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ABSTRACT

Objective: This study presents a novel glioma treatment strategy using intranasally administered statin-loaded Spirusomes, integrating Spirulina
oil as a bioenhancer to potentiate statins’ anticancer effects, optimize bioavailability, and minimize systemic exposure.

Methods: Eight atorvastatin-loaded Spirusome formulae were prepared and assessed concerning vesicle size, charge, entrapment efficiency, and in
vitro release profile. F1, containing 10 mg of atorvastatin, 100 mg of lecithin, and 1 mg of Spirulina oil, achieved a desirability score of 0.859 based
on Design Expert® analysis. Raman spectroscopy was used to test for any possible drug interactions. In vitro cytotoxicity studies on SNB-75 human
brain cancer cells were carried out to evaluate the anticancer efficacy of the optimized Spirusomes. In vivo pharmacokinetic studies on albino rats
were used to examine the drug’s pharmacokinetic profile in plasma and brain tissues after intranasal and oral administration.

Results: The optimized formula (F1) achieved nearly complete drug release within 24 h, with no drug interactions confirmed via Raman
spectroscopy. In vitro cytotoxicity studies showed an ICso of 39.48+2.01 pug/ml for atorvastatin-loaded Spirusomes, which was lower than that for
plain atorvastatin. In vivo pharmacokinetics revealed a 7-fold increase in brain bioavailability (AUCo.24 = 4660.685+216.849 ng. h/gm), indicating
enhanced selectivity following intranasal administration.

Conclusion: This investigation reveals that atorvastatin-loaded Spirusomes might serve as an effective and selective delivery system for brain
cancer treatment. The optimized formula demonstrated excellent physicochemical properties, efficient drug release, potent anticancer activity, and
promising pharmacokinetics, indicating substantial preclinical potential as a brain-targeted drug delivery system. However, further studies
employing glioma-bearing animal models are necessary to evaluate therapeutic efficacy and validate these findings in a disease-relevant context.
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INTRODUCTION

Brain cancer (glioma) remains a global health challenge and the most
fatal disease, with limited therapeutic options available [1]. According
to Alrosan et al, tumor cell proliferation is correlated with the
increased demand for cholesterol. Modulating metabolic pathways
involved in cholesterol metabolism is a new concept in treating brain
tumors. Thus, the suppression of cholesterol biosynthesis would
inhibit the growth of glioma tumors and could be a therapeutic
strategy for gliomas or other forms of brain cancers [2].

Statins, as lipid-lowering agents, inhibit 3-hydroxy-3-methyl glutaryl
CoA reductases, which are the rate-limiting enzymes of cholesterol
synthesis. Thus, targeting cholesterol synthesis, statin therapy may
be able to inhibit the growth of glioma tumors and may become one
of the therapeutic approaches used against glioma or other forms of
brain cancers [3]. Moreover, statins seem to exhibit pleiotropic
effects, such as influencing cell growth and apoptosis [4]. By
modulating these pathways, statins can potentially impact various
disease processes, including cancer [5].

Among the various statins available, Atorvastatin was selected for
this study due to its favorable pharmacodynamic properties and
existing evidence of anticancer potential in glioma models [6]. Also,
Atorvastatin is a synthetic, poorly water-soluble statin [7]. However,
its therapeutic uses have been limited because of its low aqueous
solubility (0.1 mg/ml) and poor oral bioavailability [8]. Our attempt
to improve its bioavailability and brain targeting comprises the
delivery of the drug using a nasal nanovesicular delivery system.

While various nano-vesicular systems have been explored for drug
delivery, this study pioneers the use of Spirulina-oil-modified
emulsomes (Spirusomes) to create a dual-function delivery system.
Unlike conventional vesicular systems, Spirusomes leverage the
bioactive properties of Spirulina oil for enhanced cellular uptake and
glioma-targeting efficiency.

Emulsomes, which resemble green-synthesized Spirusomes, consist
of a solid fat core wrapped by a phospholipid bilayer integrated with
cholesterol [9, 10]. It can encapsulate poorly water-soluble drugs in
its solid fat core [11, 12], and it can be used as an ideal carrier for
enabling the prolonged release of active molecules while dosing
frequencies and associated costs are reduced [13]. Other essential
advantages of emulsomes include the possibility to target
therapeutic agents precisely to particular tissues and organs, thus
considerably minimizing systemic side effects and reducing the
required dose [14, 15].

The specific targeting of active pharmaceutical agents can be
achieved using opsonins, which are circulating serum factors that
enhance the uptake of emulsome vesicles. Targeting via this method
is applied to neoplastic lesions and different infectious pathologies
with reduced adverse effects [16].

The cyanobacterium Spirulina platensis has been used in the therapy
of various medical conditions related to its pharmacological
properties, which include strong anti-inflammatory and antioxidant
activities [17, 18]. In different studies, it was shown that Spirulina oil
exhibited a lack of cytotoxicity toward healthy cells for the entire
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range of concentrations tested (10 - 1000 pg/ml) [19]. Moreover, it
can modulate the host’s immune responses in addition to harboring
anticancer activities [20].

Therefore, the presence of this oil in the developed nano-form could
synergize the effect of statins against brain cancer with no toxic side
effects and a highly safe profile. Thus, the formulated nanoparticles,
Spirulina oil-modified emulsomes (Spirusomes), are designed for use as
a potential approach to enhancing the anticancer activity of the statins.

The intranasal route of administration is a non-invasive method that
delivers drugs directly through the nasal cavity, offering a promising
approach for targeting brain tissues [21]. This method, through
exploiting the unique features of nasal anatomy, will open a direct
gateway to the CNS via olfactory and trigeminal neural pathways. This
ability to bypass the BBB is of special importance, as this barrier often
limits the effectiveness of drugs administered systemically to the brain
[22]. The olfactory nerve serves as a key route for this method, allowing
the efficient and direct transport of substances to brain tissue with high
permeability, reducing systemic side effects, and enabling lower dosing.
This delivery method is especially beneficial for treating neurological
disorders, brain cancers, and other CNS diseases, where targeted and
efficient drug delivery is crucial.

Therefore, the aim of this research study is to introduce intranasally
Atorvastatin-loaded Spirulina oil-based nanovesicles (hereafter
referred to as Spirusomes) as a potential application in glioma
treatment in order to improve the anticancer effects of the drug for
treating different types of brain tumors.

MATERIALS AND METHODS
Materials

Atorvastatin calcium was gifted from EIPICO Ltd Co. (Egypt).
Compritol® 888 was a gift sample from Gattefosse Co. (Lyon,
France). Lecithin was obtained from Lipoid GmbH (Ludwigshafen,
Germany). SNB-75 human brain cancer cells were supplied by the
Naval American Research Unit—Egypt (NAmRU). The MTT [3-(4, 5-
dimethylthiazol-2-yl)-2,  5-diphenyltetrazolium bromide] cell
viability kit and cholesterol were purchased from Sigma-Aldrich Inc.
(USA). Spirulina powder was obtained from a national research
institution in Egypt. All other chemicals were of analytical grade.

Methods
Spirulina oil preparation

Spirulina powder was sourced from a national research institution
in Egypt. Using n-hexane, the total S. platensis lipid was extracted. In
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particular, 100g of the dry ground sample was loaded into an
extraction thimble and exposed to 100 ml of the solvent
combination for a 4 h Soxhlet extraction. A vacuum rotary
evaporator (Laborota 4010 Digital, Heidolph, Schwabach, Germany)
was then used to evaporate the solvent. Gravimetric analysis was
used to assess the total lipid content [23, 24].

GC-MS analysis

Using a DBWAXtre capillary column (30 m x 0.25 mm x 0.25 pm;
Agilent) and an Agilent 7820A GC System connected to a single
quadrupole selective mass detector (Agilent 5977E MSD in electron
ionization (EI) mode (70 eV)) under temperature gradient elution,
the chromatographic technique was adjusted. A 50:1 split ratio was
used to inject 1 pl of the sample into helium, the gas carrier, which
had a flow rate of 1 ml min-%.

There were four temperatures used: 250 °C for the MS source, 150
°C for the MS quad, 250 °C for the AUX 1, and 250 °C for the intake F.
MS scanning was carried out between 45 and 650 Da every 0.5 sec.
Starting at 45 °C, the GC oven temperature program increased to 165
°C at a rate of 5 °C min-1 and was held for 15 min. Next, the
temperature was raised to 215 °C at a rate of 3 °C min-1 and held
for 16 min. In the end, the temperature was raised to 260 °C at a rate
of 10 °C per minute and held for two minutes. In total, 78.17 min
was the entire run time.

Data was obtained using Mass Hunter GC/MS Acquisition B.07.00,
2013; processing was carried out using Mass Hunter Workstation
Software Qualitative Analysis B.06.00, 2012; comparisons and
identifications were performed using the Sulpeco 37 component
FAME Mix reference standard and the NIST Mass Spectral Search
Program, 2012.

Experimental design

A two-level regular factorial design, specifically a 23 configuration,
was used via the Design-Expert®13 software (Stat-Ease Inc.,
Minneapolis, MN, USA) for the formulation and optimization of
Spirusomes. As indicated in Table 1, three independent variables
were studied: the quantity of phosphatidyl choline (PC), the quantity
of Spirulina oil, and the hydration media type. A series of dependent
responses were studied, including Spirusomes vesicle size, zeta
potential, polydispersity index (PDI), atorvastatin entrapment
efficiency (EE%), and percent released after 24 h. The data obtained
from these responses were analyzed via analysis of variance
(ANOVA) at a significant level of 95% (P<0.05). To visualize the
inter-relationships of the variables under study, 2D and 3D plots
were constructed [25].

Table 1: Independent variables and responses used in the factorial design for the formulation and optimization of spirusomes

Factors Factor type Low actual High actual

X1: PC amount Numeric 100 200

X2: Spirulina oil amount Numeric 100 200

X3: Hydration medium type Categoric Dist. water Dist. water: ethanol
Responses Desirability constraints

Y1: Particle size Minimize

Y2: Zeta potential (absolute values) Maximize

Y3: PDI Minimize

Y4: EE % Maximize

Y5: In vitro release % (24 h) Maximize

*PC: Phosphatidyl choline; PDI: poly dispersibility index; EE%: entrapment efficiency percentage.

Formulation of spirusomes

A systematic optimization process was applied to develop
Spirusomes using the thin-film hydration technique outlined by
Kamel et al. [26], with minor adjustments tailored to our laboratory
setup, incorporating Design Expert® software to ensure precise
control over physicochemical parameters. To summarize, Compritol
(2% w/v), cholesterol (4% w/v), PC, and Spirulina oil with
atorvastatin (1 mg/ml) were dissolved in a mixture of chloroform
and methanol (2:1 %v/v), as detailed in Table 2.

The selected ranges for phosphatidylcholine (100-200 mg) and
Spirulina oil (100-200 pg/ml) were based on preliminary
optimization trials, which demonstrated stable vesicle formation,
nanoscale particle size, and high drug entrapment within these
levels. The hydration medium (distilled water vs. water-ethanol
mixture) was included as a categorical factor to assess its influence
on vesicle characteristics. These factor ranges are also in line with
previous emulsome and lipid nanocarrier studies reported in the
literature [16, 26-28].
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Following this, solvents were evaporated using a Rota Vap (Eyela
rotavapor, USA) at 60 °C and a speed of 120 rpm for 60 min. The formed
thin film was hydrated using different media. F1 to F4 were hydrated
using distilled water, and F5 to F8 were hydrated using a 2:1 %v/v water
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to ethanol mixture. Then, the samples were allowed to rotate for 1 h.
Subsequently, ELMA-sonic ultrasonic S 100 H sonication (ELMA Corp.,
Germany) at 40% frequency was employed for 15 min to homogenize
the mixture and obtain Spirusomes in the nano-size range.

Table 2: Composition of spirusomes prepared via the thin-film hydration method

Formula PC Amount (mg) Spirulina oil (ng/ml) Cholesterol Compritol Hydration media
(%w/v) (%w/v) Dist. water (ml)  Ethanol (ml)

F1 100 100 4 2 10 -
F2 200 100 4 2 10 -
F3 100 200 4 2 10 -
F4 200 200 4 2 10 -
F5 100 100 4 2 7 3
F6 200 100 4 2 7 3
F7 100 200 4 2 7 3
F8 200 200 4 2 7 3

*PC: Phosphatidyl choline

Characterization of spirusomes

All experiments were performed in triplicate (n=3), which is
consistent with prior nanocarrier-based studies evaluating vesicle
characteristics, cytotoxicity, and pharmacokinetics under similar
experimental conditions [20, 29]. This sample size is commonly used
to ensure data reproducibility while minimizing biological and
technical variability. Further studies with expanded sample sizes are
planned for future confirmatory analyses.

Vesicle size and zeta potential

A Malvern Zetasizer from Malvern Instrument Ltd., UK, was
employed to analyze the vesicle size of the formulated Spirusomes
through dynamic light scattering at a consistent temperature of
252 °C. Concurrently, the zeta potential of the specific ATOR-SP
system was also determined at the same temperature using a 90°
scattering angle. To obtain readings within the sensitivity range of
the instrument, the prepared Spirusomes were diluted 10 times with
distilled water before the measurements. The mean values from
triplicate measurements were recorded and reported for each
parameter [30, 31].

Entrapment efficiency (EE%)

The EE% of atorvastatin in various Spirusome formulations was
determined via the dialysis method. Briefly, 1 ml of Spirusomes was
poured into a dialysis bag with a molecular weight cutoff of 12 kDa,
and the bag was immersed in 30 ml of an aqueous solution (dialysis
medium) and stirred with a paddle at a controlled temperature
(37+0.5 °C) [32]. Dialysis was conducted for 2 h. Samples were
withdrawn and further filtered with a 0.45 pum membrane filter. The
concentrations of atorvastatin were estimated using UV spectroscopy
(Shimadzu-1650 PC double beam, Japan) at 248 nm (Amax). The EE%
values were calculated using the following equation [33]:

Dt
EE % = * 100

Where

D: denotes the total amount of atorvastatin in the prepared
Spirusomes.

D4 denotes the amount of atorvastatin that diffused into the receiver
medium.

In vitro release studies

In vitro release studies of spirusomes were performed via the cellulose
tube diffusion method. The cellulose tube was soaked overnight in the
release media before the experiment. Thereafter, 1 ml of spirusomes
was introduced into the cellulose tube. A dissolution medium
comprising a 100 ml phosphate-buffered solution (PBS), pH of 7.4 at
37+0.5 °C, was used for the experiment, to which the cellulose-
containing spirusomes were added, and rotation was carried out at a
speed of 100 rpm within the medium [34].

Samples of 2 ml were withdrawn from the released media at
preselected time points of 0.5, 1, 2, 3, 4, 5, 6, and 24 h. After
collection, the samples were filtered and assayed using a
spectrophotometric method at a wavelength of Amax 248 nm via UV
spectroscopy (Shimadzu-1650 PC double beam, Japan). The assays
were carried out in triplicate, and the results are reported as mean
values+standard deviations [35].

Optimization of spirusomes

Numerical optimization was carried out via Design Expert® software
with desirability constraints according to the description of the
variables in Table 1, aiming to predict the level required to attain the
optimal characteristics of Spirusomes. Desirability serves as an
objective function that aims to maximize or minimize various factors
within predefined limits [36]. The desirability scale runs between
zero, representing situations out of the set limit that are undesirable,
and one for attaining a certain set goal.

Morphological examination of the optimized spirusomes using
TEM

The determination of the morphological features of the prepared
optimized Spirusomes was carried out via transmission electron
microscopy (TEM). In typical preparations, samples were diluted to
appropriate optical densities with distilled water. The diluted sample
(one drop) was placed onto a copper grid and allowed to dry for 10
min. Subsequently, staining was carried out using Phosphotungstic
acid, and the sample was permitted to dry at room temperature for
another 10 min. An examination of the sample was conducted using
TEM equipment (JEOL, JEM-1230, Tokyo, Japan) [37, 38].

Compatibility study of the optimized spirusomes with the
formulated additives using raman spectroscopy

To explore potential interactions between atorvastatin and other
components within the optimized Spirusomes formulation, a Raman
spectrometer was employed. Raman spectra were acquired for the
optimized Spirusomes using Horiba Lab RAM HR Evolution (Edison,
NJ, USA). The analysis was conducted at 25 °C, utilizing a 532 nm He-
Cd laser line with grating 1800 (450-850 nm) and a 5% neutral
density filter. The acquisition time was set at 20 sec without any delay.
Measurements were carried out within the wavelength range of 200 to
3200 cm? to discern potential alterations, shifts in peaks, or
broadening in the spectra [39].

Atorvastatin powder analysis using the Raman spectrometer as
prescribed by Lim et al. [40] exhibited distinct peaks across a wide
wavenumber range of 1800 cm-! to 500 cm-}, i. e., peaks were seen
at 1600 cm-1, 1525 cm-%, 1000 cm-1, and 885 cm-1.

In vitro anti-tumor activity of the optimized spirusomes in
human brain cancer cells

Cell line

The study protocol was approved by the Research Ethics Committee
at the College of Pharmacy, Misr University for Science and
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Technology (approval code: IP09, 06-03-2023), Egypt, following the
guidelines outlined in the WHO Guiding Principles on Human Cell,
Tissue, and Organ Transplantation.

Human brain cancer cells, SNB-75, were provided by the Naval
American Research Unit-Egypt. The cell line was authenticated via
short tandem repeat (STR) profiling and was routinely tested and
confirmed to be free of mycoplasma contamination using PCR-based
methods prior to experiments. The cytotoxicity against these cancer
cells was investigated using a modified MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] assay [41].

Cell viability assay

Human brain cancer cells (SNB-75, 10 x 10* cells/well) were plated
in 96-well microtiter plates with fresh complete growth media and
incubated at 37 °C for 24 h under 5% CO, in a water-jacketed
incubator. After aspirating the media, the cells were combined with
a fresh serum-free medium and treated with either pure
atorvastatin, atorvastatin-loaded emulsomes, optimized Spirusomes,
or Staurosporine (as a control) to obtain final concentrations of 0.4,
1.6, 6.3, 25, and 100 pg. The concentration range of 0.4 to 100 pg/ml
was selected based on preliminary screening experiments
conducted in our lab and aligned with previously reported statin-
based cytotoxicity studies on glioma and other cancer cell lines. This
range captures both sub-therapeutic and cytotoxic levels to enable
accurate ICso determination [5, 42]. The cells were then incubated
for another 48 h. After this period, the medium was removed and
replaced with 40 pl** of MTT salt solution [3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide] at a concentration of 2.5
mg/ml in each well. The plates were incubated for an additional four
hours at 37 °C with 5% CO,. The reaction was halted, and the formed
crystals were dissolved by adding 200 pl** of 10% sodium dodecyl
sulfate (SDS) overnight at 37 °C. Absorbance was subsequently
measured at 595 nm using a microplate reader, with 620 nm as the
reference wavelength [41, 43].

Statistical comparisons between ICs, values were performed using
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test to identify significant pairwise differences. Differences were
considered statistically significant at p<0.05 [44].

Cell cycle analysis

Human brain cancer cells (SNB-75) were cultured in Roswell Park
Memorial Institute 1640 (RPMI 1640) medium. The cells were then
treated with 10 pg/ml PpCBF for 48 h. After treatment, the cells were
collected and preserved overnight at- 20 °C in 70% ice-cold ethanol.
Following fixation, the cells were rinsed with PBS in the dark for 30
min at 37 °C and then resuspended in 1 ml of PBS containing 1 mg/ml
RNase (Sigma) and 50 pg/ml PI (Sigma). The DNA content was
analyzed using flow cytometry (Beckman, USA). Sample
concentrations were based on the IC50 values determined via the cell
viability assay. The Cell Quest acquisition program (BD Biosciences)
was employed to analyze cell cycle phase distributions [45].

In vivo pharmacokinetic study

Forty-two male albino rats (weighing 200-250 gm) were obtained
from the breeding unit of the animal house at a local university, all
animals and the experimental protocol were approved by the
Research Ethics Committee at the College of Pharmacy, Misr
University for Science and Technology (approval code: IP 09, 06-03-
2023), Egypt, following the Declaration of Helsinki guidelines. The rats
were kept in an environment of controlled temperature (25+2 °C) and
controlled relative humidity (55+5% RH) for one week before starting
the experiment. The selected healthy male albino rats were divided
and labeled into two groups (twenty-one rats n=21 in each). Group (1)
received an atorvastatin calcium suspension via oral administration,
and Group (2) received optimized Spirusomes via nasal
administration. According to the animal-corrected dose of atorvastatin
calcium depending on the human dose, all rats received atorvastatin
equivalent to 1 mg/kg [46].

For intranasal dosing, rats were slightly anesthetized using
anesthetic ether. Following this, the rats were held in a diagonal
position supported from the back to receive the 40 pl animal-
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corrected dose of optimized Spirusomes (F1) (20 pl per nostril) via a
microinjector fitted with a soft polyethylene tube with an internal
diameter of 0.10 mm, targeting the nasal olfactory region [46]. For
oral administration, the rats were given the equivalent dose using an
oral feeding needle.

At various time intervals (0.5, 1, 2, 3, 4, 8, and 24 h) after both the
oral and nasal administration of atorvastatin, three rats were
euthanized via slaughtering at each time point. Blood samples were
collected from the trunk into heparinized tubes and centrifuged at
4000 rpm for 15 min. The separated plasma was saved in a separate
tube. To study atorvastatin brain accumulation, the skulls were
removed, and then, the brain tissue samples were collected and
homogenized using distilled water (three times its volume) at
24,000 rpm for 1 minute and transferred into tubes. Both the brain
tissue and the separated plasma samples were stored at —80 °C until
analysis [47].

Pharmacokinetic analysis

The biological analysis of atorvastatin in the collected blood samples
and brain tissue was carried out using a rapid HPLC. A Shimadzu LC-
2010C HT system (Shimadzu Co., Kyoto, Japan) was utilized, which
included a quaternary pump, CTO-10AS oven, and SPD-M20A
photodiode array detector. The chromatographic separation of all
drugs and internal standard (IS) was carried out using a reversed-
phase LiChroCART® Purospher Star column (3 pm particle size, 4
mm internal diameter, 55 mm length; Merck KGaA, Darmstadt,
Germany) at 35 °C. The analysis was performed in the isocratic
mode with a mobile phase composed of acetonitrile, methanol, and
2% (v/v) acetic acid (37.5:2.5:60, v/v/v) at a flow rate of 1.0
ml/min. Atorvastatin was detected at a wavelength of 248 nm. The
data were analyzed using version 1.5 of Analyst software (Foster,
CA) [30, 48]. The average concentrations of atorvastatin in plasma
and brain samples were graphed over time. All pharmacokinetic
parameters were calculated using a non-compartmental method via
Phoenix™ WinNonlin® (version 8.4; Pharsight, Sunnyvale, CA, USA),
including the maximum brain or plasma concentrations (Cmax) and
time to obtain the maximum brain or plasma concentrations (Tmax).
Moreover, the area under the curve (AUC) and the terminal half-life
were measured [49, 50].

Brain targeting index (BTI) calculation

The brain targeting index (BTI) was calculated using the following
formula [51]:

- Drug concentration in the brain

Drug concentration in plasma

The BTI was determined at two points: (1) the Cmax and (2) AUC
from 0 to 24 h (AUCo-24) and from 0 to infinity (AUCo-) for both oral
and intranasal routes.

RESULTS
Spirulina fatty acids profile

The total lipid content was 7.02% by dry weight. The GC
chromatogram revealed the presence of thirteen compounds. Six of
these thirteen compounds are major compounds, while the
remaining seven are minor compounds. The following were
identified as major compounds: palmitic acid>gamma-linolenic
acid>linoleic acid>oleic acid>stearic acid>palmitoleic acid (Table 3)
[52,53].

Palmitic acid (€16:0) was found to be the predominant saturated
fatty acid, while oleic acid and palmitoleic acid were established as
the predominant monounsaturated fatty acids. However, oleic acid
was present in S. platensis in trace amounts [54].

Generally, the predominant fatty acids were saturated palmitic acid
(42.12%), monounsaturated fatty acids (16.73%), and
polyunsaturated fatty acids (33.79%). The content of linoleic acid in
the analyzed S. platensis was approximately the same as that
reported for Spirulina sp. (12%-21%) and S. platensis (11%) [54].
However, alpha-linolenic acid was not identified in the current study
compared to the published values of alpha-linolenic acid in Spirulina
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sp. (6%) and in S. platensis (17%) [53]. The same studies showed
that S. platensis is a potential source of y-linolenic acid, a highly
valuable polyunsaturated fatty acid of excellent economic interest. y-
linolenic acid was identified as the initial intermediary in the
conversion of linoleic acid to arachidonic acid. Moreover, it was
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observed that y-linolenic acid can selectively destroy tumor cells
without affecting normal cells, indicating its potential for medicinal
use. Natural sources contain varying levels of y-linolenic acid, rarely
exceeding 25%. Hence, there has always been a keen interest in
producing higher concentrations of y-linolenic acid.

Table 3: Fatty acids profile of the cyanobacteria S. platensis

Category Fatty acids % of total fatty acids
Saturated fatty acids 48.59 % Palmitic acid 42.12
Stearic acid 5.65
Lignoceric acid 0.48
Margaric acid 0.18
Arachidic acid 0.16
Monounsaturated fatty acids 16.73 % Oleic acid 12.79
Palmitoleic acid 3.36
Trans-10-Heptadecenoic acid 0.40
Elaidic acid 0.18
Polyunsaturated fatty acids 33.79 % Gamma-Linolenic acid 17.26
Linoleic acid 16.17
Eicosadienoic acid 0.20
Dihomo-gamma-linolenic acid 0.16

Characteristics of the prepared spirusomes
Effect of the different variables on Y1 (particle size)

Referring to the results detailed in Table 4 (particle size ranges from
173.7+4.36 for F1 to 436.5+3.45 for F4), it was observed that as the
amount of PC and Spirulina oil increased, a significant increase in particle
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Fig. 1: 3D surface plots of phosphatidylcholine concentration and Spirulina oil amount Vs. Particle size when hydration media is (1)
distilled water, (2) water-ethanol mixture, and Vs. Entrapment efficiency when hydration media is (3) distilled water, and (4) water-
ethanol mixture. Data represent mean+SD, n = 3
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Table 4: The particle size, zeta potential values, PDIs, and EE% of the prepared spirusomes

No. Particle size (nm) Zeta potential (mV) PDI EE (%)

F1 173.7+4.36 -30%2.47 0.374+0.132 95.17+2.9
F2 272.6+4.8 -25%1.52 0.717+0.155 94.91+3.49
F3 369.4+4.16 -17.6+4.25 0.571+0.191 94.25+4.14
F4 436.5£3.45 -20+3.53 0.675+0.129 96.35+4.02
F5 370.4+4.41 -24.8+2.59 0.547+0.151 90.03+0.86
F6 390.5+2.67 -29.3%¥2.12 0.664+0.129 90.14+2.13
F7 296.3+3.98 -31.6+0.52 0.603+0.161 82.2+4.13
F8 266.2+0.9 -30.1+3.71 0.549+0.146 87.1+1.27

*PDI: Poly dispersibility index; EE%: entrapment efficiency percentage, *All data are represented as mean+SD, n3. The following 3D plots (1)

describe the effect of different factors (A, B, and C) on the particle size of the formulated Spirusomes.

Effect of the different variables on Y2 (zeta potential) and Y3
(PDI)

As indicated in Table 4 and 2, across all formulae, a high negative
surface charge was observed, ranging from-17.6+4.25 for F3 to-
31.6+0.52 mV for F7. The PDIs for the formulated Spirusomes were
consistently below 1, affirming uniformity in the size distribution [22].

Effect of the different variables on Y4 (Entrapment efficiency
%)

As shown in Table 4 and 1, while most formulae demonstrated a
high entrapment efficiency ranging from 82.2+4.13 for F7 to
96.35+4.02 for F4, there was a significant difference in EE% among

Formulae
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Fig. 2:

PDI

them (F=7.29, P<0.0005), suggesting that the composition might
have influenced the entrapment of atorvastatin within the
Spirusomes.

Effect of the different variables on Y5 (Release %)

The in vitro drug release studies of Spirusomes are represented
graphically in 3. The results indicate that there is a significant
difference (F 53, p-value<0.0001) in the cumulative release
percentage among the different formulations at Q 24h. Variations in
the release profiles are based on the formulation parameters, such
as the amount of PC, the concentration of Spirulina oil, and the type
of hydration media used (distilled water or a mixture of distilled
water and ethanol).
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Fig. 3: In vitro release profiles of atorvastatin from Spirusome formulations over 24 h. (A) Release from formulations F1-F4 (hydrated
with distilled water), (B) F5-F8 (hydrated with water-ethanol mixture). All data are presented as mean*SD, n = 3
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Optimization of the prepared spirusomes

Table 5 displays the extensive outcomes derived from the regression
analysis, covering all recorded responses. The results reveal a strong
correlation between the predicted R? values and the adjusted R?
values across all investigated responses. The model consistently
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demonstrated high precision ratios, surpassing the optimal value of
4. Meanwhile,

Table 6, generated using the Design Expert software, shows the top
four potential solutions. Notably, F1 stands out with a desirability
value of 0.859.

Table 5: Design summary of the 3FI full factorial design

Response Y1: Particle size = Y2: Zeta potential Y3: Poly dispersibility index  Y4: Entrapment Y5: In vitro release %
(absolutes) (PDI) efficiency % (Q 6h)
Minimum 170.38 13.08 0.26 77.99 46.32
Maximum 439.72 34.23 0.87 100.33 103.08
R2 0.9985 0.8115 0.3958 0.7612 0.9587
Adj. R-squared 0.9978 0.729 0.1314 0.6567 0.9406
Pre. R-squared 0.9966 0.5759 0.3595 0.4627 0.9070
Adequate precision  120.251 8.565 3.938 7.852 24.452
Table 6: The four possible best solutions were found using the Design Expert software
No. Phospholipid conc. Spirulina oil amount Hydration media EE (%) Size Charge PDI Release  Desirability
(nm)  (mV) (%)
1 100 100 Dist. Water 95.169 173.7  -29.9 037  99.99 0.859
2 100 108.02 Dist. Water 95.096 189.3  -29.005 0.38  99.22 0.830
3 100 200 Dist. to ethanol 87.1 266.2  -30.09 0.54 683 0.533
4 99.99 200 Dist. to ethanol 86.99 2668  -30.13 0.55 6791 0.530
*PDI: Poly dispersibility index; EE%: entrapment efficiency percentage
Morphological examination for the optimized Spirusomes using TEM aligning with the Zetasizer measurements. Notably, the

The TEM image shown in 4 illustrates the formulated
Spirusomes, with the particle sizes ranging from 172 to 181 nm,

produced shape was distinctly spherical, with no observable
aggregation, highlighting the uniformity and homogeneity of the
prepared particles.

Fig. 4: Transmission electron microscopy image of the optimized Spirusomes (F1), showing spherical morphology and nanoscale particle
size distribution. The scale bar indicates magnification. Particles appear discrete and well-dispersed

Investigation into the compatibility of optimized spirusomes
with the formulated additives using Raman spectroscopy

Raman spectroscopy was performed on the optimized Spirusomes
(F1), as depicted in 5. The analysis indicated that there were no
significant changes, shifts, or broadening observed in the
characteristic peaks of atorvastatin, indicating the absence of
chemical interactions between the excipients and the administered
drug.

In vitro anti-tumor activity of the optimized spirusomes in
human brain cancer cells

The antitumor efficiency of the pure atorvastatin, atorvastatin-
loaded emulsomes, and optimized Spirusomes was investigated

against human brain cancer cell SNB-75. The optimized Spirusomes
(F1) improved the cytotoxicity against SNB-75 (IC50=16.584+0.84)
compared to atorvastatin-loaded emulsomes (the same as the
optimized formula without Spirulina oil) (IC5=39.485+2.01) and
pure atorvastatin (10.79+0.55) (Table 7). The enhanced cytotoxicity
of pure atorvastatin is attributed to the use of 100% atorvastatin,
whereas the prepared nanoparticles used 10% atorvastatin.

Flow cytometry analysis (6) revealed viable cells that stained
negative with PI and annexin V (lower left), which represent 86.93
% of the untreated control cells, followed by brain cancer cells
treated with atorvastatin-loaded emulsomes (80.31%), those
treated with the optimized Spirusomes (F1) (74.4%), and then the
cells treated with pure atorvastatin (71.45%).
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Early apoptotic cells stained positive for annexin V (lower right),
which represents 18.15% of cancer cells treated with pure
atorvastatin, followed by atorvastatin-loaded Emulsomes (11.55%)
and then the optimized Spirusomes (F1) (8.44%). Secondary
necrotic cells or late apoptotic cells stained positive for both PI and
annexin V (upper right), which represent 12.05 % of the cancer cells
treated with the optimized Spirusomes (F1) followed by cells
treated with pure atorvastatin (7.68%) and then the cancer cells

Int ] App Pharm, Vol 17, Issue 5, 2025, 391-405

treated with atorvastatin-loaded emulsomes (4.59%). In the control
(untreated) cells, the percentage of early and late apoptosis was
very low at 0.37% and 0.11%, respectively.

The upper left quadrant (negative for Annexin V and positive for PI)
indicates primary necrotic cells. This population was minimal across
all groups, suggesting that cell death occurred mainly via apoptosis
rather than necrosis.
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Fig. 5: Raman spectrum of optimized spirusomes (F1). The spectrum shows characteristic peaks for atorvastatin and lipid components,
with no significant shifts, indicating physical compatibility and absence of chemical interaction between excipients and the drug
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Table 7: In vitro cytotoxicity of the prepared formulation against human brain cancer cell line determined via the MTT assay

Concentration % Cell viability

(ng/ml) Pure atorvastatin Atorvastatin-loaded emulsomes Optimized spirusomes (F1)  Staurosporine
0.4 78.37 84.68 79.145 65.937

1.6 68.873 82.41 67.602 57.847

6.3 55.576 71.75 57.717 49.088

25 41.605 58.03 46.684 40.815

100 30.025 35.17 36.352 31.083

ICso 10.794+0.55 39.485+2.01 16.584+0.84 5.2839+0.27

*ICso: half-maximal inhibitory concentration, *Data presented as mean+SD, n3.

Statistical analysis of ICs, values was conducted using one-way
ANOVA followed by Tukey’s post-hoc test. The results showed a
statistically significant difference between the ICs, of optimized
Spirusomes (F1) and all other groups (p<0.01). This confirms that the
presence of Spirulina oil in Spirusomes significantly enhanced the
cytotoxicity of atorvastatin compared to its emulsome-loaded form.

In vivo pharmacokinetics assay

The in vivo study was conducted on healthy albino rats to compare the
plasma and brain pharmacokinetics of orally administered atorvastatin
calcium suspension to those of the optimized intranasal Spirusomes
(F1). The mean plasma and brain concentrations of the drug over time
for both administration routes are depicted in 7, with the corresponding
pharmacokinetic parameters summarized in Table 8.

The brain data indicated that the intranasal administration of the
optimized Spirusomes (Gp2) resulted in a significantly higher brain
concentration (AUCo-24= 4660.685+216.849 ng. h/gm) compared to
the oral administration of the atorvastatin suspension (Gp1) (AUCo-

24= 676.925£11.69 ng. h/gm) (P = 0.0007). Regarding the peak time
(Tmax), the optimized Spirusomes administered intranasally reached
the peak brain concentration in 0.5 h, significantly faster than the 2 h
required for the oral atorvastatin suspension.

Plasma data showed that the oral administration of the atorvastatin
suspension resulted in higher maximum plasma concentrations (Cmax
= 553.65+0.768 ng/ml) compared to the intranasal administration
of the optimized formula (Cimax = 430.98+0.589 ng/ml). However, the
area under the curve (AUC,-24) for plasma was significantly lower
after oral administration (1683.0525+26.535 ng. h/ml) compared to
intranasal administration (2486.725+47.5 ng. h/ml) (P = 0.0001).

Brain targeting index (BTI)

The BTI values for the optimized Spirusomes are presented in Table
9, the BTI for oral administration was below 1 for all parameters,
indicating suboptimal brain targeting. In contrast, the BTI for
intranasal administration was greater than 1, suggesting effective
brain targeting [55].

Table 8: Pharmacokinetic parameters of atorvastatin calcium after oral and intranasal administration in plasma and brain tissues

PK parameters After oral administration

After intranasal administration

Plasma Brain Plasma Brain
Cmax (ng/ml) - (ng/gm) 553.65+0.768 275.25+0.111 430.98+0.589 834.66+0.939
Tmax (h) 2.000 2.000 1.000 0.500
AUCo-24 (ng. h/ml) - (ng. h/gm) 1683.0525+26.535 676.925+11.69 2486.725+47.5 4660.685+216.849
AUCo-» (ng. h/ml) - (ng. h/gm) 1705.2+17.03 697.74+3.109 2508.457+58.34 4676.88+224.9
T1/2(h) 3.25+0.087 5.066+1.35 2.743+0.29 2.41+0.32

*PK: Pharmacokinetics; Cmax: maximum concentration; Tmax: time required for maximum concentration; AUC: area under the curve; T12: half-life.,

*All data are represented as mean+SD, n3.

1000

800}

600

400+

Conc (pg/ml)
-

200/

0-

Time (hr)

—— Brain Conc. after Oral dosing
—=— Brain conc. after intranasal dosing
Plasma Conc. after Oral dosing

~=— Plasma Conc. after intranasal dosing

Fig. 7: Pharmacokinetic profiles of atorvastatin in plasma and brain after oral and intranasal administration in rats. The curves represent
mean drug concentrations over time for oral atorvastatin suspension and intranasally administered Spirusomes (F1). Data are presented
as mean=SD, n = 3. Error bars indicate standard deviation

Table 9: Brain targeting index (BTI) of spirusomes after oral and intranasal administration

Parameters After oral administration After intranasal administration
Cmax BTI 0.497 1.937
AUCo-24 BTI 0.402 1.874
AUCo-» BTI 0.409 1.864

*BTI: Brain targeting index.
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DISCUSSION

The size of particles plays a critical role in many aspects of drug
delivery. It can significantly influence drug entrapment, release
kinetics, and the ability of drugs to cross the blood-brain barrier
[56]. A reduction in particle size has several advantages. It increases
surface area, which may allow for increased drug permeability.
Systems with smaller sizes are also less likely to be detected and
taken up by the immune system, which may result in better
circulation and delivery [57, 58].

The increase in particle size with higher concentrations of PC and
Spirulina oil suggests that these lipophilic components could play a
part in forming larger particle sizes in the resulting Spirusomes due
to their role as base materials [59]. Moreover, the gradual increase
in particle size observed while transferring from distilled water to a
mixture of distilled water and ethanol can be attributed to the
function of ethanol in increasing the solubility of lipids, thereby
increasing the amount of phospholipid bilayers [60, 61].

The surface charge of nanoparticles is one of the important factors
that could affect the efficacy of any intranasal drug delivery system,
especially in targeting the brain. It has a negative charge because of
sialic acid residues from the nasal mucosa [62]. Despite experiencing
a certain degree of electrostatic repulsion due to the negatively
charged nature of the nanoparticles [63], they are effective for
intranasal delivery because of their lower toxicity [64], improved
colloidal stability, and reduced interaction with mucin, which
decreases rapid clearance via mucociliary action and therefore
prolongs their residence time in the nasal cavity [65]. This is
complemented by the mucoadhesive properties conferred by
lecithin, a major component of the formulated nanoparticles.
Considering the olfactory and trigeminal neural pathways, and
particularly in light of studies indicating that only negatively
charged nanoparticles (with a zeta potential<-20 mV) adhere to
neurons, our results are consistent with these findings [66].

The pronounced negative surface charge noted across all
formulations may be indicative of the significant electrostatic
stabilization inherent in the Spirusomes [67]. More likely, this
observed negative charge is due to the structural composition of
Spirusomes, particularly the roles played by soya PC and Compritol
[9, 68]. It was found that the negative charge identified at the surface
of the prepared compounds was attributed to the composition of
negatively charged phospholipids at the outer surface [69].

The PDI was the measure used to assess the uniformity of vesicle
size in the formulation. As PDI values are increased, the population
becomes heterogeneous; therefore, it would be subject to
aggregation and hence bring about instability in the formulation
[70]. On the other hand, low values of PDI indicate a more consistent
homogeneous size distribution [71, 72]. According to the literature,
a PDI value between 0.1 and 0.7 indicates a distribution of particle
sizes that is almost homogenous, while a PDI value above 0.7
suggests high variability in macromolecular sizes in the solution
[73]. The homogeneity in the size distribution could be attributed to
the zeta potential obtained for all formulated samples, which
generates repulsive forces between formed particles. Furthermore,
the tiny size of the particles in the prepared formulations could also
be responsible for such observations [74].

The marked differences found in entrapment efficiency (EE %)
among different formulations suggest that the composition of
Spirusomes is essential for atorvastatin entrapment. Higher levels of
phosphatidylcholine (PC) and Spirulina oil enhance the EE% of
lipophilic atorvastatin in the Spirusomes matrix. Formula F4, which
has the highest EE% of 96.35+4.02, may suggest that certain ratios
or higher concentrations of these components could result in more
effective drug entrapment [9, 75].

Notably, the nature of the medium of hydration does not seem to
follow a consistent trend in the percentage of EE%, which is in line
with the findings reported by Elnady et al. [13].

The significant differences in the drug release profiles among the
formulations indicate the impact of formulation parameters on the
kinetics of drug release. Formulations with higher amounts of PC
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tend to exhibit more controlled release profiles, which may be due to
enhanced vesicle stability and the reduced leakage of entrapped
atorvastatin calcium [74].

The Spirulina oil concentration in the formulation has a nonlinear
effect on the drug release dynamic. While increasing the Spirulina oil
concentration usually results in a higher release percentage, this
trend has not been consistently observed in the entire formulation.
For instance, Formula F4, while having a higher Spirulina oil
concentration than Formula F3, surprisingly exhibited lower release
percentages. This inconsistency therefore, underlines the complex
interactions among formulation constituents and their influence on
the kinetics of drug release.

Hydration media constitute another important factor affecting
vesicles' release behavior. Generally, formulae containing water and
ethanol (Formulae F5-F8) present lower values of cumulative
release compared with those using only water (Formulae F1-F4).
Such an impact could be attributed to ethanol's presence in the
vesicle's structure. It is known that ethanol disrupts the lipid bilayer,
rendering it thinner and more permeable. While this can be
favorable initially by enhancing drug release, the structural integrity
of the vesicles is compromised, resulting in poorer drug entrapment
and thus poor long-term diffusion [76]. It has been shown that
ethanol can reduce the d-spacing of bilayers, which may result in the
closer packing of the lipid molecules themselves and potentially
alter sustained release patterns. This occurs in systems such as
ethosomes, where ethanol enhances drug penetration but
simultaneously alters vesicle stability and release over time [77, 78].

Moreover, after GC-MS analysis, the composition of Spirulina oil was
found to be rich in oleic acid and palmitic acid, making it a suitable
lipid source for the formation of Spirusomes. The presence of oleic
acid enhances membrane fluidity, facilitates cellular uptake, and
improves drug permeability, while palmitic acid contributes to
structural stability and controlled drug release. These properties
enable Spirusomes to mimic traditional emulsomes while offering a
green synthesis approach that eliminates the need for synthetic lipid
components. The natural lipid profile of Spirulina oil ensures
biocompatibility and sustainability, rendering Spirusomes a
promising eco-friendly nanocarrier. Furthermore, the bioactive
nature of Spirulina-derived lipids may introduce additional
therapeutic benefits, further enhancing the potential of Spirusomes
in drug delivery applications [79, 80].

The close relationship between the predicted R? and adjusted R for
all responses investigated within the optimization process
demonstrates the reliability and robustness of the regression model.
High precision ratios, consistently above the desired value of 4, also
reflect the model's remarkable accuracy. The results indicate that
the model is suitably designed for investigating the design space,
thus serving as an essential instrument for forecasting and
enhancing formulation parameters [81].

The cell line results indicated that the optimized Spirusomes (F1)
significantly improved cytotoxicity against human brain cancer cell
SNB-75 compared to atorvastatin-loaded emulsomes and pure
atorvastatin. A lower IC50 value for pure atorvastatin is attributed
to the higher concentration of the drug used in its pure form [82].
Despite the enhanced delivery properties of the nanocarrier. This
apparent discrepancy can be explained by the immediate availability
of the full drug dose in solution when using free atorvastatin, which
facilitates rapid interaction with cellular targets. In contrast,
atorvastatin in the Spirusomes is encapsulated, resulting in a
sustained release profile that delays its full cytotoxic potential
during the exposure period. This controlled release is beneficial in
vivo for prolonged therapeutic effect and reduced systemic toxicity,
but it may cause an underestimation of cytotoxic potency in short-
term in vitro assays. Similar observations have been reported with
other nanocarrier systems [83].

However, the optimized Spirusomes (F1) exhibited better
performances than the atorvastatin-loaded emulsomes, which might
be justified by the presence of Spirulina oil. The enhanced
cytotoxicity observed may be attributed, in part, to the intrinsic
bioactivity of the oil itself. Spirulina oil contains high levels of y-
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linolenic acid (GLA), which has been reported to exert pro-apoptotic
and anti-inflammatory effects in various cancer models [84]. GLA
can modulate membrane lipid composition and promote the
generation of reactive oxygen species (ROS), contributing to cancer
cell apoptosis [85].

Additionally, the lipophilic nature of the Spirulina oil may enhance
the cellular uptake of the nanocarrier through improved membrane
interaction or endocytic pathways, thereby facilitating more efficient
intracellular delivery of atorvastatin [86]. This dual role—bioactive
lipid-mediated cytotoxicity and enhanced drug delivery—may
collectively account for the improved therapeutic profile of
Spirusomes compared to emulsomes formulated with inert oils.

The flow cytometry analysis emphasizes the cytotoxic effects of
different formulations on cancer cells, by which the optimized
Spirusomes (F1) produce a higher percentage of early and late
apoptotic cells compared to atorvastatin-loaded emulsomes. The
presence of Spirulina oil in optimized Spirusomes (F1) appears to
enhance the pro-apoptotic characteristics of the formulation, as
evidenced by the higher percentages of apoptotic and necrotic cells
compared to the other treatments [87].

These results are in line with previous studies that investigated the
potential antitumor effects of statins, especially their ability to
induce apoptosis in cancerous cells [2, 82, 88]. However, the higher
levels of apoptosis observed with the optimized Spirusomes (F1)
indicate that the design of this formulation, particularly the presence
of Spirulina oil, may contribute substantially to improvements in the
therapeutic efficacy of atorvastatin on brain cancer cells. Similarly,
the low levels of both early and late apoptosis in untreated control
cells show that the cytotoxic effects are a result of the specific
actions of the treatments being administered.

In the in vivo pharmacokinetic study, the significantly higher brain
concentration observed following the intranasal administration of
the optimized Spirusomes (F1) compared to the oral administration
of atorvastatin suspension suggests that the intranasal route is more
effective for delivering the drug to the brain. The enhanced brain
exposure (AUCy-24 = 4660.685+216.849 ng. h/gm) can be attributed
to the highly negatively charged, nanosized formulation (173.7+4.36
nm,-29.9 mV), which facilitates drug accumulation in brain tissue via
various nerve pathways while also bypassing mucociliary clearance,
as previously explained. This is further supported by the fact that
intranasal administration bypasses first-pass metabolism, allowing
for more direct transport to the brain via the olfactory and
trigeminal pathways [89-91].

The observed higher plasma AUC following intranasal
administration of the optimized Spirusomes (F1) compared to oral
administration can be explained by several well-documented
mechanisms. The nasal route bypasses hepatic first-pass
metabolism, which can significantly degrade atorvastatin during oral
absorption due to its extensive hepatic extraction [92, 93].
Furthermore, the high vascularization of the nasal mucosa facilitates
rapid and efficient systemic absorption, particularly for lipophilic
compounds like atorvastatin [94].

In addition, lipid-based nanocarriers such as Spirusomes may
exploit lymphatic drainage pathways, which further aid in systemic
delivery and protection of the drug from enzymatic degradation
[95]. Therefore, the elevated AUC values for intranasal
administration likely reflect the combined effect of avoiding first-
pass metabolism, enhanced vascular absorption, and protective
encapsulation within Spirulina oil-based vesicles.

The faster Tmax observed with intranasal administration (0.5 h)
compared to oral administration (2 h) underscores the efficiency of
direct brain delivery through the intranasal route, which bypasses
the gastrointestinal tract and avoids the delays associated with oral
administration. This direct transport to the brain may involve both
the olfactory and trigeminal nerves, as well as systemic circulation,
contributing to quicker drug absorption and brain penetration [96].

The higher maximum plasma concentrations (Cmax) observed with
oral administration likely result from the larger surface area and
higher vascularity of the gastrointestinal tract compared to the nasal
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cavity [97]. However, the lower AUCy-,4 for plasma following oral
administration indicates that first-pass metabolism significantly
reduces the systemic availability of the drug when taken orally [98].

The increased bioavailability of atorvastatin in brain tissues
(increased selectivity) following intranasal administration can also
be attributed not only to the nanosized formulation but also to the
mucoadhesive properties of lecithin in the formulation, which
enhances the contact time within the nasal cavity, allowing higher
drug concentrations to reach the brain [99].

BTI is a crucial parameter for evaluating the effectiveness of drug
targeting to the brain. In this study, the BTI for intranasal
administration was greater than 1, demonstrating efficient brain
targeting. The BTI values for intranasal administration were 1.937
for Cmax, 1.874 for AUCo-24, and 1.864 for AUCo-«, all of which indicate
substantial drug accumulation in the brain relative to the plasma
[55, 100].

This study used non-compartmental analysis (NCA) to estimate
pharmacokinetic parameters. While suitable for basic profiling, NCA
lacks detail on drug distribution dynamics. Future studies will apply
compartmental modeling to better understand atorvastatin
transport between the plasma and the brain compartments.

Overall, these findings suggest that intranasal administration of the
optimized Spirusomes offers a more efficient and targeted approach
for delivering atorvastatin to the brain, potentially improving
therapeutic outcomes for brain cancer conditions.

CONCLUSION

This study provides a paradigm shift in glioma treatment by
integrating Spirulina oil into nano-vesicular Spirusomes for
intranasal administration. The optimized formulation demonstrated
superior brain penetration, enhanced anticancer efficacy, and a
promising pharmacokinetic profile, positioning Spirusomes as a
transformative platform for targeted brain cancer therapy.

The optimized formula exhibited satisfying stringent requirements
with respect to particle size, zeta potential, and drug loading
efficiency, resulting in a noteworthy desirability score of 0.859.
Importantly, it's in vitro release profile revealed nearly complete
drug release within 24 h, without any discernible drug interaction
with the additives employed in the formulation process.

Significantly, in vitro experiments conducted on brain cancer cells
demonstrated the substantially lower concentrations of statins
required to inhibit cell growth compared to other experimental
formulations. These findings underscore the potential of the green-
synthesized Spirusomes as a highly promising delivery system for
drugs such as statins in the treatment of brain cancer, representing a
significant advancement in therapeutic strategies.

While the current study demonstrates promising pharmacokinetic
and cytotoxic profiles for the Spirusomes formulation, it is important
to acknowledge that these findings are limited to healthy animal
models and in vitro assays. Future work should involve evaluating
the therapeutic efficacy and safety of Spirusomes in orthotopic
glioma models to validate their potential for brain-targeted cancer
therapy. This step is essential to confirm the observed cytotoxic
advantages in a disease-relevant biological environment.
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