.; Munnich, A.;
Cabantchik, Z.I. Selective Iron Chelation in Friedreich Ataxia: Biologic and Clinical Implications. Blood 2007, 110, 401–408.
[CrossRef] [PubMed]

http://doi.org/10.3390/antiox10060887
http://doi.org/10.1073/pnas.1209362110
http://doi.org/10.1016/j.bbi.2015.08.020
http://doi.org/10.1186/s40168-018-0439-y
http://doi.org/10.1039/C9NR02866H
http://doi.org/10.1007/s12035-015-9582-7
http://doi.org/10.1016/j.mex.2015.11.009
http://doi.org/10.1186/2045-8118-10-16
http://www.ncbi.nlm.nih.gov/pubmed/23531482
http://doi.org/10.3791/51278
http://www.ncbi.nlm.nih.gov/pubmed/24998179
http://doi.org/10.3233/JAD-151179
http://www.ncbi.nlm.nih.gov/pubmed/27392852
http://doi.org/10.1016/j.jneuroim.2019.04.011
http://doi.org/10.1371/journal.pone.0070233
http://doi.org/10.1113/jphysiol.2007.146852
http://doi.org/10.1186/2045-8118-10-33
http://doi.org/10.1016/j.ijpharm.2006.07.044
http://doi.org/10.1007/978-1-62703-604-7_6
http://doi.org/10.1080/21688370.2016.1143545
http://doi.org/10.1096/fj.04-3458fje
http://doi.org/10.1177/0271678X16630991
http://www.ncbi.nlm.nih.gov/pubmed/26868179
http://doi.org/10.1021/acsami.0c05556
http://www.ncbi.nlm.nih.gov/pubmed/32459082
http://doi.org/10.1182/blood-2006-12-065433
http://www.ncbi.nlm.nih.gov/pubmed/17379741


Antioxidants 2023, 12, 130 19 of 19

65. Reyes, R.C.; Cittolin-Santos, G.F.; Kim, J.-E.; Won, S.J.; Brennan-Minnella, A.M.; Katz, M.; Glass, G.A.; Swanson, R.A. Neuronal
Glutathione Content and Antioxidant Capacity Can Be Normalized In Situ by N-Acetyl Cysteine Concentrations Attained in
Human Cerebrospinal Fluid. Neurotherapeutics 2016, 13, 217–225. [CrossRef] [PubMed]

66. Tsai, Y.-M.; Chien, C.-F.; Lin, L.-C.; Tsai, T.-H. Curcumin and Its Nano-Formulation: The Kinetics of Tissue Distribution and
Blood–Brain Barrier Penetration. Int. J. Pharm. 2011, 416, 331–338. [CrossRef] [PubMed]

67. Langston, W. MPTP: Insights into the Etiology of Parkinson’s Disease. Eur. Neurol. 1987, 26 (Suppl. 1), 2–10. [CrossRef]
68. Jenner, P.; Olanow, C.W. Oxidative Stress and the Pathogenesis of Parkinson’s Disease. Neurology 1996, 47 (Suppl. 3), S161–S170.

[CrossRef]
69. Schapira, A.H.V. Mitochondrial Dysfunction in Parkinson’s Disease. Cell Death Differ. 2007, 14, 1261–1266. [CrossRef]
70. Zhou, C.; Huang, Y.; Przedborski, S. Oxidative Stress in Parkinson’s Disease. Ann. N. Y. Acad. Sci. 2008, 1147, 93–104. [CrossRef]
71. Camilleri, A.; Vassallo, N. The Centrality of Mitochondria in the Pathogenesis and Treatment of Parkinson’s Disease. CNS

Neurosci. Ther. 2014, 20, 591–602. [CrossRef]
72. Gautier, C.A.; Corti, O.; Brice, A. Mitochondrial Dysfunctions in Parkinson’s Disease. Rev. Neurol. 2014, 170, 339–343. [CrossRef]

[PubMed]
73. Moon, H.E.; Paek, S.H. Mitochondrial Dysfunction in Parkinson’s Disease. Exp. Neurobiol. 2015, 24, 103–116. [CrossRef] [PubMed]
74. Barodia, S.K.; Creed, R.B.; Goldberg, M.S. Parkin and PINK1 Functions in Oxidative Stress and Neurodegeneration. Brain Res.

Bull. 2017, 133, 51–59. [CrossRef] [PubMed]
75. Tanner, C.M.; Kamel, F.; Ross, G.W.; Hoppin, J.A.; Goldman, S.M.; Korell, M.; Marras, C.; Bhudhikanok, G.S.; Kasten, M.;

Chade, A.R.; et al. Rotenone, Paraquat, and Parkinson’s Disease. Environ. Health Perspect. 2011, 119, 866–872. [CrossRef]
76. Hjortsrø, E.; Fomsgaard, J.S.; Fogh-Andersen, N. Does N-Acetylcysteine Increase the Excretion of Trace Metals (Calcium,

Magnesium, Iron, Zinc and Copper) When given Orally? Eur. J. Clin. Pharmacol. 1990, 39, 29–31. [CrossRef]
77. Do Van, B.; Gouel, F.; Jonneaux, A.; Timmerman, K.; Gelé, P.; Pétrault, M.; Bastide, M.; Laloux, C.; Moreau, C.; Bordet, R.; et al.

Ferroptosis, a Newly Characterized Form of Cell Death in Parkinson’s Disease That Is Regulated by PKC. Neurobiol. Dis. 2016, 94,
169–178. [CrossRef]

78. Wongjaikam, S.; Kumfu, S.; Khamseekaew, J.; Chattipakorn, S.C.; Chattipakorn, N. Restoring the Impaired Cardiac Calcium
Homeostasis and Cardiac Function in Iron Overload Rats by the Combined Deferiprone and N-Acetyl Cysteine. Sci. Rep. 2017,
7, 44460. [CrossRef]

79. Priyadarsini, K.I. The Chemistry of Curcumin: From Extraction to Therapeutic Agent. Molecules 2014, 19, 20091–20112. [CrossRef]
80. Oliver, S.E.; Gargano, J.W.; Marin, M.; Wallace, M.; Curran, K.G.; Chamberland, M.; McClung, N.; Campos-Outcalt, D.;

Morgan, R.L.; Mbaeyi, S.; et al. The Advisory Committee on Immunization Practices’ Interim Recommendation for Use of
Pfizer-BioNTech COVID-19 Vaccine—United States, December 2020. Morb. Mortal. Wkly. Rep. 2020, 69, 1922–1924. [CrossRef]

81. Keech, C.; Albert, G.; Cho, I.; Robertson, A.; Reed, P.; Neal, S.; Plested, J.S.; Zhu, M.; Cloney-Clark, S.; Zhou, H.; et al.
Phase 1–2 Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle Vaccine. N. Engl. J. Med. 2020, 383, 2320–2332.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s13311-015-0404-4
http://www.ncbi.nlm.nih.gov/pubmed/26572666
http://doi.org/10.1016/j.ijpharm.2011.06.030
http://www.ncbi.nlm.nih.gov/pubmed/21729743
http://doi.org/10.1159/000116349
http://doi.org/10.1212/WNL.47.6_Suppl_3.161S
http://doi.org/10.1038/sj.cdd.4402160
http://doi.org/10.1196/annals.1427.023
http://doi.org/10.1111/cns.12264
http://doi.org/10.1016/j.neurol.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24119854
http://doi.org/10.5607/en.2015.24.2.103
http://www.ncbi.nlm.nih.gov/pubmed/26113789
http://doi.org/10.1016/j.brainresbull.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28017782
http://doi.org/10.1289/ehp.1002839
http://doi.org/10.1007/BF02657052
http://doi.org/10.1016/j.nbd.2016.05.011
http://doi.org/10.1038/srep44460
http://doi.org/10.3390/molecules191220091
http://doi.org/10.15585/mmwr.mm6950e2
http://doi.org/10.1056/NEJMoa2026920

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Antioxidant and/or Iron Chelator Nanoformulations 
	Nanoformulation Size and Surface Charge 
	Nanoformulation Drug Loading and Association Efficiency 
	hCMEC/D3 Cell Culture 
	Trans-Endothelial Electrical Resistance Assessment 
	BBB Membrane Permeability–Lucifer Yellow Assay 
	Assessment of Nanocarrier BBB Permeability 
	hCMEC/D3 and SH-SY5Y Co-Culture 
	Assessment of the Ability of Nanocarriers to Permeate the BBB and Target Mitochondria 
	Assessment of the Ability of Nanocarriers to Pass the BBB and Protect against Rotenone 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

