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Background: Cancer ranks as the second most common cause of mortality as depicted by the World Health Organization, with one in
six deaths being cancer-related mortality. Taking the lead in females, breast cancer is the most common neoplasm. Raloxifene,
a selective estrogen receptor modulator, has been utilized as a chemotherapeutic agent for the treatment of breast cancer in
postmenopausal women. However, its poor aqueous solubility hinders its clinical applications. Beta-cyclodextrin-based framework
is a novel class of nano-vectors that used to potentiate the solubility and dissolution rate of poorly soluble drugs.

Aim: The present study investigates the solubility and dissolution rate enhancement as well as the potential cytotoxic activity of
raloxifene-loaded nanosponges formulation.

Methods: The fabrication and optimization of cyclodextrin nanosponges crosslinked with diphenyl carbonate was portrayed through
stoichiometric selection of cyclodextrin-to-crosslinker ratio. The complexation phenomenon and nanosponges formation were vali-
dated using FTIR, PXRD, TEM, and SEM examination.

Results: Raloxifene-loaded nanosponges exhibited a 440+8.5 nm particle size, a negative zeta potential of 25.18+2.3 mV and a partial
drug incorporation. Moreover, the drug loaded nanosponges demonstrated an in-vitro significantly enhanced dissolution behavior.
Furthermore, the in-vitro cytotoxicity of the raloxifene-loaded nanosponges on MCF-7 breast cancer cell lines was statistically
significant compared to the complex-free raloxifene.

Conclusion: The cytotoxic behavior provided evidence that the incorporation of raloxifene within the nanosponges structure
enhanced its anticancer activity and represents a potential nanocarrier for anticancer agent delivery.
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Introduction

Breast cancer is a predominantly occurring malignancy in women,' compromising one-third of the female neoplastic tumors,
and it is the primary cause of death in 40- to 55-year-old American women.? Despite the “accelerated” development in
diagnostic techniques and the introduction of novel adjuvant therapies, the death rate has been stagnant over the past decade
and leveled since 1988.** Risk factors are related to the cumulative exposure to estrogen and progesterone, through the
administration of such hormones, which is recommended as a preventive measure of postmenopausal osteoporosis. Hence,
the use of selective estrogen receptor modulator (SERMs) compounds has demonstrated premier progress in its therapeutic
activity in clinical practice. SERMs represent a class of pharmacologically active compounds with the ability to bind
selectively to estrogen receptors in different tissues. This selectivity allows them to exert estrogen-like effects on bones and
cardiovascular system while acting as an antagonist on breast and uterus tissues. The first antiestrogenic agent employed
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clinically for the treatment of breast cancer is tamoxifen. However, prolonged treatment with tamoxifen posed a risk of
endometrial cancer, as it acts as an agonist on the endocrine system.’

Raloxifene hydrochloride (RLX) is a second-generation selective estrogen receptor modulator that functions as an
antiresorptive agent in bones, increasing bone mineral density and hence is used in the treatment of osteoporosis.®
Additionally, the antiandrogenic and antiestrogen activities of RLX enable its use in long-term hormone replacement
therapy for women, as well as in the treatment of fibrocystic disease and benign prostatic conditions.” Despite its
desirable therapeutic effects and minimal risk profile, the pharmacokinetic properties of this drug pose a challenge for its
clinical use. Raloxifene is classified under the Biopharmaceutics Classification System (BCS) as a Class II drug. This
means that it has low solubility but high permeability, making it apparently insoluble in water (3.60 x 10~> at 323.2 °K).
Moreover, RLX is characterized by poor oral bioavailability due to high pre-systemic clearance. Although RLX achieves
60% gastrointestinal absorption, the fraction bioavailable does not exceed 0.2% due to extensive first-pass metabolism
and poor aqueous solubility.®

Enhancement of RLX oral bioavailability via overcoming its poor aqueous solubility as a class II drug with high
extensive metabolism is compulsory.” Various strategies have been employed to improve its systemic bioavailability

1011 5nclusion complexes,12 microspheres,5 and

through the preparation of solid lipid nanoparticles,® lipid nanoparticles,
cogrided solid mixtures."?

Since the last decade, interest in cancer nanotherapeutics has been rapidly evolving to overcome the various
constraints of traditional drug delivery systems, characterized by non-specific distribution, poor aqueous solubility, and
low therapeutic indices, which in turn reduce the known side effects on healthy tissues.'* The optimistic view of
nanotechnology in the field of cancer therapy is related to its ability to manipulate materials particle size within the range
of 1 to 100 nm and to improve its features through shape and surface modifications.'> Many systems have been
investigated for their ability to potentiate RLX anticancer activity exemplified by solid lipid nanoparticles,
nanomicelles,” and nanocapsules.'®

Emerging nanotherapeutic carriers such as nanosponges (NS) are assessed for their anticancer potentials. These
nanoscale-based structures have attained many applications in the field of drug delivery.'” Nanosponges are tiny mesh-
like structures of a new class of materials made of microscopic particles.'® This system is capable of encapsulating both
hydrophilic and lipophilic substances in their nanometric-sized cavities. The 3D structure obtained by different combina-
tions and ratios of polymers to cross linkers forms a vessel-like structure that can capture, transport, and selectively
release a variety of drugs.'” Nanosponges play an important role in controlling and predetermining the site of drug
delivery due to their sizes and efficient carrier characteristics.”* Among the utilized polymers that are used as
nanosponges building units, beta-cyclodextrin (B-CD) is the most commonly picked cyclic oligomer block.
Cyclodextrins can be crosslinked with active carbonyl compounds such as diphenyl carbonate, triphosgene, carbonyli-
miidazole, or organic dianhydrides.?'

Nanosponges 3D structure is a promising system for pharmaceutical as well as para-pharmaceutical applications.*?
This complex can be utilized for dissolution enhancement, anticancer activity intensification, stability improvement, and
effective site targeting.””> The formulation of nanosponges in different dosage forms as oral, parenteral, topical, and
inhalation delivery is feasible and encouraging.>**

In light of the previously mentioned nanotherapeutic advances, this study aims to develop cyclodextrin-based
nanosponges to surmount raloxifene (RLX) biopharmaceutical constraints and ensure its anticancer potential activity.
A detailed study including development, formulation, physicochemical characterization, and cytotoxicity studies of
raloxifene-loaded nanosponges was carried out to evaluate its in vitro release performance and anti-proliferative activity
on breast cancer cells.

Materials and Methods

Materials
Beta-cyclodextrin was a generous gift from Roquette Freres (Lestrem, France). Raloxifene was generously supplied by
Pharmaline (Beirut, Lebanon). The MCF-7, breast cancer cells were procured from the American Type Culture
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Collection (ATCC), DMEM-F12 cell culture media was attained from Lonza (Verviers, Belgium). Diphenyl carbonate
(DPC), hydrocortisone, penicillin/streptomycin, horse serum, cholera toxin, epidermal growth factor, and insulin were
purchased from Sigma (St. Louis, Missouri, USA). All other chemicals and reagents were of analytical grade.

Formation and Optimization of Raloxifene-Loaded Nanosponges

Synthesis of B-Cyclodextrin Nanosponges

Nanosponges based on beta-cyclodextrin (3-CD) as building blocks were prepared utilizing diphenyl carbonate as
a crosslinker. Different nanosponges systems were formulated through varying polymer to cross-linker ratios (1:2—1:8).
Aimed at the synthesis of these nanovessels, a weighed amount of diphenyl carbonate was placed in a 250 mL conical flask
with gradual heating till 100 °C under magnetic stirring. Stepwise addition of B-CD to the molten diphenyl carbonate (DPC)
was carried out and left for at least 5 h for polymer condensation, throughout the reaction, phenol crystals appeared on the
walls of the flask. The hypercross-linked cyclodextrin obtained was left to cool and then grounded roughly. The residual
byproduct and unreacted DPC were completely removed utilizing Soxhlet extraction with ethanol for 48 h. The solid
product obtained was dried overnight, ground, and stored at 25+2 °C until further use.*®

Preparation of Raloxifene-Loaded Nanosponges

Raloxifene-loaded nanosponges (NS) were prepared by dispersing an accurately known weighed quantity of NS in
20 mL of Milli-Q water under magnetic stirring, to which raloxifene powder was added. The mixtures formed were
sonicated for 10 minutes and stirred for 24 h in the dark. After 24 h, the aqueous suspension was centrifuged (Sigma
3-30KS centrifugation-Germany) for 10 minutes at 2000 rpm to separate the unentrapped drug residue from the colloidal
supernatant. The supernatant was separated and lyophilized to obtain raloxifene-loaded NS formulations. The final
powdered formulations were stored at room temperature in a vacuum desiccator (252 °C).?’

Influence of B-CD to Diphenyl Carbonate Ratio

The solubilization efficacy of the prepared nanosponges and loading efficiency were evaluated as an optimization step for
the determination of the suitable polymer/crosslinker molar ratio. An excess amount of RLX was introduced to a light
protective container along with a fixed quantity of different nanosponges formulations (B-CD/PC ratios) and suspended in
the exact quantity of Milli-Q water. The mixtures were placed in a mechanical water shaker (Falc, WB-MF24, Treviglio
(BG)-Italy) at ambient temperature (2542 °C) for 24 hours and left to equilibrate for another 24 hours. The equilibrated
samples were subsequently centrifuged for 10 minutes at 5000 rpm, filtered using 0.45 pm Millipore® filters, and
analyzed spectrophotometrically (Optima, SP-3000 PLUS, Tokyo, Japan) for its RLX content at Amax 288 nm in three
independent determinations.”® The loading efficiency of RLX in the NS complex is the ratio of the amount of drug
present in the final formulation to the total amount of drug added initially to the nanosponges aqueous dispersion. The
loading efficiency was determined by dissolving an accurate amount of RLX- loaded NS complex in methanol, sonicated
for 5 minutes to break down the complex, and then RLX content was determined spectrophotometrically.?® The loading
efficiency was calculated using the following equation:

YLoading efficiency — Total amount of loaded raloxifene

Total amount of raloxifene added x100 1)

Physicochemical Characterization of Raloxifene-Loaded Nanosponges

Particle Size, Polydispersity, and Zeta Potential

Nanosponges were dispersed in Milli-Q distilled water and then sonicated for 2 minutes. The aqueous dispersion was
then diluted using filtered Milli-Q distilled water before particle size and size distribution measurement. The particle size
and polydispersity index (PDI) were determined for each sample using a photon correlation Zetasizer 2000 (Malvern
Instruments, UK), obtained at a fixed angle of 90° at 25+0.5 °C. Zeta potential measurements were determined to ensure
the physical stability of the dispersed nanoparticles. Zeta potential measurements were performed for samples diluted
using Milli-Q distilled water and placed in an electrophoretic cell at an average electric field of about 15 V/cm using

Malvern dispersion technology software.***°
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Fourier Transform Infrared Spectroscopy

In order to highlight and understand the interaction between raloxifene and nanosponges, FTIR spectrum (Perkin Elmer
ES version, Massachusetts, United States) was employed to detect and characterize its existence. Samples weighing 2 mg
were mixed and triturated with dry potassium bromide, and then compacted using a hydraulic press at 10 tons. The
spectra of the drug-loaded NS, free drug, unloaded NS, and the physical mixture of the formulation components were
scanned in the region from 4000 to 400 cm >

X-Ray Diffractometry

X-ray diffraction patterns of the drug-loaded NS, free drug, unloaded NS, and their physical mixture were examined
using an X-ray diffractometer (XRD Bruker AXS D8 focus) with a copper node (cu Ka radiation) as a target filter having
a voltage/current 40kV/40mA. Patterns were obtained with a detector resolution in 26 (diffraction angle) between 4° and

80° with a step size of 0.02° and step time of 0.6 sec.?’>*?

Surface Topography

The surface characteristics of free RLX, 3-CD, unloaded nanosponges and RLX-loaded nanosponges were examined
using a scanning electron microscope (SERON technology, AIS2300C, Korea). The samples were lightly spread on the
adhesive tape and applied to the aluminum nob.?® The nob was then gold coated at less than 0.1 millibar pressure and 20
mA using a gold Cressington sputter coater.*?

Morphological and Structural Features

The morphological structure of nanosponges loaded with raloxifene was examined at 80 kV using transmission electron
microscopy (TEM, JEM-100 CX, JEOL, Japan). The nanocarrier-loaded system was diluted with water, sonicated, and
then a drop of the dispersion was applied to a copper-coated grid to form a thin film. Before TEM examination, the
samples were stained and air-dried.?®

In vitro Raloxifene Release and Kinetic Model
In vitro drug release studies of free RLX and RLX-loaded NS formulation were performed using USP type I dissolution
apparatus (ERWEKA, Heusenstamm, Germany). Accurately weighed amounts of free drug and drug-loaded NS
formulation equivalent to 30 mg of RLX were filled into hard gelatin capsules (size 0) in triplicate. Dissolution test
was performed in 900 mL volume of 0.1% polysorbate 80 aqueous solution.>* The dissolution media were stirred at
a rate of 50 rpm and maintained at 37+£0.5 °C. Aliquots of 5 mL samples were withdrawn at predefined intervals for
a period of 120 minutes. The filtered samples were analyzed spectrophotometrically for its RLX content.*®

Kinetics of raloxifene release from the prepared nanosponges system were investigated based on the magnitude of
correlation coefficients revealed after the application of first order, zero order, Korsmeyer—Peppas, Hixson—Crowell cube
root, and Higuchi diffusion models utilizing the following equations, respectively;

In (Mg/M,) = kit @)
My — M, = kot A3)
M'/M> = kt” (4)
(wo)'> — (W) ? = kst (5)
M, = K/t (6)

where My, M,, and M; stand for the amount of drug collected at a time equal to zero, dissolved at a particular time, t,
and at infinite time, respectively. The weight of the drug sample at time t refers primarily to terms W, and W The release
kinetic constants produced from the linear curves of the Korsmeyer—Peppas, zero-order, first-order, Hixson—Crowell cube
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root law, and Higuchi model, respectively, are denoted by a number of additional terms, namely k, ko, ki, ky,3, and k. The
diffusion coefficient, or exponent n, was employed to describe the drug release mechanism.

Anti-Proliferative Assessment of Raloxifene-Loaded Nanosponges
Cell Culture

DMEM cell culture medium supplemented with 10% FBS and 1% P/S was used to sustain MCF-7 breast cancer cells. At
37+0.5 °C, cells were kept in a humidified environment with 5% CO,. For the in vitro anti-proliferative study, MCF-7
cells were plated in 97 well plates at a density of 10000 cells. All treatments were performed at semi-confluency.
Raloxifene, unloaded NS, and RLX-loaded NS dispersion were prepared under aseptic conditions.>

Drug Exposure

The culture was treated with free RLX, RLX-loaded NS and unloaded NS at different concentrations. The effect of the
formulation on the cell culture proliferation was evaluated after 24 hours by MTT assay. Free RLX was dissolved by
methanol with a maximum concentration not exceeding 0.1%.>> As for the RLX-loaded NS and unloaded NS, each was

diluted with the culture medium.>®

Cell Viability

Cell viability was evaluated by MTT assay through three independent experiments. Viable cells possess the capability to
convert the MTT dye (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), originally yellow, into a purple
insoluble formazan product. This conversion can be quantitatively measured by recording the absorbance at 595 nm.
MTT was utilized for determination of the inhibitory effect of RLX, RLX-loaded NS and unloaded NS on the viability of
MCF-7 breast cancer cells. After 24 hours of drug exposure, the medium was removed, and the cells were incubated
overnight with MTT solution (1 mg/mL). At the end of the incubation period, the optical density of isopropanol dissolved
formazan crystals was measured at 595 nm using a microplate reader. Cellular viability values were conveyed as

the percentage of cell viability of the treated reactants against the untreated controls.*”**

Statistical Analysis
Results are expressed as meantstandard deviation (SD) where n equals three. Statistical analysis of the various variables
was performed using z-test, one—way ANOVA; p-value < 0.05 was considered the level of significance.

Results and Discussion
Poor solubility of drugs such as RLX remains a substantial challenge, where a higher dose is required to exert its
therapeutic outcomes that in turn magnify its dose-related adverse reactions and toxicities.” The use of cyclodextrin
represents an approach for enhancing drug solubility, whereas previously reported studies have revealed that RLX
complexation with B-CD has shown improved solubility.'® This improvement has stimulated the research for raloxifene-
loaded nanosponges formulation, which may offer a superior complexing ability over the raw cyclodextrin.>’ Various
systems have been utilized to counter the aforementioned drawbacks, in this regard, nanosponges have proven to enhance
drugs dissolution and their bioavailability thus decreasing the required dose and minimizing their side effects.*® This
system was selected as it encapsulates a variety of drugs, allowing targeted delivery to specific tissues or cells. Their
unique architecture allows both hydrophilic and hydrophobic drug absorption and transportation.*' Nanosponges have
shown potential in overcoming anticancer drug resistance and are a promising avenue for personalized, patient-friendly
therapeutic interventions in various medical fields.** Thus, these nanosized particles minimize systemic toxicity and
enhance cytotoxicitic eefects,” this was revealed in previous studies where nanosponges potentiate the anticancer
activity of many drugs such as curcumin and quercetin.>7#*4

In the current study, RLX-loaded formulations were prepared using B-CD-based nanosponges crosslinked with
diphenyl carbonate. The NS structural characterization elaborated that the crosslinker carbonate groups interacted with
the primary hydroxyl group of the cyclodextrin-building blocks. The hypercross-linked nanosponges are packed with
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channels and pores, which enable the drug molecules to be allocated within the nanocavities. This structural organization
may be accountable for the observed decreased particle size, thus enhancing the solubility and stability of RLX.

Optimization of B-Cyclodextrin to Diphenyl Carbonate Ratio
For the optimization of nanosponges, various 3-CD to DPC ratios were tested, with solubility and loading efficiency of
raloxifene determination as indicators to select the optimal molar ratio between 3-CD and the cross-linker. The cross-
linking degree between the nanosponge components affected the loading efficiency as well as the solubility of the
encapsulated drug. The solubility of RLX in the prepared nanosponges complex was significantly higher than pure RLX
(p<0.05) equivalent to 8.71+0.061 mg% as presented in Figure 1. The solubilities of RLX-loaded into B-CD/DPC at
molar ratio of 1:2, 1:4, 1:6, and 1:8 was 41+5.1 mg%, 89.30+7.50 mg%, 64+9.40 mg%, and 58.30+6.10 mg%,
respectively. The significantly higher observed solubility of RLX in the prepared nanosponges framework may be due
to the formation of inclusion complexes and the entrapment of Raloxifene within the nanosponges porous matrix. The
lower degree of solubility enhancement observed for loaded RLX into B-CD: DPC at 1:2 molar ratio nanosponges may
be explained by the reduction of channel numbers that were created within the nanostructures, thus presenting
unsatisfactory loading and inclusion of RLX. The higher ratios, viz 1:6 and 1:8, also demonstrated a lower loading
solubilization as illustrated in Figure 1. This can be due to the large number of formed channels, which resulted in
a reduction in the channel’s diameter and hence interfered with the entrapment of RLX molecules within the nanoporous
structure. The loading efficiency of RLX into different NS complexes is presented in Table 1. These results revealed that
the highest solubility and loading efficiency were represented at a 1:4 ratio (3-CD: DCP) indicating that at this ratio, an
adequate number of channels with a sufficient diameter suitable for RLX encapsulation led to a loading efficiency of
89.30+4%. Similar results were reported by Ansari et al, who calculated the solubilization enhancement and loading of
resveratrol in different nanosponges composed of B-CD and DCP at different ratios. Their results showed a solubilization
enhancement factor of 48 and 33 for 1:4 NS and 1:2 NS, respectively.*®

As a comparison to ensure that the nanosponges procured the upper hand over the classical 3-CD complex system, the
solubility in different B-CD ratios was 11.30+2.50 mg%, 25.60+5.07 mg%, 31.50+ 3.40 mg%, and 34.80+6.80 mg% for
1:2, 1:4, 1:6, and 1:8, respectively. These results demonstrate a lower solubility of RLX in 3-CD complexes than that in
nanosponges and assured the dominance of the crosslinked nanosponges system. The enhanced RLX solubility in the
nanosponge complex compared to the classical 3-CD may be due to the higher crosslinking of the nanosponge structures
that allowed more drug molecules to be entrapped within the nanoporous matrix. The ability of the nanosponges to form
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Figure | Solubility of raloxifene in B-cyclodextrin based-nanosponges at various diphenyl carbonate crosslinker ratio and corresponding inclusion complexes.
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Table | Loading Efficiency of Raloxifene into
Different $-Cyclodextrin-Based Nanosponges

Cyclodextrin to Loading
Crosslinker Ratio (w/w) Efficiency* (%)
122 25.70 £1.05
1:4 89.30+40
1:6 71.10£0.60
1:8 73.80+0.23

Note: *Mean * SD (n=3).

non-inclusion complexes is associated with the closely allied CDs forming the nanosponges structure. Darandale et al
study repeated synonymous result where the solubility of curcumin nanosponges was 4 folds higher than that in case of
its complexation with B-CD.?’ The current investigation demonstrated the primary purpose of utilizing the nanosponge
system, which assesses the solubilization efficacy enhancement over the conventional cyclodextrins.

Phase Solubility Study

Phase solubility is a widely utilized technique to detect the effect of nanosponges on drug solubility.”” The degree of
complexation between the drug and nanosponges can be investigated with the aid of phase solubility study. Phase solubility
plots were investigated using 1:4 B-CD:DPC ratio due to its observed highest loading efficiency and solubilization ability.
RLX-loaded NS formulations presented the uppermost percentage of drug solubility enhancement of 82.1+0.60% at a 1:2
ratio. At equal molar ratio, RLX solubility was the lowest (55.7 £1.05%) while at 1:4 ratio drug-loaded nanosponges showed
a decrease in RLX solubility, further increase in the drug concentration led to a reduction in its solubility. The anomalous
solubilization capabilities of the RLX-loaded NS at the tested ratio can be explained by the incomplete saturation of
nanostructures with drug at the equal molar ratio, while at the ratio of 1:4 (drug to NS), a statistically insignificant decrease
in RLX solubility was observed which indicates the saturation point of the formed nanosponges structure. Further increase in
the drug-to-nanosponges ratio led to a decrease in RLX solubility, which can be explained by the entrapment of the drug within
the formed NS structures rather than within the nano-channels of NS system. The assessment of the curcumin solubility phase
in nanosponges was investigated at different ratios, viz, 1:1, 1:2, and 1:4 w/w ratios. The optimal solubility was reported at 1:1
w/w stoichiometric ratio with a slight insignificant decrease in drug solubility at 1:2 w/w ratio, but at higher ratio (1:4)
a substantial decrease in solubility was reported that was explained by the dilution of the drug with more nanosponges that led
to the formation of free drug inclusion complex.?’

Physicochemical Features of RLX-Loaded Nanosponges

Particle Size, Polydispersity, and Zeta Potential

The particle size and PDI are key factors for the therapeutic activity of the nanocarrier systems. Considering the
chemotherapeutic activity of a system, both the particle size and the stability of the developed nanometric formulation
are essential for cellular uptake and selective targeting of tumor site. The particle size impacts targeting due to the
accumulation in tumor tissues via enhanced permeation and retention, which depends on its particular extravasation
through the perforation of the leaky tumor vasculature.*” The uniformity of the nanosponges was established through the
low polydispersity index, where values less than 1 reflect a unimodal distribution with minimal aggregation. The average
particle size of the unloaded NS was 421+12 nm with a unimodal size distribution (PDI = 0.261). The average particle
size of RLX-loaded NS was 440+8.5 nm and PDI equal to 0.251 as depicted in Table 2. The increase in the average
particle size of the unloaded NS compared to RLX-loaded NS can be related to the entrapment of the drug molecules
within the nanosponges porous structure. These results are comparable to those reported in Shringirishi et al study where
curcumin-loaded NS complex demonstrated a particle size of 430+1.04 nm.*® Similar results were also described in
Dhakar et al study where the particle size of the blank NS was slightly smaller than the kynurenic acid-loaded NS.*
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Table 2 Particle Size and Zeta Potential of Raloxifene-Loaded and Unloaded Nanosponges

Formulation Particle size* (nm) | Polydispersity* | Zeta potential* (mV)
Unloaded nanosponges 421£12 0.261 —2391%+ 4.10
RLX loaded nanosponges | 440+8.5 0.215 —25.18 + 2.30

Note: *Mean % SD (n=3).

Surface electrical potential is a crucial parameter that may predict the physical stability of colloidal systems.
Theoretically, a zeta potential value around 30 mV is desired for the creation of an energy barrier that reduces the
tendency of nanoparticles agglomeration.”® The free NS and drug-loaded nanosponges have high negative zeta potential
values reflecting efficient repulsion forces and thus provided a high colloidal physical stability. The zeta potential of
blank NS and RLX-loaded NS were —23.91+ 4.10 mV and —25.18 £ 2.3mV, respectively. The negative zeta potential of
the nanosponges system can be attributed to the presence of free ionized carbonyl groups at its surface due to the cross-
linking between B-cyclodextrin with diphenyl carbonate. Our findings were comparable to those reported in Dhakar et al
study, where the blank NS demonstrated a zeta potential of —26.3£1.91 mV, while the drug-loaded system revealed a zeta
potential of —23+0.945 mV.*°

FTIR Spectroscopic Analysis
Fourier Transform Infrared Spectroscopy is the most commonly employed technique for structural elucidation with
particular determination of the characteristic functional groups of the chemical entity. FTIR spectroscopy was
utilized for the characterization and assessment of the formed nanosponges. Upon attachment of monomers, certain
groups peaks in the FTIR spectrum indicate polymerization. The spectra of the guest RLX molecules, the host
nanosponges, RLX-loaded NS, and their physical mixture were examined to confirm the inclusion complex
formation.

Raloxifene showed absorption characteristic peaks at 1641.43 cm ™', 1595.07 cm™ ', 1463.15 cm ™', and 947.421 cm™!
which are corresponding to —C-O-C, C=O0 stretching, -S- benzothiofuron and benzene ring, respectively, as illustrated by
Figure 2A which is similar to the data previously reported in Tran et al study.”

Plain nanosponges FTIR spectra (Figure 2B) revealed characteristic peaks at 3273.1 cm !

, corresponding to
O-H stretching variation of carbohydrate, 1647.68 cm™' which indicates the presence of carbonate bond which is finger
print of nanosponges, 2916.77 cm™' (C-H stretching), and 1075.99 indicative of C-O stretching vibration which confirms
the cyclodextrin-based structure formation.>

Raloxifene-loaded nanosponges revealed several changes, specifically, the disappearance of 1641.43 cm ' peak,
and the shifting of 1595.07 cm™', 1,1463 cm™', 1463.15 cm™ ', and 947.421 cm™' to 1610.50 cm ™', 1151.62 cm ',
1420.34 cm 'and 938.44 cm ', respectively, as shown in Figure 2C. These observed changes, exemplified by the
disappearance and broadening of several bands that may be due to the interaction between the drug and the
nanosponges bulky blocks, similar results were observed in a previous study where FTIR studies confirmed the
interaction between the cyclodextrin-based nanosponges and resveratrol.*® Meanwhile, physical mixture showed the
presence of characteristic peaks relative to both the nanosponges building units and raloxifene, as illustrated in
Figure 2D.

X-Ray Diffraction Pattern

In order to determine the molecular state and to confirm the interaction and complexation of raloxifene within
nanosponges hyper-crosslinked system, powder XRD patterns were investigated. The diffraction pattern fluctuates
when the drug develops a complex with the cyclodextrin or nanosponges and in the case of drug crystallinity
modification. The detection of new peaks, sharpening of peaks, disappearance, appearance, and shifting of peaks indicate
complex formation. Powder X-ray diffraction behavior of free RLX, unloaded nanosponges, RLX loaded nanosponges
formulation as well as their physical mixture were analyzed as shown in Figure 3. The diffraction pattern of RLX powder
revealed several high-intensity characteristic peaks at diffraction angel (20) of 6.13, 9.29, 13.19, 14.03, 15.47, 20.72,
22.22, and 25.61 which portrayed its highly crystalline nature.® Plain nanosponges did not reveal intense peaks, which
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Figure 2 FTIR spectra of raloxifene (A), unloaded nanosponges (B), raloxifene-loaded nanosponges (C), and their physical mixture (D).

was similar to the diffraction profile of the RLX-loaded nanosponges, the demonstrated reduction in various character-
istic peaks of RLX crystalline form diffraction pattern confirmed the complex formation between RLX and nanosponges.
This reduction reflected a partial incorporation of RLX within the nanosponges structure. A similar phenomenon was
reported by Rao et al where telmisartan PXRD profile exhibited a highly crystalline behavior by the numerous distinctive
peaks attained; meanwhile, nanosponge framework loaded version presented a significantly different pattern with
a reduced drug peak intensity, and the authors explained this phenomenon by the incorporation of the drug within the
formed nanosponges.’® The physical mixture showed the presence of the characteristic spikes of both the NS and that of
RLX-free crystals.

Surface Morphological Features

Scanning electron micrographs of free RLX, 3-CD, unloaded NS, and RLX-loaded NS were examined and illustrated in
Figure 4. Free RLX demonstrated a characteristic needle crystalline structure (Figure 4A) similar to that previously
described.” Comparing B-CD to the unloaded-NS, one can infer the prominent changes in its morphology from the
needled crystalline morphology of B-CD to a highly porous structure (Figure 4B and C). The observed structural
differences between B-CD and unloaded nanosponges indicated a well-formed crosslinked (-CD and presented
a porous architecture similar to that reported by Shringirishi et al.*® The surface morphology of the RLX-loaded NS
(Figure 4D) revealed the absence of needle crystals with similar yet lower intensity of porous density of the unloaded
nanosponges indicating the deposition of the RLX within the formed vehicle sponge nanochannels. These results are
analogous to those detailed in Ansari et al study where pore sand clusters-like structures are evident of nanosponges

formation and deposition of drug within its nanocavities.*®
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Figure 3 XPRD spectra of raloxifene (A), unloaded nanosponges (B), raloxifene-loaded nanosponges (C), and their physical mixture (D).

Transmission Electron Microscopical Features

Furthermore, morphological characteristics were attained via transmission electron microscopy, which is an essential
technique for the evaluation of the structure of the obtained nanoparticles. The morphology of raloxifene-loaded
nanosponges observed by TEM is depicted in Figure 5. The TEM micrographs revealed that the drug-loaded
nanosponges possessed a discreet, spongy uniform, with oval/spherical shape nanoparticles. The TEM confirmed
the development of a spongy structure with oval morphology, further supporting the results obtained earlier. These
results are in accordance with Zidan et al results where the formed nanosponges were oval/spherical in shape with
a size that was in agreement with the determined particle size through the particle size measurement.*®

In vitro Release Behavior

Drug release from solid pharmaceutical dosage forms should be investigated to ensure drug migration from the
nanoparticles under appropriately controlled conditions. These conditions are used to relate and interpret oral
absorption, through which the in vitro-in vivo correlation is employed as an acceptable system aiming to quantify
the in vivo profile through the attained release profile. For the evaluation of the dissolution characteristics of
raloxifene-loaded NS, in vitro drug release from loaded NS, free drug, and physical mixture was performed over
120 minutes at 37+0.5 °C. Raloxifene-loaded NS displayed 25.034+2.9% release at 15 minutes which increased over
the time course to reach 77.61+7.3% after 30 minutes and presented an almost complete release after 45 minutes.
This was not the case for the free drug and physical mixture, which demonstrated a negligible release of 5.23
+2.52% and 6.34+1.37% at 15 minutes and reached the highest values of 28.33+4.71% and 41.11£9.58%,
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Figure 4 Scanning electron microscopical images of raloxifene (A), B-cyclodextrine (B), unloaded nanosponges (C), raloxifene-loaded nanosponges (D).

Figure 5 Photoelectromicroscopic image of raloxifene-loaded nanosponges using transmission electron microscope.
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Figure 6 In vitro release of raloxifene from loaded nanosponges in comparison to free raloxifene, and their physical mixture in aqueous polysorbate 80 solution at 37 + 0.5 °C.

respectively, after 120 minutes as illustrated in Figure 6. From the in vitro release studies, it can be concluded that
raloxifene entrapment within nanosponges unveiled a significant improvement of about 3-fold in the rate of its
release compared to the free drug and physical mixture. The observed significant enhancement may be due to the
formation of the RLX inclusion complex within the nanosponges system. Moreover, loss of RLX crystallinity,
particle size reduction, and hydrogen bonding between the drug and nanosponges played a meaningful role in the
observed enhanced release. The distinguished amelioration agrees with that reported for erlotinib-loaded
nanosponges.”® Furthermore, the enhancement in the percentage of drug release from the physical mixture compared
to free drug can be explained by the presence of B-cyclodextrin molecules that can act as a complexing agent.

A variety of mathematical models, including zero-order, Higuchi equation, Korsmeyer-Peppas, and first-order,
were used to examine the release data in order to investigate the mechanism of raloxifene release from the
formulation of nanosponges. Predicted on the kinetic correlation coefficient (R2), as Table 3 illustrates, the results
of the kinetic release reveal that the best fit was achieved with Korsmeyer-Peppas, as the highest R? was 0.9393,
with K and n values 1.0334 and 0.606, respectively. The results indicated that the mechanism of drug release was
through anomalous transport. The “n” value is used to characterize the different release mechanisms. When n is
equal to 0.45 the drug release follows fickian diffusion, while n values between 0.43 and 0.85 reveal an anomalous
(non-fickian diffusion) mechanism, whereas n values equal to 0.89 are reported as a case II transport and the
n values >0.89 is a super case II transport.’' In the current study, the attained non-Fickian release mechanism can be
explained by the relaxation of the cross-linked CD chains. Similar observations were reported by Fontana et al

Table 3 Correlation Coefficients and Kinetics of Raloxifene Release from B-Cyclodextrin-Based

Nanosponges
Zero order First order Higuchi Hixson-Crowell i Korsmeyer-Peppas
K R? Kl R? k R? KH R? K R? n

0.7146 | 0.6015 | —0.01 | 0.7041 | 9.7086 | 0.8061 | —0.0227 | 0.6584 | 1.0334 | 0.9393 | 0.606
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where raloxifene release kinetics followed a non-Fickian release mechanism from the prepared nanocapsules due to

polymer chains decompression.'®

Anticancer Potential of Raloxifene Nanosponges

The delivery of anticancer drugs is challenging due to their general characteristics such as poor drug aqueous
solubility, which limits their clinical use. Nanosponges have presented an improved wetting and solubility of
molecules that have low aqueous solubility. Moreover, the ability of nanoparticles to diffuse into cancer cells
allows intercellular accumulation of their cargo.*> Additionally, the ability of the nanocarriers to enhance drug
delivery to the desired tissue through active or passive targeting enables them to be an alternative for chemother-
apeutic drug delivery.’> To assess the anticancer activity of raloxifene-loaded nanosponges formulation, MCF-7
breast cancer cell line was treated for 24 h with free drug, RLX-loaded NS, and blank nanosponges at concentrations
ranging between 10 and 150 puM, after which the cell viability was determined using MTT assay. On evaluation of
anti-proliferative activity on the MCF-7 cell line, RLX seemed to induce a slight inhibitory action at high
concentrations, reaching approximately 70% viability at 150 uM, whilst RLX-loaded NS resulted in a concentration-
dependent inhibition of MCF-7 cellular proliferation as illustrated in Figure 7. The viability decreased dramatically,
reaching less than 35% at 70 uM, with ICso equivalent to 68.3 puM. The cell viability evaluation revealed
a substantial inhibitory activity of raloxifene-loaded nanosponges, while the blank NS revealed a non-toxic influence
on the MCF-7 cell line that was also proved by Dora et al.>* The augmented in vitro cytotoxicity of RLX-NS may
be attributed to higher endocytic uptake as compared to the free raloxifen studied. Moreover, the antiproliferative
activity can be accredited to the reduction in drug particle size, increased raloxifene solubility that is loaded into the
nanosponges complex as well as the improved retention effect of the formulation that enhanced drug—cell

interactions.?”>3-54
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Figure 7 Toxicity of raloxifene-loaded nanosponge to breast cells and their anticancer effect in human breast cancer cells in comparison to free raloxife and unloaded
nanosponges. MTT assay showing the viability of MCF-7 breast cancer cell line. The cells were treated for 24 h with different concentrations of either raloxifene, or blank
cubosomes or raloxifene-loaded nanosponge. Experiments were repeated three times, data are means + SEM.
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Conclusion

In the present study, raloxifene loaded nanosponges were successfully prepared and optimized. The optimized formation
exhibited a high loading efficacy, with enhanced RLX solubility and improved dissolution release profile. The studied
physiochemical characteristics indicated the encapsulation of the drug within the cyclodextrin nanosponges matrix. The
developed drug loaded nanosponges exhibited a dramatically higher cytotoxic effect compared to RLX free powder on
MCEF-7 breast cancer cell lines. This highlights the beneficial effect of the inclusion complex within nanosponges as it
successfully increased the drug solubility, which may reduce dose-related side-effects and augment anticancer activity.
Future studies of the therapeutic efficacy and toxicity are required to fully understand the potentials of raloxifene-loaded

nanosponges.
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