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ABSTRACT

Nitrofurantoin (NITRO), a time-honored antibiotic prescribed for urinary tract infections, relies on nitroreductases
for its activation. This mode of action has spurred its evaluation for drug repurposing aimed at controlling and
managing breast cancer, a malignancy that expresses a nitroreductase gene. NITRO-loaded cubosomes were
prepared by hot homogenization using a 23 full-factorial design. The variables examined consisted of the drug-
to-oily phase proportion (1:10 and 2:10), the oily-to-aqueous phase proportion (1:10 and 1:5), and the Glyceryl
mono-oleate (GMO)-to-Poloxamer 407 (PX407) proportion (0.25:1 and 0.5:1). Eight distinct formulations were
planned and appraised based on particle size, zeta potential, polydispersity index, and entrapment efficiency
percentage. Formulation S6 (configured with 1:10 drug: oily phase, 1:5 oily: aqueous phase, and 0.5:1 GMO:
PX407), exhibiting a particle size of 45.5 + 1.1 nm alongside an entrapment efficiency of 98.6% =+ 1.8%, achieved
the highest desirability score and was singled out for deeper evaluation. TEM examined its morphology. The
activation of NITRO delivered from S6, as measured by intracellular viability of MCF-7 breast cancer cells, was
assessed using an MTT assay. Data demonstrated that S6 yielded the lowest IC50 (83.99 + 0.15 pg g/mL),
compared with Free NITRO (174.54 + 1.36 ng g/mL), indicating superior potency relative to the free drug.
Nitrofurantoin cubosomes are viable prospects for repurposing in breast cancer therapy, contingent on additional
stability assessments and in vivo studies.
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Introduction

Malignant disease, a complex and multidimensional disorder, involves uncontrolled cell division and ongoing
genomic alterations that give rise to neoplastic traits in otherwise healthy cells [1, 2]. The core aim of any
oncological intervention is to curb tumor expansion and metastatic spread, while averting relapse following
clearance, ultimately lengthening the patient’s lifespan [3]. Standard cancer treatment strategies—surgery,
chemotherapy, and radiotherapy—carry inherent drawbacks, such as therapeutic resistance, profound toxicities,
and an inability to target diseased tissue selectively [4]. As a result, these modalities often fall short of meeting
patient expectations, creating a pressing need for fresh investigations to identify groundbreaking remedies [5].
Data from the World Health Organization indicate that roughly 2.3 million women received a breast cancer
diagnosis in 2020, with 0.5 million succumbing to the disease each year [6, 7]. Radiotherapy is a widely used
intervention [8] that is supplemented by a range of traditional chemotherapeutic agents [9]. The incorporation of
nanoscale carriers has been established in oncological practice [10]. Such platforms include liposomes, polymeric
nanoparticles, polymeric micelles, dendrimers [11], magnetic nanoparticles [12], and pH-responsive nano-
vehicles [13]. Photodynamic therapy has likewise emerged as a potent anticancer modality [14]. This approach
uses laser irradiation, which is both precise and well-tolerated by patients. Photodynamic therapy has also
advanced the deployment of femtosecond laser technology for cancer care [15].
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The concept of ‘drug repositioning’ entails deploying an existing pharmaceutical for a clinical indication beyond
its original approval. This approach has attracted growing interest as it serves as an alternative to synthesizing
entirely new drugs. One major benefit of repositioning is the wealth of pre-existing information available to
researchers, which either eliminates or substantially reduces the need for studies assessing drug pharmacokinetics
and toxicological profiles [16].

Nitrofurantoin (NITRO) belongs to the nitrofuran class, specifically a hydantoin-derived compound (1-[(E)-(5-
nitrofuran-2-yl) methyl ideneamino] imidazolidine-2,4-dione), and is prescribed for the prevention and
management of urinary tract infections. The agent works by disrupting bacterial DNA synthesis. Its nitro
functional group is reduced by bacterial flavoenzymes (nitroreductases) [17], yielding reactive intermediates that
subsequently form hydroxyl radicals. These radical entities interact with DNA, blocking nucleic acid production
and causing both single- and double-strand DNA fragmentation [18, 19].

More recent findings, however, have revealed that nitrofurantoin may also exhibit cytotoxicity toward tumor cells
expressing nitroreductase [5]. Laboratory-based investigations have shown that nitrofurantoin can suppress the
proliferation of multiple cancer cell types, including those originating from the colon, prostate, and breast [20].
Consistent with this, nitro-containing antimicrobial agents that undergo enzymatic bioreduction of the nitro moiety
produce metabolites that interfere with biomolecules critical for cell survival. Hence, such compounds possess
anticancer potential against solid malignancies harboring oxygen-deprived zones [21]. The targeted cytotoxic
effect of nitrofurantoin in hypoxic regions of solid tumors [22] is attributed to its conversion to a
pharmacologically active form under low-oxygen conditions.

According to the Biopharmaceutics Classification System, nitrofurantoin is classified as class IV, indicating
inadequate solubility and limited permeability [23]. Consequently, boosting its bioavailability requires a carrier
platform that addresses both poor aqueous solubility and restricted permeability.

The field of nanotechnology has left a profound mark on cancer care by improving the performance of drug-
delivery systems. Nanoparticles (NPs) offer multiple benefits, including refined pharmacokinetics, selective
homing to neoplastic tissue, reduced toxicity, and the ability to overcome drug resistance [24]. Engineered to
reflect tumor-specific traits, these NPs target malignant cells and deliver their payload to induce cellular death.
They further aid in conveying poorly soluble compounds into systemic circulation, extending half-life in the body,
and safeguarding healthy tissues from harm, thus diminishing the noxious side effects of oncological treatment
[25]. For instance, nanoscale materials such as gold, silver, and copper exhibit extraordinary properties that make
them highly suitable for immunosensor construction, and their use in cancer diagnostics has yielded outstanding
results [26].

Lipid-based nanoparticles are instrumental in improving the solubility and permeability of therapeutic agents.
Cubosomes represent a subtype of these lipid-centered nanoparticles [27]. These structures are Liquid Crystals
(LCNs) that are widely recognized and utilized as drug carriers in conditions such as cancer [28]. A distinguishing
strength of cubosomes is their ability to modulate membrane curvatures independently of particle diameter over
considerable length scales. As a result, they support drug targeting, extended circulatory half-life, and sustained
release kinetics [28]. Cubosomes are self-organized nanoparticulate systems derived from bulk bi-continuous
cubic-phase lipids and stabilized using Pluronic. Their formulation can involve amphiphilic lipids, such as
glyceryl monooleate (GMO), which spontaneously self-assemble in aqueous media to form cubosomes [29].
Phytantriol may serve as an alternative to GMOs, especially within cosmetic preparations [30]. The bi-continuous
phase adopts a honeycomb-inspired, three-dimensional network. They contain cavern-like voids, enabling
efficient encapsulation of therapeutic payloads [31-33]. The fabrication of cubosomes may follow a top-down
[34] or a bottom-up [35] strategy. Compared with liposomes, cubosomes allow higher loading of hydrophobic
drugs [36]. Characterization and evaluation of cubosomes can be conducted using electron microscopy, X-ray
scattering, particle size distribution analysis, and entrapment efficiency measurements [37].

The nanoscale dimensions of cubosomes enhance drug penetration and retention within cancerous tissues [37],
positioning them as highly effective vehicles for targeted delivery—a fundamental requirement in oncological
therapy. Furthermore, cubosomes outperform liposomes because they can accommodate greater internal volumes,
enabling the incorporation of larger drug amounts. This results in improved loading capacity and reduced viscosity
[38, 39]. Moreover, cubosomes can encapsulate water-soluble drugs within their bilayers. Upon encountering
intestinal lipases, these loaded cubosomes break apart into smaller bioadhesive fragments that maintain extended
contact with the intestinal lining, thereby facilitating drug uptake and bioavailability [40].
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These cubosomes constitute adaptable carrier systems with promising theranostic potential. They can be
engineered for delivery via oral, topical, or intravenous routes. Contemporary research has further advanced
preparation techniques, therapeutic performance, analytical evaluation, target identification, controlled drug
release, and the tailoring of loaded anticancer agents [28]. Cubosome-based delivery has been demonstrated to be
effective for compounds such as 5-Fluorouracil, Cisplatin, paclitaxel, Temozolomide, Doxorubicin, and Icarin
across a variety of cancer cell types [41].

In the work reported here, NITRO is being investigated for repurposing against breast cancer cells that are known
to express the nitroreductases required for its activation. The aim was to formulate NITRO as Cubosomes to
leverage their distinctive delivery characteristics and thereby guarantee the agent’s therapeutic efficacy.

Materials and Methods

Materials

Nitrofurantoin (NITRO) (a generous gift from Sinochem Jiangsu, China). Poloxamer 407 (PX407) (Fisher
Scientific, UK), Glyceryl mono oleate (GMO) at 90-95% purity, and dimethyl formamide (DMF) (Sigma Aldrich,
USA). Every other chemical employed was of analytical reagent grade.

Methods
Preparation of NITRO-cubosomes (NITRO-Cs) systems

The lipid-based (oily) phase ingredients of the cubosomes, represented by Poloxamer (PX 407) and Glyceryl
monooleate (GMO), were weighed out according to the pre-specified proportions. They were then liquefied in a
heated water bath maintained at 60 °C until a homogeneous blend was obtained. The liquefied oily mixture was
thoroughly stirred just before the addition of the precisely weighed, matching portion of NITRO. Following this,
the oily mixture underwent 10 minutes of high-speed homogenization (High-speed homogenizer, Heidolph Diax
900, Germany) at 10,000 rpm, during which preheated distilled water (60 °C) was dispensed dropwise. This step
was followed by a 2-minute treatment with ultrasonic sound waves (Probe Sonicator, GE 130, China), delivered
as pulses spaced 2 seconds apart to fragment any clumps that might have formed within the dispersion. Afterward,
the systems were allowed to cool and stored in amber-tinted glass vials for 48 hours before any further testing
[42].

Full factorial design

The experimental framework was constructed around a 2* full-factorial arrangement using the Design-Expert VR
software suite (V.7.0.0, Stat-Ease Inc., Minneapolis, USA)—the investigation aimed to determine the influence
of three independent variables on specific outcomes. The factors (independent variables) explored were the drug:
oil phase ratio (X1), the oil: aqueous phase ratio (X2), and the GMO: PX 407 ratio (X3). The measured outcomes
were the Particle Size (PS) of the resulting cubosomes (R1), the Zeta potential (ZP) reading (R2), the
Polydispersity Index (PDI) (R3), and the Percentage entrapment efficiency (%EE) (R4). Optimization aimed to
achieve the smallest possible PS and PDI while simultaneously maximizing ZP and %EE to pinpoint the system
with the greatest desirability. The factors, their corresponding levels, and the limitations applied during the
preparation and optimization of NITRO-Cs are outlined in Table 1.

Table 1. 23-Factorial design independent variables, their levels, responses, and constraints for NITRO-Cs

systems
Independent variables (Factors) Lower limit Upper limit
Drug to oily phase ratio (X1) 1:10 2:10
Oily to aqueous phase ratio (X2) 1:10 1:5
GMO to PX 407 ratio (X3) 0.25:1 0.5:1
Responses Target/Constraint

R1: Particle size (PS) Minimize

R2: Zeta potential (ZP) Maximize

R3: Polydispersity index (PDI) Minimize

R4: Entrapment efficiency (%EE) Maximize

Table 1: 23-Factorial design independent variables, their levels, responses, and constraints for NITRO-Cs systems.
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Characterization of NITRO-cubosomes (NITRO-Cs)
Entrapment Efficiency Percentage (%EE)

The %EE was quantified using the established indirect technique [43]. The NITRO-Cs systems were centrifuged
to partition the unentrapped drug into the external medium (Cooling Centrifuge, Centurion Scientific K3 Series,
Germany) [44]. Specimens of 2 mL each were transferred to Eppendorf tubes and spun at 14,000 rpm at 4 °C for
10 minutes. The elevated speed, combined with the low temperature, induced solidification and settling of the
cubosomes, thereby isolating the aqueous phase that harbors the free, unentrapped drug. A 1 mL aliquot of the
clear supernatant was suitably diluted to a final volume of 25 mL with distilled water, after which its UV
absorbance was measured at a A max of 375 nm (UV spectrophotometer (Lab India UV-320, Mumbai, India) [45].
The associated concentration of free NITRO in the supernatant was subsequently deduced from a calibration plot
of Nitrofurantoin in distilled water prepared beforehand. Six replicate measurements were conducted for each
system. The proportion of entrapped NITRO was computed using the equation presented below:

Ctotal - Cfree

%EE = x 100 (1)

total

Where Cree stands for the calculated amount of free NITRO, and Cio indicates the total amount of NITRO
available in one mL of the cubosome dispersion.

Particle size (PS), zeta potential (ZP), and polydispersity index (PDI)
The average PS and PDI of the cubosomes, as well as the ZP of the NITRO-Cs systems, were assessed through
the laser diffraction principle using a Zeta sizer instrument (Malvern, Nano Series ZS90, Malvern Instruments,
Ltd., Worcestershire, UK). A sample portion (0.5 mL) was diluted with 30 mL of distilled water to achieve the
desired scattering intensity. All measurements were carried out at 25 °C [46, 47].

In-vitro release study

The release behavior of the system that achieved the highest desirability was profiled. A dialysis membrane
(Dialysis Tubing Cellulose Membrane, molecular weight cut-off 12,000-14,000, SERVA GmbH, Heidelberg,
Germany) was used to evaluate both the chosen cubosome formulation and the unformulated drug [48]. A 1 mL
volume of the selected system (17 mg/mL) or a matching mass of free drug suspended in 1 mL of saline phosphate
buffer (PBS), pH 7.4, was introduced into a tube open at one extremity and closed at the other, with the dialysis
membrane. This tube was then immersed in 50 mL of PBS (pH 7.4), thermostated at 37 + 0.5 °C, and stirred at
150 rpm. Samples of 3 milliliters each were retrieved at predetermined intervals—0.5, 1, 2, 3, 4, 5, 6, and 12
hours—with each withdrawal immediately replenished with an identical volume of fresh, warmed buffer. The
retrieved samples were suitably diluted using the buffered medium, and the drug was analyzed
spectrophotometrically at a A max of 375 nm. The entire procedure was replicated six times (for each sampling
point). The cumulative percentage of drug released was calculated by dividing the amount released at each time
point by the initial amount of drug loaded into the dialysis bag. The release data for free NITRO and the optimized
formulation were compared at 4 and 8 hours. Statistical analysis of the findings was performed using a Student’s
T-test.

Transmission electron microscope (TEM)
Transmission electron microscopy (TEM; JEOL JEM-1400, Japan) was used to obtain micrographs of the
optimized NITRO-Cs system for morphological assessment. A single droplet of the optimized NITRO-Cs
dispersion was diluted with deionized water, applied to a carbon-coated copper grid, and counterstained with a
1% sodium phosphotungstate solution. The grid was set aside to air-dry at ambient temperature before inspection
at 200 kV [49].

Cell viability examinations using MCF-7 Cells
The cytotoxic activity of the optimal NITRO-Cs system was assessed against MCF-7 breast cancer cells (Human
Breast Cancer Cell Line, VACSERA, Egypt, subcultured from ATCC ® HTB-22™) using an MTT reduction
assay [50]. A 96-well tissue culture plate (Microtiter™) was inoculated with 1x10° cells/mL and incubated at
37°C for 24 hours to promote cell growth and the formation of an intact cell monolayer. The wells contained the

e
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propagation medium required for cellular multiplication: RPMI-1640 medium fortified with 1% l-glutamine, 10%
heat-inactivated fetal bovine serum, 50 pg/mL gentamicin, and HEPES buffer. The chosen NITRO-Cs system
was measured against the unformulated drug and the empty cubosomes (drug-free Cubosomes). Test samples
were diluted in serial steps (31.25-62.5-125-250-500—1000 pg/mL) using maintenance medium (RPMI medium
supplemented with 2% serum), and 0.1 mL of each dilution was dispensed into designated wells (five replicates
at each dilution step). These dilutions were contrasted with a control set (2 replicates). The plate was subsequently
incubated at 37°C before being scrutinized. Cells were checked for morphological hallmarks of toxicity, including
rounding up, partial or complete monolayer detachment, granulation, or cell shrinkage. Thereafter, 20 microliters
of MTT solution at a strength of 5 mg/mL in PBS (BIO BASIC CANADA INC) were added to every well and
homogenized by agitating the plate on a shaker set to 150 rpm for 5 minutes. The plates were then returned to the
incubator (37 °C, 5% COz) for 4 hours to allow MTT to be metabolized. The resultant formazan (the metabolic
derivative of MTT) was resolubilized in DMSO (200 pL) and blended vigorously. Optical density was measured
at 560 nm, with background correction at 620 nm, using a BioTek ELX800 microplate reader. The optical density
readings correlated directly with the viable cell count.

Statistical analysis

Design-Expert VR software (V.7.0.0, Stat-Ease Inc., Minneapolis, USA) and Microsoft Excel 2019 were used to
execute the full factorial design. Means were contrasted using a factorial ANOVA with a significance cut-off of
p <0.05, with a Tukey post hoc test applied subsequently. Numerical optimization [51] was performed following
the restrictions listed in Table 2. All experiments were run in sextuplicate, and the data were presented as mean
+SD.

Table 2. Composition and results of characterization of NITRO-Cs systems.

GMO: PX407 Oily: Aqueous Drug: Oily %EE PDI ZP (mV) PS (nm)
ratio (X3) phase ratio (X2) phase ratio (X1) (R4) (R3) (R2) (R1)

1 0.25:1 1:10 2:10 98.7+19 06+0.0 —-194+28 89.9+1.7
2 0.25:1 1:5 1:10 98.6+1.8 03+00 —159+0.1 345+0.1
3 0.25:1 1:10 1:10 974+10 05=£0.1 -16.1£04 50.5+1.6
4 0.5:1 1:10 1:10 98.0+14 04+0.0 -7.9+22 72.9+0.1
5 0.5:1 1:10 2:10 983+1.6 04=+0.1 -8.2+0.8 57.7+04
6 0.5:1 1:5 1:10 98.6+1.8 03+£0.0 -134+0.6 455=+1.1
7 0.5:1 1:5 2:10 98.1+14 04+£00 -238+14 509+39
8 0.25:1 1:5 2:10 979+1.3 0.6+0.1 -8.6+0.7 529+2.1

Results and Discussion

All fabricated NITRO-C systems yielded homogeneous, milky-yellow suspensions that exhibited no signs of
aggregation. In accordance with the experimental layout, eight NITRO-loaded systems were assessed; their
compositional breakdown and characterization results are presented in Table 2.

Table 2 Composition and results of characterization of NITRO-Cs systems.

All three factors—drug: oily phase ratio, oily: aqueous phase ratio, and GMO: PX407 ratio—had a notable effect
on PS (P =0.0006). Smaller PS values were favored by a low drug: oil phase ratio, a high oil: aqueous phase ratio,
and a high GMO: PX407 ratio.

ZP was appreciably influenced by the factors examined (P = 0.0141). A rise in ZP followed an upturn in the drug:
oil phase ratio, the oily: aqueous phase ratio, and the GMO: PX407 ratio.

The dispersion’s size distribution, as indicated by PDI, was substantially influenced by the explored factors (P <
0.0001). Reduced PDI values were associated with a low drug: oil phase ratio, a high oil: aqueous phase ratio, and
a high GMO: PX407 ratio.

Figure 1 portrays the interplay among the factors under study and their respective influences on PS, ZP, and PDI.
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Figure 1. Effects of interactions between the studied factors on Nitrofurantoin cubosome system PS (a), ZP
(b), and PDI (c).

A desirability strategy, based on the analysis of factorial design outputs, was employed to achieve numerical
optimization. The procedure was carried out to pinpoint the X1, X2, and X3 levels that would keep system PS and
PDI to a minimum while pushing ZP and %EE to a maximum. Desirability ratings extended from 0 to 1. The
optimized system was S6, which had the highest desirability score (0.774). Its makeup was a 1:10 Drug: Oily
phase ratio, a 1:5 Oily: Aqueous phase ratio, and a 0.5:1 GMO:PX407 ratio.

In view of this, system S6 was earmarked for deeper scrutiny, during which its release behavior was mapped.
Figure 2 depicts the release pattern of NITRO from the S6 system side by side with the free drug.
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Figure 2. Cumulative Percentage of drug released from S6 Vs Free NITRO.

Figure 2 shows the markedly better drug release performance of S6 compared with free NITRO at 4 hours (P =
0.00055) and 8 hours (P =0.000237).

Kinetic fitting of drug liberation from S6 uncovered zero-order release kinetics (R? = 0.8929 for zero order, R? =
0.4689 for first order, R? = 0.889 for the Higuchi model).

TEM imaging of S6 (Figure 3) revealed cubosome architectures spanning spherical to polygonal outlines. A
recognizable dark-stained external shell and a markedly paler interior, housing the entrapped drug, were clearly
distinguishable. The particle dimensions appeared to lie beneath 50 nm.
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Figure 3. TEM photographs of S6.
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S6 was evaluated for cytotoxicity against MCF-7 breast cancer cells. A series of dilutions of S6, free NITRO, and
drug-free cubosomes were probed for their cytotoxic action. Figure 4 shows the percentage cell survival for S6,
free NITRO, and the drug-free cubosomes at the tested dilutions.
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Figure 4. Effects of different dilutions of S6, Free NITRO, and None-loaded Cubosomes on MCF-7 cells.

Figure 4 exposed a more pronounced cytotoxic action of S6 relative to both free NITRO and the drug-free
cubosomes. Derivation of IC50 values underscored the potency of S6 at diminished concentrations, as illustrated
in Figure 5.
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Figure 5. IC50 for S6 compared to free nitro and non-loaded cubosomes.

ANOVA comparison of the IC50 estimates established that S6 possessed a meaningfully reduced value (83.99 +
0.15 pg g/mL) in contrast to Free NITRO (174.54 + 1.36 ug g/mL) and Drug-free Cubosomes (207.38 £ 0.59 pg
g/mL) (P = 0.000).

The impact of S6, free NITRO, and Drug-free Cubosomes on cell viability was reflected in cells morphology
when compared with the control cell cohort. Hallmarks of cellular distress were apparent in Figure 6, manifested
by the appearance of shrunken, rounded cells.
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Figure 6. Inverted microscope photos of (a) Control MCF-7 cells; (b) 62.5 ug/mL of S6; (c) Free NITRO and
(d) None-loaded Cubosomes.

Drawing on the outcomes compiled in Table 2, all NITRO-Cs systems displayed elevated %EE values, ranging
from 97.43% to 98.71%. ANOVA of the data indicated that superior entrapment efficiency was associated with a
high oily:aqueous phase ratio and a high GMO:PX407 ratio (P = 0.0007). This arose from the inherently low
aqueous solubility of the drug, which drove its sequestration within the oily bilayer among the alkyl chains that
constitute the GMO framework, independently of the quantity of GMO present relative to the drug load or water
volume [52, 53].

An upturn in PS paralleled an increase in the drug fraction, corroborating earlier reports linking larger particle
size to higher drug payloads in Flurbiprofen cubosome formulations [54]. Whilst higher proportions of PX407
(equating to a low GMO: PX407 ratio) were conducive to smaller PS, these proportions could simultaneously
induce the formation of alternative vesicular configurations coexisting with cubosomes [55]. This accounted for
the observation of a comparatively broad size distribution (PDI) at a low GMO: PX407 ratio.

The formulated systems displayed negative ZP values, a trait attributable to the negatively charged free oleic acid
residues on the GMO backbone [56]. A higher ZP magnitude was observed with the elevated lipid fraction
delivered by a higher GMO proportion (high GMO: PX407 ratio), consistent with published findings showing
that Resveratrol cubosomes formulated with the maximal GMO proportion exhibited the highest ZP magnitude
[57].

The optimal system, identified through desirability computation, was S6 and was subsequently taken forward for
further exploration encompassing drug release kinetics, TEM visualization, and cytotoxicity evaluation.

The release behavior of free NITRO versus S6 is shown in Figure 2, which demonstrates a statistically significant
advantage in the percentage of drug released from S6 over free NITRO after 4 hours (P = 0.00055) and 8 hours
(P =0.000237). This was ascribed to the solubilizing capability of PX407, which enabled NITRO to be released
from the cubosomes into the dissolution medium [58]. The figure further indicated that S6 exhibited two discrete
drug liberation rates: an initial stage characterized by a more rapid release tempo, followed by a slower tempo.
This phenomenon could be rationalized by the presence of drug molecules initially dissolved within the oily
architecture, providing a vast surface area (nanoscale dimensions) for exposure to the dissolution medium.
Subsequently, a decelerated release profile emerged as drug diffusion from the labyrinthine internal geometry of
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the cubosomes into the dissolution medium became the rate-limiting step. These observations aligned with earlier
literature describing a biphasic liberation profile for Clopidogrel Bisulfate cubosomes, a pattern attributed to the
considerable surface area inherent to nanoparticulate systems [27]. The adherence of S6 to zero-order release
kinetics secured a uniform rate of drug delivery spanning an extended period [59].

The outcomes of the MCF-7 cell-based experiments confirmed that NITRO can enter cells and induce stress and
cytotoxicity, whether delivered in its free form or packaged in cubosomes. The well-documented mode of action
of NITRO, rooted in its history as an established antibacterial, hinges on its conversion into strongly electrophilic
reactive intermediates by Nitro reductases. These intermediates attach to ribosomal proteins, blocking protein
manufacture and ultimately causing cellular damage [20]. Reports have shown that breast cancer cells exhibit
overexpression of the Nitroreductase enzyme [60]. This knowledge indicates that NITRO, when situated in
proximity to breast cancer cells, undergoes activation via the expression of Nitro reductase, leading to suppression
of protein synthesis by NITRO. As a result, NITRO induced cytotoxicity in MCF-7 cells, both as Free NITRO
and in the S6 (cubosomal formulation). The marked advantage of S6 over free NITRO, underscored by a
substantially reduced IC50 (83.99 £ 0.15 ug g/mL) relative to free NITRO (174.54 £ 1.36 ug g/mL), can be
explained by the entrapment of NITRO within the cubosome architecture. The minute size of cubosomes, together
with their capacity to adapt to membrane curvature, facilitated better drug retention and improved permeation into
cells [28, 31].

The cytotoxic effect observed with the unloaded cubosomes was marginal, as reflected by a substantially higher
IC50 (207.38 + 0.59 pg g/mL) [61]. Paradoxically, these elevated concentration thresholds verified the
biocompatibility of unloaded cubosomes with normal cells when dosing is performed at the effective S6 level.

Conclusion

Accordingly, the decades-old antibiotic NITRO, which has been used effectively to treat urinary tract infections,
can once again become a focus of research through repurposing. NITRO, classified in Class IV of the
biopharmaceutical system, can achieve improved solubility and enhanced cellular internalization through
cubosomal entrapment. NITRO Cubosomes were engineered via hot homogenization in accordance with a 23 full-
factorial design. S6 (comprising a 1:10 drug: oily phase ratio, a 1:5 oily: aqueous phase ratio, and a 0.5:1 GMO:
PX407 ratio) demonstrated the greatest desirability and was chosen for subsequent examination. In a cubosomal
delivery platform (S6), NITRO produced cytotoxic effects against breast cancer cells, a phenomenon driven by
its bioactivation via the Nitro reductase enzyme shed by the malignant cells and by the superior permeability
afforded by the cubosomal shell, while safeguarding normal cells. Thus, NITRO, by resurging in breast cancer
management, can contribute to achieving one of the aims of sustainable development. It is therefore recommended
to proceed with further in vivo and stability investigations.
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