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Ischemic stroke causes acute CNS injury and long-term disability, with limited treatment options such as
surgical clot removal or clot-busting drugs. Neuroprotective therapies are needed to protect vulnerable
brain regions. The purinergic receptor P2X4 is activated during stroke and exacerbates post-stroke
damage. The chemical compound 5-(3-Bromophenyl)-1,3-dihydro-2H-Benzofuro[3,2-¢]-1,4-diazepin-
2-one (5BDBD) inhibits P2X4 and has shown neuroprotective effects in rodents. However, it is difficult to
formulate for systemic delivery to the CNS. The current manuscript reports for the first time, the synthesis
and characterization of 5BDBD PEGylated liposomal formulations and evaluates their feasibility to treat
stroke in a preclinical mice model. A PEGylated liposomal formulation of 5BDBD was synthesized and
characterized, with encapsulation efficacy of >80%, and release over 48 hours. In vitro and in vivo experi-
ments with Nile red encapsulation showed cytocompatibility and CNS infiltration of nanocarriers.
Administered 4 or 28 hours after stroke onset, the nanoformulation provided significant neuroprotection,
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reducing infarct volume by ~50% compared to controls. It outperformed orally-administered 5BDBD with
a lower dose and shorter treatment duration, suggesting precise delivery by nanoformulation improves
outcomes. The fluorescent nanoformulations may serve as a platform for delivering and tracking thera-

rsc.li/biomaterials-science peutic agents for stroke treatment.
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Introduction

Central Nervous System disorders, including Alzheimer’s
disease, Parkinson’s disease, and Ischemic stroke, are increas-
ingly prevalent worldwide."”> While several drugs have been
created to treat and manage these neurological disorders, drug
delivery to the targeted site remains a significant obstacle.® To
address drug delivery challenges and enhance medication’s
therapeutic effectiveness, various drug delivery systems such
as polymeric microparticles, nanoparticles, and self-micro and
nano-emulsifying drug delivery systems (SMEDD/SNEDD) have
been developed.*™®
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Liposomal nanocarriers have emerged as a potential drug
delivery system for lipophilic drugs and are commonly pre-
pared using non-toxic natural phospholipids or cholesterol.'
To improve the in vivo stability and circulation time, polyethyl-
ene glycol (PEG) is often covalently linked to lipids in
PEGylated liposomes."" The use of liposomal formulations not
only improves the solubility of lipophilic drugs, but also
enhances their pharmacokinetics and biodistribution due to
the prolonged circulation time in the body."*™*®

Ischemic stroke is a prevalent cause of disability in the
United States, arising from a blockage in blood supply to the
brain, usually caused by a clot that travels to the brain.'® The
occurrence of ischemic stroke results in the formation of
infarcts, which are non-salvageable areas of dead tissue
(known as the core region of stroke) within the brain parench-
yma. The surrounding region of the core, known as the
penumbra, contains vulnerable cells that can be rescued with
appropriate neuroprotective therapy.'”'° However, apart from
clot-busting drugs and surgical clot removal, there are cur-
rently no approved therapies for stroke.>°

We recently demonstrated that the purinergic receptor P2X4
(P2X4R) is activated following acute injuries like ischemic
stroke, which can worsen post-stroke damage.*' Inhibition of
the P2X4R with a chemical compound such as 5-(3-
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Bromophenyl)-1,3-dihydro-2H-Benzofuro[3,2-¢]-1,4-diazepin-2-
one (5BDBD) can reduce this damage and provide a neuropro-
tective and neurorehabilitative effect in a mouse model of
ischemic stroke.>”> However, treatment of any central nervous
system (CNS) disorder with a therapeutic agent, formulated or
not, requires transport across the blood-brain barrier (BBB).
During the acute phase of ischemic stroke, the BBB is compro-
mised, which presents a natural advantage for drug delivery to
the site of brain injury.>®

In our previous study, we demonstrated the neuroprotective
effects of orally administered 5-BDBD (1 mg per kg per day x 3
days) in a mouse model of ischemic stroke. However, due to its
insolubility in physiological solvents, the drug was given as an
oral suspension, which is not a viable option for stroke patients
who rely mostly on parenteral drug administration during the
acute phase of stroke injury.>* Therefore, there is a need to
explore alternative drug delivery options for clinics.>* Here, we
present the synthesis and characterization of a PEGylated liposo-
mal formulation of 5BDBD and evaluate its feasibility to treat
stroke in a preclinical mouse model. To visualize liposomal
uptake by cells in vitro and track them in vivo, we encapsulated
Nile red (NR) fluorescent dye in the liposomes. We characterized
the liposomes for particle size, shape, drug encapsulation, and
in vitro release kinetics. Furthermore, we assessed liposomal
uptake and toxicity by culturing them with human skin fibro-
blasts in vitro and selective accumulation in the ischemic brain
tissue in mice after stroke following tail vein injection. This is the
first report of a liposomal formulation of 5BDBD, and our results
suggest that it could be a promising drug delivery system for the
treatment of stroke.

Results and discussion
Formulation of liposome nanoparticles (LNP)

The lipid nanoparticle (LNP) system offers flexible drug deliv-
ery properties, including control over size, particle size distri-
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bution, matrix hydrophobicity/hydrophilicity, and surface
charge, using FDA-approved excipients that can cross the
blood-brain barrier for stroke applications.>* In this study, we
developed pegylated LNPs containing 5BDBD and Nile Red dye
as injectables that can accumulate in stroke areas through the
disrupted BBB, thereby enhancing the drug’s therapeutic effec-
tiveness. Fig. 1 illustrates the formulation of liposome nano-
particles containing drug and dye, and the preparation con-
centrations of each group are summarized in Table 1. We used
DPPC, DOPC, DPPG, and DSPE-PEG2000 amine phospholipids
based on their history as biocompatible carrier systems and their
FDA-approval status in drug delivery systems.>>>® The LNPs were
prepared by film formation and hydration, a straightforward and
elegant process.”® ' Further dispersion of the lipid layer in a suit-
able solvent and extrusion through a polycarbonate membrane
allowed to produce homogenously sized liposomal nano-
particles.’”> Liposomes prepared using thinfilm hydration
method are quite common for delivery of hydrophobic drugs and
are being used for delivery drugs to the brain in conditions like
stroke. Utilization of liposomal drug delivery system made by
thin-film hydration method has been reported recently for deliv-
ery of drugs like edaravone, NMITLI118RT+ and ligustrazine for
treatment of stroke which signifies that the method used by the
authors is a reliable for preparation and delivery of chemical moi-
eties to brain in stroke condition.***> Liposome formulations
made by thin-film hydration method has also been used for deliv-
ery of imaging agents for MRI imaging, although no combination
of drug and dye loaded delivery system has yet been reported.*®*”
Hence, here we successfully report the liposome nanoparticle for-
mulation containing a combination of both drug (5-BDBD) + dye
(Nile Red) for drug delivery as well as imaging which will elimin-
ate the need for usage of two separate systems for delivery and
imaging and make the drug delivery and imaging more efficient
in patients with stroke.

The addition of PEG to liposomal drug delivery systems is
known to increase their stability and prolong their circulation

time, allowing for passive targeting in leaky vasculature.*®?°
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Fig. 1 Schematic diagram for the preparation of 5BDBD encapsulated liposomes by freeze—thaw cycles. The process is as follows: (a) mixing of
ingredients in solvent with drug and dye, (b) evaporation of solvent in N, atmosphere, (c) overnight incubation in vacuum oven, (d) formation of thin
film, (e) redispersion and temperature cycling and (f) final formulation. The drug 5BDBD and Nile Red dye is incorporated in the bilayer of the
PEGylated liposome due to its hydrophobic nature. The freeze—thaw approach enhances drug encapsulation efficiency, while the inclusion of Nile
Red dye allows for tracking and visualization of the liposomes in biological systems.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Formulation ratios of different components used in formulation of LNPs

Dye DPPC DOPC DPPG PEG-2000-AMINE 5BDBD
Lipid nanoparticles (mole ratio) (moles%) (moles%) (moles%) (moles%) (mole ratio)
Lipo 47 47 0.5 5.5
Lipo + dye 1:500 47 47 0.5 5.5
Lipo + 5BDBD 47 47 0.5 5.5 1:100
Lipo + 5BDBD + dye 1:500 47 47 0.5 5.5 1:100

Surface modification of nanocarriers with PEG or methylated
PEG is a widely used technique to avoid opsonization and
increase circulation time.’® In this study, liposomal formu-
lations were designed with a PEG-amine (DSPE-PEG200) to
enable both passive stroke targeting and stabilization.
Previous studies have used liposomes containing N-oleoyl
ethanolamine phosphatidylcholine complex with DSPE-PEG
for stroke treatment.*’** However, 5BDBD liposomal formu-
lations with PEG-amine have not been reported for stroke
applications. The reported PEG surface-modified liposomes in
this study support their stability, long circulation time, and
passive targeting in stroke.

Particle size analysis and surface morphology

The shape, size, and morphology of particles are crucial for
injectable drug delivery systems and their in vivo performance.
In normal conditions, a size range of 100 nm is effective in
crossing the BBB, but in conditions like stroke with increased
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permeability, the particle size range for crossing the BBB
increases.**** Larger particles with irregular shapes can cause
non-predictable drug release profiles and may block blood
vessels.”>*® Reported liposomal nanocarriers are spherical
with a narrow size distribution that ranges from 50-80 nm,
depending on the type. The empty lipid nanocarriers have a
size of 50 nm, while drug-loaded ones have a size of
60 nm. The drug-loaded liposomes have a size of 70 nm,
while the dye-loaded ones are smaller at 50 nm. Fig. 2(a)
shows a typical particle size histogram obtained from light
scattering experiments, demonstrating the variation in par-
ticle size based on its makeup. The overall particle size of
all formulations ranges between 40-60 nm, which is smaller
than what was reported previously.*"*”*® The drug + dye-
encapsulated nanocarriers have the smallest median particle
size of 60 nm compared to other formulations. The changes
in particle size of the nanocarriers may be due to the inter-
action between the encapsulated materials and the lipid in
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Fig. 2 The particle size distribution of different liposome formulations, as determined by dynamic light scattering. (a) The lipid only (Lipo) and (b)
lipid + dye (lipo + dye) formulations exhibit smaller particle sizes compared to (c) lipid + drug (lipo + 5BDBD) and (d) lipid + dye + drug (lipo +
5BDBD + dye). The larger sizes observed in the latter two formulations suggest successful encapsulation of hydrophobic drug molecules within the
liposome nanoparticles. This finding highlights the potential of these injectable drug-loaded liposomes for targeted drug delivery.
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Fig. 3 TEM images at two different magnifications of (a) 500 nm (scale bar) and (b) 100 nm (scale bar) where (i) lipid only; (ii) lipid + drug; (iii) lipid +
dye; (iv) lipid + drug + dye. TEM analysis confirms formation of spherical liposomes for all formulations, exhibiting unilamellar morphology and

smooth surface.

minimizing energy and stability."® The liposomal formu-
lations are spherical and unilamellar, with a smooth surface
morphology, as shown in TEM images in Fig. 3(a) and (b).
Such nanocarriers are ideal as injectables, as demonstrated
in previous literature.’*>*

Drug encapsulation efficiency

The encapsulation efficiency of Lipo + 5BDBD and Lipo +
5BDBD + Dye was determined to be 85.74% and 83.38%
respectively, as shown in Fig. 4. High encapsulation efficiency
is advantageous in reducing drug waste during formulation
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development and requiring less formulation for dosing.>* The
one-pot synthetic protocol employed in this study resulted in
the highest EE when compared to other nanocarriers reported
in the literature.”>>” Moreover, the addition of dye in the for-
mulation led to a slower drug release rate, possibly due to
interactions between the dye and the drug which may have
caused slower diffusion of drug through the carrier, as demon-
strated in Fig. 4.°® This may be disadvantage but at the same it
also enabling direct visualization of liposome formulation.
Therefore, slight slower rate of 5-BDBD release with addition
of dye still show advantage.
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% Encapsulation efficiency (left) and % cumulative release (right). both lipo + 5BDBD and lipo + 5BDBD + dye exhibited excellent encapsula-

tion efficiency, around 80%. The addition of dye resulted in prolonged drug release, up to 48 hours. This suggests potential applications in controlled

drug delivery.

This journal is © The Royal Society of Chemistry 2023
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In vitro drug release and kinetics

The in vitro drug release study revealed that 95.4% of 5BDBD
was released within 24 hours from the formulation containing
only the drug (Fig. 4). However, in the formulation containing
both the drug and NR dye, 87.3% of the drug was released
within 24 hours, and the release continued up to 48 hours
(Fig. 4). The presence of dye in the formulation resulted in a
slower drug release rate, which could be attributed to the
complex drug-dye interaction." Similar systems have been
reported in the literature, where the presence of an additive in
the formulation reduced the rate of drug release.>*"*°

The diffusion coefficients were calculated using eqn (1) and
(2). Both drug-alone and drug + dye formulations exhibited
diffusion coefficients greater than 0.5, indicative of anomalous
and non-Fickian drug release mechanisms.®" In such formu-
lations, the drug release is regulated by both diffusion and
swelling.’>*® Liposomal formulations containing a lipophilic
drug, such as 5BDBD, have also shown similar release
behaviour.®**

In vitro cellular uptake and toxicity

The cytotoxicity of the nanocarriers and their uptake by cells
were evaluated using human skin fibroblasts in accordance
with ISO standards.®® The results showed that the fibroblasts
efficiently internalized the nanocarriers, and the fluorescence
intensity within the cells increased with time (Fig. 5(a)). The
metabolic activity of the fibroblasts was assessed using the
MTS assay over 72 hours under different treatment conditions
(Fig. 5(b)). The results revealed that the nanocarriers did not
affect the metabolic activity of the fibroblasts at 3, 24, and
72 hours, indicating their cytocompatibility. Previous studies
using similar lipids and drugs have also shown compatibility
with fibroblasts and other tissue-specific cells.®®*® The non-
toxicity of the formulations containing 5 pg of 5BDBD may be
attributed to the gradual and controlled release of the drug,
thereby reducing cytotoxicity.

Visualization of liposomal nano formulations in the brain
parenchyma after stroke

Fig. 6 illustrates the distribution of dye-loaded liposomal nano
formulations with and without the drug in the brain parench-
yma of mice 3 days after stroke onset. The formulations, con-
taining 1 mg per kg b.w equivalent of 5-BDBD, were adminis-
tered via tail vein injection at 4 and 28 hours after stroke
onset. The fixed brain sections of the 5BDBD treatment group
revealed enhanced accumulation of 5BDBD LNPs in the perile-
sional cortex of the stroke brain, as shown in Fig. 6. This indi-
cates that the nanocarriers accumulated in the perilesional
cortex due to increased blood-brain barrier rupture, thus pro-
viding sustained neuroprotection.”®

5BDBD NP provides uniform neuroprotection

Our previous study on stroke treatment utilized 5BDBD treat-
ment via oral administration (1 mg per kg b.w x daily for 3
days), which provided acute neuroprotection at 3 days after

7860 | Biomater. Sci, 2023, 11, 7856-7866
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stroke.>”> However, 5BDBD is insoluble in aqueous solvents,
and the oral route is not practical for stroke patients as they
often experience acute dysphagia during the acute stage of
stroke.”* Therefore, we developed pegylated liposomal nano-
carriers to parenterally administer 5BDBD [Fig. 6 and 7].
Consistent with our earlier findings, liposomal 5BDBD formu-
lations provide acute neuroprotective effects as compared to
control LNPs.”” Interestingly, we achieved similar significant
neuroprotection (~50% reduction in infarct volume vs.
control) with only two doses (4 and 28 hours after stroke
onset) of 5BDBD nano formulation injection as compared to
oral administration as previously published by us.?> We
further observed that 5BDBD liposome were present in brain
parenchyma (Fig. 7). This data suggests that liposome formu-
lation cross BBB to reach site of action. It is to be noted that
during acute stroke condition BBB is compromised and
become more permeable. This fact is very well established in
the literature’>”* and we also have previously published that
drug loaded nanoparticle can penetrate BBB after stroke.”>”®
In fact, both of our in vivo data of neuroprotection (Fig. 6) and
immunofluorescence data (Fig. 6) supports BBB permeability
of our 5BDBD liposome formulation. These results suggest
that precise delivery by nano formulation may provide better
outcomes after stroke, even with a lower frequency of 5BDBD
administration. As current standard of care relies only a clot
buster drug tissue plasminogen activator (t-PA) and mechani-
cal clot removal novel neuroprotective drug such as 5BDBD
may be potential novel treatment for neuroprotective effects
after stroke.

Experimental

Materials

1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (16:0PC, DPPC),
1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (16 : 0PG,
DPPG), 1,2-dioleoyl-sn-glycerol-3 phosphocholine (di-6:0,
DOPC), and DSPE-PEG 2000 Amine were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Nile Red (NR) was purchased from NCI chemi-
cals.  5-(3-Bromophenyl)-1,3-dihydro-2H-Benzofuro[3,2-¢]-1,4-
diazepin-2-one(5BDBD) obtained from Sigma Aldrich USA.
Human Dermal Fibroblasts, adult (HDFa) (Cascade
Biologics™), cell culture media DMEM, fetal bovine serum
(FBS), phosphate-buffered saline (PBS), and DAPI were pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA). CellTiter
96® Aqueous One Solution Cell Proliferation Assay (MTS) was
obtained from Promega (Madison, WI, USA). Ultrapure pure
water (Millipore) and HPLC-grade solvents were used without
further purification.

Formulation of liposome nanoparticles (LNP)

To prepare the liposome nanoparticles, we utilized the thin
film hydration method.** A chloroform mixture of DPPC/
DOPC/DPPG/DSPE-PEG2000 amine in a molar ratio of 47/47/
0.05/5 was homogenized. After evaporation of most of the

This journal is © The Royal Society of Chemistry 2023
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(a) Live—dead assay (scale: 100 um). Fibroblasts maintained their morphology, with no apparent cell death observed upon the addition of

nanoparticles. By day 3, both formulations exhibited an increase in live cell count. (b) Graphical representation of MTS Assay. Increased cell number
is evident in all the cases, wherein formulation containing only drug displayed significant increase in cell count after 24 hours and maintained it
through 72 hours. The live—dead and MTS assays demonstrated the biocompatibility and cell proliferation potential of both formulations. Two-way
ANOVA with Tukey’'s multiple comparisons @ = p < 0.001 vs. respective control, and * = p < 0.0001 vs. respective control n = 5.

solvent in a nitrogen atmosphere, the mixture was incubated
in a vacuum oven overnight to remove any remaining solvent
and form a thin film. In the first step of the preparation of
drug and dye liposome nanoparticles, the drug (5BDBD) and
dye (NR) were mixed with the lipids in a ratio of 1:100 (drug:
lipid) and 1:500 (dye:lipid), respectively. The thin film was

This journal is © The Royal Society of Chemistry 2023

then redispersed in deionized water to prepare a stock solu-
tion. After five cycles of vortexing and temperature cycling
between 25 °C and 70 °C, the solution was extruded through a
100 nm membrane to obtain the desired size liposomes
(<100 nm). Before in vitro and in vivo studies, the liposomes
were diluted to the desired concentration with DI water or PBS.
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In vivo biodistribution lipo + 5-BDBD + dye in contralateral cortex (A) and ipsilateral perilesional cortex (B) of mice brain after stroke. In vivo,

5-BDBD-loaded liposome NPs show increased accumulation in the perilesional cortex of the ipsilateral hemisphere after stroke, utilizing the BBB
rupture for targeted drug delivery to the ischemic brain tissue. This may hold promise for potential therapeutic applications in stroke treatment.
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Fig. 7 Representative cresyl violet stained section showing an infarct area (dotted line) in control (a) and 5-BDBD treatment group (b). Two-day
treatment with lipo + 5BDBD + Dye (1 mg per kg |,V. per day in PBS) significantly (*p < 0.05; vs. Veh NP unpaired t-test; n = 5-9) reduced total hemi-
spheric infarct volume in after 3 days of stroke. The lipo + 5BDBD + dye treatment effectively reduces the infarct volume after stroke, suggesting its

potential as a therapeutic intervention for stroke management.

To distinguish between formulations, we used the following
abbreviations:
1. Lipo - Liposome nanoparticle without any drug or dye.
2. Lipo + Dye - Liposome nanoparticle containing Nile red.
3. Lipo + Drug - Liposome nanoparticle containing 5BDBD.
4. Lipo + Drug + Dye - Liposome nanoparticle containing
both 5BDBD and Nile red.

Particle size analysis

To determine the particle size of the liposome nanoparticles,
dynamic light scattering method was used.”” In this method,
0.1 wt% of the nanoparticle solution was dispersed in ultra-fil-
tered DI water at 25 °C and subjected to a laser beam with a

7862 | Biomater. Sci, 2023, 11, 7856-7866

wavelength of 632.6 nm. The scattering pattern of each formu-
lation was then recorded to measure the particle size.

Surface morphology

To determine the surface morphology of the liposomes,
Transmission Electron Microscopy (TEM) with negative stain-
ing was employed.”® A 0.001 wt% aqueous formulation was
placed on a 400 mesh Formvar/carbon film copper grid in a
5uL droplet. Uranyl acetate at a concentration of 10 mg mL ™"
was used to stain the grid. After removing the excess solution
and stain, the grid was dried and TEM imaging was performed
at 80 kV to obtain images at scales of 500 nm and 100 nm,
respectively.

This journal is © The Royal Society of Chemistry 2023
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Drug encapsulation efficiency

To determine the encapsulation efficiency, 100 pL of drug-con-
taining formulations were evaporated on a heat stage, and the
resulting dried samples were dispersed in 5 mL of ethanol and
sonicated for 10 minutes using a probe sonicator. The drug
content analysis was performed by subjecting the supernatant to
UV spectrophotometry at 301 nm. The observed absorbance was
converted to concentration using the standard curve. The encap-
sulation efficiency was calculated using eqn (1).”° Each formu-
lation was tested in triplicate and reported as Avg + Std. Dev.

Actual Drug Conc.

% EE = - - — X
Drug Concentrationused informulation

100 (1)

In vitro drug release and kinetics

The in vitro drug release profiles of formulations containing
5-BDBD were evaluated in PBS with 20% ethanol at 37 °C
under gentle agitation using an orbital shaker. Approximately
400 pg of each formulation in 1 mL PBS were loaded into dialy-
sis bags (MWCO 12 000 Da) and incubated in 6 mL of PBS
with 20% ethanol to maintain a sink condition.?®' At pre-
determined time intervals, 0.5 mL of the release medium was
withdrawn and replaced with fresh PBS. The collected samples
were analysed using a UV-Vis spectrophotometer at 301 nm to
quantify the amount of 5-BDBD released.

The release kinetics of the drug were calculated using the
Higuchi and Korsmeyer-Peppas models.®*®* Each formulation
was tested in triplicate and the results are presented as the
average + standard deviation.

-Higuchi model equation:

M,

e 2
Vo (2)

-Korsmeyer-Peppas model equation:

M,

=k (3)

In vitro cellular uptake

The in vitro cellular uptake of the formulations was assessed
using human dermal fibroblast cells.”” The cells were seeded
at a density of approximately 5000 cells per well in a 48-well
plate containing DMEM media. Subsequently, 200 pL of cell
culture media containing 5 ug of 5BDBD was added to each
well. After 72 hours of incubation, the wells were imaged at
20X magnification using a Nikon Eclipse E600 fluorescence
microscope. The Texas red channel was employed to visualize
Lipo + Dye, while the DAPI channel was used to visualize the
nucleus of the cells. For each formulation, a sample size of n =
3 was utilized, and the results were reported as the Avg + Std.
Dev.

Cytotoxicity and cell proliferation

To assess the cytotoxicity of 5BDBD and dye formulations, the
metabolic activity of cultured fibroblasts was measured using

This journal is © The Royal Society of Chemistry 2023
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an MTS assay.®” Human dermal fibroblasts were seeded at a
density of ~5000 per well in a 48-well plate supplemented with
DMEM media. A 200 pL of the cell culture media containing
5 pg of 5BDBD was added to each well. Metabolic activity of
the cells was measured at 3 h, 24 h, and 72 h by adding 40 pL
per well of MTS reagent at 37 °C for 1 h. The reaction was
quenched by adding 50 uL per well surfactant, and the absor-
bance of the media was measured at 490 nm. A sample size of
n = 3 was used per formulation, and results were reported as
the Avg + Std. Dev.

Injection of 5BDBD/Dye LNPs in a mice stroke model

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of School
of Medicine, UConn Health Farmington CT and approved by
Institutional Animal Care and Use Committee (IACUC) with
Public Health Service (PHS) assurance number - A3471-01
(D16-00295). A total of 15 mice were randomly assigned to two
groups: treatment with 5BDBD nanoparticles (Lipo + 5BDBD +
Dye) or vehicle nanoparticles (Lipo only) 60 minutes after
stroke. Nine mice received liposomal formulations containing
1 mg per kg b.w equivalent of 5BDBD, while six mice received
liposomal nanocarriers. One mouse was excluded from the
results due to death (one in the vehicle nano group) or techni-
cal failure (no observable infarct in the 5BDBD nano group).
The accumulation of nanocarriers was visualized using NR
dye, and treatment efficacy was assessed by measuring infarct
volume.® Tail vein injections of liposomal formulations were
administered twice after 4- and 28-hours following stroke
onset. All mice were euthanized three days after the stroke.

Stroke induction

The induction of stroke was performed by transiently occlud-
ing the Middle Cerebral Artery (MCA) for 60 minutes, followed
by reperfusion for 3 days under isoflurane anaesthesia, as pre-
viously described.>®** The procedure involved a midline
ventral neck incision and unilateral right MCA occlusion using
a 6.0 silicone rubber-coated monofilament (size 602145/
602245; Doccol Corporation, Sharon, MA), placed 10-11 mm
from the bifurcation point of the internal carotid artery
through an external carotid artery stump. During the pro-
cedure, rectal temperature was monitored and maintained at
37 £ 0.5 °C with the aid of a heating pad. Cerebral blood flow
was measured using a laser Doppler flowmeter (DRT 4/Moor
Instruments Ltd, Devon UK) to confirm occlusion and reperfu-
sion. Post-surgery, all animals were fed wet mash and given
injectable normal saline (1% v/w daily) to ensure adequate
hydration until they were sacrificed.

Immunohistochemistry

After deep anaesthesia with Avertin (250 mg per kg b.w. i.p.),
all mice were subjected to trans-cardiac perfusion using cold
1x PBS followed by 4% paraformaldehyde. The brains were
fixed overnight and dehydrated with 30% sucrose in 1x PBS for
48-72 h before processing. Brain sections (30 pm) were
obtained using a freezing microtome, mounted on the glass

Biomater. Sci, 2023, 11, 7856-7866 | 7863


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00951c

Open Access Article. Published on 26 October 2023. Downloaded on 7/24/2025 5:04:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

side, and used for both immunohistochemistry and Cresyl
Violet staining.*>®® Nuclei were stained with Santa Cruz
mounting media containing DAPI (UltraCruz Aqueous
Mounting Medium, SC-24941, Santa Cruz Biotechnology). The
visualization of 5BDBD NP (LNP tagged with NR dye) in brain
parenchyma in both perilesional cortex of the ipsilateral
(stroke side) and cortex of contralateral hemisphere was
carried out using a fluorescent microscope.®”%®

Cresyl violet staining for infarct volume analysis

To measure infarct volume, eight fixed brain slices were pre-
pared and stained with cresyl violet dye in an alternating
pattern, covering the ischemic tissue area. The infarct volumes
were quantified by analysing digitalized section images using
Sigma Scan Pro software.®>° The infarct volumes were pre-
sented as a percentage of the contralateral structures with cor-
rection for oedema.”>°! The data analyses were conducted by
an investigator who was blinded to the experimental group.

Statistical analysis

The data are presented as mean + standard deviation (mean +
S.D.). Statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, Inc., La Jolla, CA) with a two-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test to assess the differences between groups
with a 95% confidence level (p < 0.05). Additionally, unpaired
Student’s ¢-tests were used for parametric comparisons.

Conclusions

We have successfully developed liposomal nanocarriers
ranging from 50-80 nm in size that encapsulate 5BDBD and
Nile red dye. The nanoparticle formulation improved drug
solubility, allowing for improved BBB permeability and bio-
availability. In vitro studies confirmed efficient cellular uptake
by human fibroblast cells with no adverse effects on cellular
morphology. Additionally, the drug-loaded nanoparticles
showed consistent cell viability up to 72 hours. In a mice
stroke model, tail vein injection of the nanocarriers demon-
strated good biodistribution to the injured brain and signifi-
cantly reduced infarct volume. The fluorescent nano formu-
lations developed in this study represent a promising platform
technology for the delivery of therapeutic agents for stroke.
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