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Purpose: This study aimed to develop a solid self-nanoemulsifying drug delivery system (SNEDDS) and surface-coated microspheres
to improve the oral bioavailability of niclosamide.

Methods: A solubility screening study showed that liquid SNEDDS, prepared using an optimized volume ratio of corn oil,
Cremophor RH40, and Tween 80 (20:24:56), formed nanoemulsions with the smallest droplet size. Niclosamide was incorporated
into this liquid SNEDDS and spray-dried with calcium silicate to produce solid SNEDDS. Surface-coated microspheres were prepared
using sodium alginate and poloxamer 407 and optimized through solubility and dissolution tests. Scanning electron microscopy,
differential scanning calorimetry, and X-ray diffraction were used to evaluate the physicochemical properties of the prepared solid
SNEDDS, surface-coated microspheres, and the drug alone. The solubility, dissolution, and oral bioavailability were also assessed.
Results: Physicochemical evaluation demonstrated that niclosamide was converted to an amorphous state in the Solid SNEDDS
formulation, with enhanced solubility and oral bioavailability. In comparison to niclosamide alone, solid SNEDDS exhibited an
increase in drug solubility (approximately 2500-fold vs 158-fold) and oral bioavailability (approximately 10-fold vs 1.65-fold),
significantly outperforming surface-coated microspheres.

Conclusion: This solid SNEDDS formulation may be an excellent candidate for niclosamide with improved oral bioavailability for
repurposing.

Keywords: niclosamide, microsphere, solid SNEDDS, dissolution, crystallinity, oral bioavailability

Introduction
Niclosamide is composed of yellow pale crystals, practically insoluble in water, and moderately soluble in ethanol,
chloroform, and ether.' Niclosamide, an FDA-approved anthelmintic, is included in the World Health Organization’s
(WHO) model list of essential medicines.” Niclosamide has been shown to have beneficial effects in the treatment of
various diseases beyond its original use. It has shown promise in the treatment of Parkinson’s disease, diabetes, and
cancer, attracting attention for its potential for repurposing.>> Over the past decade, there has been a significant surge in
related research, and the broad therapeutic potential of niclosamide has sparked interest in its repurposing, which has led
to numerous clinical trials. However, the repurposing niclosamide is limited by its low water solubility, limited
formulation design, and low oral bioavailability, which present significant barriers.®’

To overcome this low water solubility, several studies have reported the use of nanodrug delivery systems such as
liposomes, micro/nanoemulsions, micelles, solid lipid nanoparticles, polymeric nanoparticles, inclusion complex, and
nanocrystals.* ! Drug delivery systems that increase water solubility may differ depending on the original characteristics

of the drug. Nanoemulsions, including self-nanoemulsifying drug delivery systems (SNEDDS), are prominent systems
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for improving the bioavailability of orally administered drug candidates by increasing solubility and permeability. These
approaches are particularly effective in enhancing the delivery and efficacy of drugs with poor water solubility.'?
SNEDDS are homogeneous mixtures of oils, surfactant, co-surfactant, and drugs. They spontaneously form a fine oil-
in-water nanoemulsion with minimal agitation upon introduction into aqueous environments.'> Upon oral administration,
SNEDDS interacts with gastrointestinal (GIT) fluids during peristalsis, spontaneously forming an oil-in-water (o/w)
emulsion. This process results in the formation of nanosized droplets with an average size ranging from 20 to 200 nm,
which enhance drug solubility and absorption.'* The SNEDDS formulation aims to enhance oral systemic availability by
improving intestinal membrane permeability, mitigating or eliminating food effects, reducing droplet size, and increasing
drug dissolution."”

Solid SNEDDS incorporates the advantages of its liquid counterparts, such as improved solubility and bioavailability.
Solid dosage forms improve stability, patient compliance, and accurate dosing.'® Solid SNEDDS can be formulated
through spray drying, freeze drying, or direct nanoemulsion preconcentrate adsorption onto microporous carriers.'’

In solid dispersions, drugs dispersed at the molecular level within a polymer exhibit significantly higher solubility or
dissolution rates than their crystalline counterparts. This method effectively improves drug bioavailability.'®
Transformation of the liquid phase into dry powdered microspheres was efficiently accomplished by spray drying.
This technique is well known for its effectiveness in producing microspheres.'® Within the framework of traditional
microencapsulation, solvent-evaporation techniques are utilized to produce microspheres.’>*' When fabricating these
microspheres via solvent evaporation, organic solvents are employed to dissolve water-insoluble pharmaceuticals and
compounds completely.?* The traditional approach to microencapsulation involves the generation of polymeric micro-
particles that encapsulate dissolved medications and compounds via spray drying. This procedure not only reduces the
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size of the particles but also changes the state of the drug from crystalline to amorphous, inducing supersaturation and, in
turn, improving its solubility.23 However, the approaches involving solvent evaporation have certain drawbacks. The
application of organic solvents poses potential toxicity risks because of solvent remnants. Furthermore, a high drug-to-
carrier ratio requires larger therapeutic doses to be administered to patients.”* Emerging as a potent solution to overcome
the limitations of traditional drug delivery methodologies, this novel strategy of surface-modified microencapsulation
addresses the challenges associated with employing water-based solvents and minimal proportions of the drug to the
carrier material >>*°

In this study, a systematic evaluation of how hydrophilic polymers, oils, and surfactants influence the water solubility
of niclosamide, led to the selection of optimal components. Subsequently, spray drying was used to prepare solid
SNEDDS and microspheres with a surface coating. The finalized solid SNEDDS formulation possessed the most
diminutive nanoemulsion droplets, whereas the selected surface-coated microspheres were noted for their enhanced
solubility and dissolution profiles. Advanced analytical methods, including differential scanning calorimetry (DSC),
powder X-ray diffraction (PXRD), and scanning electron microscopy (SEM), were employed to determine the physico-
chemical properties of niclosamide within solid SNEDDS and surface-coated microspheres, thereby uncovering the
various mechanisms of supersaturation. Additionally, this investigation included a pharmacokinetic comparison of
niclosamide in its powdered form, encapsulated within solid SNEDDS, and surface-coated microspheres in a rat
model. This comparison aimed to shed light on the differences in oral bioavailability observed by exploring the unique
physicochemical attributes and supersaturation mechanisms underlying each drug delivery strategy.

Materials and Methods

Raw Materials

Niclosamide was purchased from Elppe Chemical Co. PVT. LTD (Maharashtra, India), and Tween 80 (polysorbate 80),
polyethylene glycol (PEG) (400, 600) and soybean oil were purchased from Daejeong Chemicals, Gyeonggi-do, Korea.
Labrafil® M2125CS, Labrafil® M1944CS, Peceol™ (Type 40 Glyceryl Monooleate) and Labrasol® were supplied by
Gattefosse, Saint-Priest Cedex, France. Cremophor RH40, Solutol HS15, and poloxamer 407 were purchased from
BASF, Ludwigshafen, Germany. D-a-tocopherol polyethylene glycol 1000 succinate (TPGS) was obtained from Sigma-
Aldrich, St. Louis, MO, USA. Hanmi Pharmaceutical (Suwon, Korea) supplied polyvinyl alcohol (PVA), sodium alginate
(Na-alginate), hydroxypropyl beta-cyclodextrin (HP-B-CD), gelatin, carbopol 934 and calcium silicate. Ashland Inc.
(Hopewell, Virginia, USA) supplied Klucel® hydroxypropylcellulos (HPC-LF). Samchun Chemical Co., Ltd.
(Pyeongtaek, Korea) supplied corn, coconut, castor, cotton seed, and peanut oil. Reagent-grade chemicals and solvents
used in the study were used as received without further purification.

Animal Experiments

Eighteen healthy male Sprague-Dawley rats, each with a body weight ranging from 280-320 g and at the age of 8 weeks,
were acquired from Koatech, Inc. (Pyeongtack, Korea). The rats were kept under 20-26 °C temperature, 30-70% relative
humidity, and ammonia levels under 20 ppm. Rats received food restriction (18—24 h) before pharmacokinetic testing and
drug administration but were allowed free access to water. Pharmacokinetic experiments and animal management were
performed in compliance with NIH guidelines. The Institutional Animal Care and Use Committee (IACUC) of Hanyang
University (Seoul, Korea) approved the study protocol (IACUC No. 2019-0120A).

Solubility Study

Aqueous solutions containing a 1% (w/v) hydrophilic polymer, pure oil, and 10% (w/v) surfactant were prepared for
solubility testing. Subsequently, approximately 10 mg of niclosamide was introduced into each solution (1 mL). These
mixtures were subjected to a temperature-regulated shaking water bath (Daihan Scientific, Wonju, South Korea),
maintained at 25°C with a shaking speed of 100 rpm, for 7 days to ensure complete equilibration of the
concentrations.'>'> After incubation, the supernatant was separated by centrifuging the samples for 10 min at 15,000
x g using an Eppendorf 5430 R centrifuge (Eppendorf, Hamburg, Germany). For quantitative analysis of niclosamide,
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high-performance liquid chromatography (HPLC) was performed using an Agilent 1260 Infinity system equipped with
a VWD VL detector (G1314B 1260). The study was conducted using an Inertsil ODS-2 column (4.6 mm internal
diameter x 250 mm length, 5 um particle size), held at a constant temperature of 25°C. The mobile phase flow rate was
set at 1 mL/min. Peak areas were analyzed and calculated using ChemStation software. The absorbance of the separated
solution was monitored at 254 nm. The mobile phase was a solution comprising 0.05M ammonium phosphate buffer
(adjusted to pH 3.6 by phosphoric acid) and methanol in a volume ratio of 10:90.%

Construction of a Pseudo-Ternary Phase Diagram

Ternary mixtures of various compositions have been prepared using combinations of selected surfactants, co-surfactants,
and oils.”® Corn oil (oil), Cremophor RH40 (surfactant), and Tween 80 (co-surfactant) were chosen as suitable
ingredients to formulate liquid SNEDDS based on solubility tests. Drug-free liquid SNEDDS formulation (0.2 mL)
was placed in 300 mL of distilled water in a glass beaker while stirring at 300 rpm (37°C) using a magnetic bar."**° The
self-emulsifying ability of the liquid SNEDDS formulation to form nanoemulsions was determined by measuring
transmittance (%) using a UV spectrophotometer (Ultrospec 7000, Biochrom, Cambridge, UK). A wavelength of 640
nm was passed through the sample, and distilled water was used as a blank. Areas with a wavelength transmittance of
over 90% were classified as “good” and displayed on the ternary phase diagram.”’ Pseudo-ternary phase diagrams were
constructed to identify the self-nanoemulsification region. Once consistent visual standards were achieved, all experi-
ments were performed in triplicate.

Preparation of Niclosamide-Loaded Solid SNEDDS

The ideal mixture of oil, surfactant, and co-surfactant was identified using a pseudo-ternary diagram as a guide, and the
liquid SNEDDS formulation that exhibited the smallest emulsion droplet size was selected. This solution was composed
of oil, surfactant, and auxiliary surfactant mixed in the order of 20%, 24%, and 56% by volume, respectively. The mixing
process utilized a vortex mixer to ensure uniform distribution of the ingredients. A porous carrier, calcium silicate, was
chosen to convert liquid SNEDDS loaded with niclosamide into a solid state. Calcium silicate (1 g) was suspended in
liquid SNEDDS (1 mL) loaded with niclosamide in distilled water, using a Biichi mini spray dryer (B-290; Plawil,
Switzerland).?**® Stirring was continued throughout the spray drying process at 300 rpm using a magnetic bar to prevent
precipitation. Solidification was carried out with an inlet temperature of 140°C, an outlet temperature of 70°C, 100%
aspiration, 600 L/h airflow, and a 15.0 mL/min suspension feed rate.

Preparation of Niclosamide-Loaded Surface-Coated Microspheres

Based on the solubility screening results, sodium alginate (Na-alginate) and poloxamer 407 were identified as suitable
polymers and surfactants. Distilled water was used to dissolve various ratios of Na-alginate to Poloxamer 407.
Niclosamide, which was processed into a fine powder by passing through a 100-mesh sieve, was successfully dispersed
in each aqueous solution listed in Table 1. Niclosamide-loaded surface-coated microspheres were prepared using a Biichi
mini spray dryer."®?' To ensure a stable suspension during the spray-drying process, continuous stirring with a magnetic
bar was maintained to prevent clumping or settling of the solution. During the solidification procedure, the temperatures
at the outlet and inlet were configured to 56°C and 90°C, respectively. The aspiration level was adjusted to capacity
(100%), coupled with an airflow rate of 600 L/h, and the suspension feed rate was carefully controlled at 20.0 mL/min.

Table | Formulation of Niclosamide-Loaded Surface-
Coated Microspheres

Formulations | | 1 1] v v Vi

Niclosamide (g) | | | | | I |
Na-alginate (g) | 0. | 025 | 0.5 | 0.75 | 09 | |
Poloxamer (g) 09 | 075|05 | 025 |0l |-
Ethanol (mL) 500 | 500 | 500 | 500 | 500 | 500
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Characterization of Physical and Chemical Properties

Measurement of Nano-Emulsion Droplet Size

The droplet diameters within the SNEDDS formulations were evaluated using the Nano ZS particle size analysis system
(Malvern Instruments, Malvern, UK).'>'® The evaluation was performed at a wavelength of 635 nm utilizing a 90°
scattering angle and maintained at a constant temperature of 25°C. To assess the nanoemulsion droplets, Automeasure
software (Malvern Instruments, Malvern, UK) was used to provide the z-average particle size in nm. This measurement
reflects the average hydrodynamic diameter of the droplet, which is determined using a method based on intensity-
weighted harmonics.

Evaluation of Physicochemical Properties

The thermal properties of the niclosamide-loaded surface-coated microspheres and niclosamide-loaded solid SNEDDS
were analyzed using differential scanning calorimetry (DSC) (DSC Q200, TA Instruments, New Castle, DE, USA)."”
DSC was used to investigate potential interactions between the drugs and substances used in the formulations. Dry
nitrogen was used as the experimental exhaust gas, and all samples designated as test subjects were measured at
a temperature increase rate of 10°C/min in the temperature range of 60 to 200°C. Solid-state properties of the
formulations were investigated using PXRD (Ultima IV, Rigaku Corporation, Tokyo, Japan) at the core facility of the
Biomedical Engineering Research Center (Dankook University).>> Measurements were performed over 20 angles from 3°
to 50° with parameters set to an angular advance of 0.02° per second at ambient temperature.

Analysis of Morphological Features

Samples, including niclosamide alone, sodium alginate, poloxamer 407, niclosamide-loaded surface-coated micro-
spheres, and niclosamide-loaded solid SNEDDS, were mounted on brass plates with double-sided adhesive tape.”
After mounting, the samples were coated with platinum at a deposition rate of 6 nm/min and a current setting of 15 mA
for 4 min, all carried out in a vacuum set to 0.8 Pa.>> This was performed using an EmiTeck sputter coater (model K575
K; Quorum Technologies, Lewes, UK).?® After platinum coating was applied, the detailed morphological structures of
niclosamide alone, sodium alginate, poloxamer 407, calcium silicate, surface-coated microspheres, and solid SNEDDS
were examined using a scanning electron microscope (S-4800; Hitachi, Tokyo, Japan).

Dissolution Testing

Dissolution tests were performed using the paddle technique using a USP Dissolution Apparatus II. The dissolution
medium consisted of 900 mL of distilled water, and the temperature was maintained at 37 + 0.5°C. The paddle rotational
speed was kept constant at 50 rpm.'*'* The niclosamide-loaded surface-coated microspheres niclosamide-loaded solid
SNEDDS, and niclosamide alone (5 mg) were tested using a dissolution tester (Vision Classic 6TM, Hanson Research
Co., Los Angeles, CA, USA). Approximately 3 mL of eluate was collected from each sample at specific intervals.
Samples were filtered through a glass fiber membrane filter (0.45 pm) and analyzed by HPLC to determine niclosamide
concentration.”’

Pharmacokinetic Studies

Three groups of six male Sprague Dawley rats were meticulously assigned to the experiment to ensure a precise and
reliable study. A heparin-coated polyethylene tube (50 IU/mL) was carefully inserted into the right femoral artery of the
rat to prevent tube blockage and was securely held in place.>” For oral delivery, the niclosamide-loaded surface-coated
microspheres, niclosamide-loaded solid SNEDDS, and niclosamide alone were each suspended in 1% sodium carbox-
ymethyl cellulose (Na-CMC) at a dose of 30 mg/kg and orally administered to rats using an oral zonde needle. The blood
collection schedule was meticulously planned, including time points of 0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 12, 24, and
48 h for the 12 collection points. Blood samples (0.4 mL) were collected using a 1 mL syringe precoated with heparin to
ensure accurate and consistent sample collection. After collection, plasma was immediately centrifuged at 15,000 x g for
15 min. Plasma samples were separated and stored at —20°C to maintain the integrity of samples until further analysis.
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Quantitative Determination of Niclosamide Concentrations in Plasma

Niclosamide concentrations in rat plasma were determined using the protein precipitation method. This involved taking
a 100 puL plasma sample, adding 200 pL internal standard solution (10 pg/mL indomethacin in acetonitrile), and vortex
mixing for 1 min. Next, the mixture was centrifuged at 14,000 g for 10 min at 25°C, and 160 pL of the supernatant was
collected and analyzed. For HPLC analysis, 50 uL of this supernatant was injected into a SHISEIDO Capcell Pak C18
column (4.6 mm L.D. X 150 mm, 5 pm) maintained at 25°C. The mobile phase consisted of 5 mm phosphate buffer
(KH2PO4, pH adjusted to 3.5 with phosphoric acid) that was degassed before use in an ultrasonic bath. Analysis was
performed at a flow rate of 0.5 mL/min, and detection was performed at a wavelength of 332 nm.?’***' The method
demonstrated robust reproducibility, with a correlation coefficient (R2) of 0.99, and both intra- and inter-day variabilities
were within acceptable ranges.

Analysis of Pharmacokinetic Parameters

For the pharmacokinetic assessment, parameters such as AUC (area under the curve), Tmax (time to reach maximum
plasma concentration), Cmax (maximum observed plasma concentration), t1/2 (half-life), and Kel (elimination rate
constant) were calculated using WinNonlin software (Pharsight Corp., Mountain View, CA, USA).'>* The results were
expressed as mean + standard deviation, and the test results were considered statistically significant at p<0.05. These
findings are of considerable importance in pharmacokinetics and drug development and provide valuable insights for
future research and clinical applications.

Results

Selection of Appropriate Components

Extensive investigations of SNEDDS have been conducted to examine the formation of fine nanoemulsions when
interacting with aqueous environments.”” The strategic use of oils and surfactants in SNEDDS formulations enables
the transformation of drugs with low solubility into oil-in-water (o/w) emulsions upon dilution with water. The
simultaneous addition of co-surfactants further increased the stability of the emulsions.** The niclosamide-loaded
SNEDDS formulation was optimized by evaluating the solubility of niclosamide in various excipients, including
polymers, oils, and surfactants. The results of the drug solubility screening are shown in Figure 1. Among the oil
samples, corn oil exhibited the highest solubility at 323.9 £ 31.6 ng/mL (Figure 1A). Owing to its high stability and low
toxicity, corn oil was deemed the most suitable oil component and was selected for the SNEDDS formulation. In
Figure 1B, Tween 80 (234.8 £ 5.6 pg/mL) and Cremophor RH40 (27.2 + 2.6 ng/mL) were identified as the surfactant and
co-surfactant, respectively. Tween 80 and Cremophor RH40 are non-ionic surfactants known for their lower toxicity than
ionic surfactants. Previous studies reported their widespread use in drug solubilization studies to form stable and
homogeneous emulsions in SNEDDS. Hydrophilic polymers and surfactants were used to prepare surface-coated
microspheres using a spray dryer. Poloxamer 407, with a solubility of 246.4 + 8.8 pg/mL (Figure 1B), was selected as
the surfactant due to its excellent solubility. The polymer screening results in Figure 1C showed that Na-alginate (10.4 £
1.1 pg/mL) significantly enhanced the drug solubility. Consequently, Na-alginate and poloxamer 407 were selected as the
polymer and surfactant, respectively, to formulate surface-coated microspheres.

Preparation of Solid SNEDDS

To optimize the composition of the liquid SNEDDS formulation, different formulations, excluding niclosamide, were
prepared and assessed for their self-emulsifying ability. This evaluation was facilitated by constructing a pseudo-ternary
phase diagram illustrated in Figure 2A. The pseudo-ternary phase diagram assessed the relationships among the
components in liquid SNEDDS formulations of different compositions. Optimal self-emulsification occurred when the
oil component contained less than 30% (v/v) of the formulation. Above this percentage level, coalescence of oil droplets
was observed when liquid SNEDDS was added to distilled water, resulting in a cloudy solution and phase separation,
indicating that the self-emulsification ability was limited outside the preferred region of the ternary diagram. The critical
role of emulsion droplet size in SNEDDS formulations has been highlighted, particularly because it significantly
improves the solubility of poorly water-soluble drugs. Because of its increased surface area, a finer emulsion droplet
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size can enhance the solubility of poorly water-soluble drugs.®> The investigation of how the oil, surfactant, and co-
surfactant ratios affect the emulsion droplet size within the self-emulsifying region revealed a decrease in the droplet size
with increasing corn oil concentration from 5 to 20% v/v, as shown in Figure 2B. Nevertheless, the stability of the
emulsion droplet size was compromised when the corn oil concentration exceeded 25% v/v; therefore, the corn oil was
maintained at a concentration of 20% v/v. The effect of the surfactant/co-surfactant ratio on the emulsion droplet size was
evaluated next, as shown in Figure 2C. The largest emulsion droplet size was observed when the surfactant (Cremophor
RH40) to co-surfactant (Tween 80) ratio was 1:9, whereas no significant difference was observed at a 2:8 ratio. The
smallest emulsion size and lowest variation in the polydispersity index (PDI) values were observed at a 3:7 ratio.
Considering the smallest emulsion droplet size and minor variations in PDI across the tested formulations, a liquid
SNEDDS composition using corn oil, Cremophor RH40, and Tween 80 with a volume ratio of 20/24/56 was selected.
Comparative studies with niclosamide-loaded liquid SNEDDS showed comparable nanoemulsion droplet sizes, indicat-
ing that drug encapsulation did not negatively impact the self-emulsification process. Subsequently, the niclosamide-
containing liquid SNEDDS was mixed with distilled water and this solution was spread within a porous calcium silicate
matrix. The solidification process was performed using a spray dryer by applying the optimized parameters.

Development of Surface-Coated Microspheres

Traditional methods of microencapsulation, such as solvent evaporation, typically require high polymer to drug ratios,
leading to an increased dosage for patients.** In contrast, the surface-modified microsphere creation technique adopted in
this study reduced the need for excipients by forming a solubilized layer on the surface of the drug, presenting a more
effective strategy than solvent evaporation methods.*> Moreover, unlike conventional microsphere fabrication processes
that use organic solvents to convert hydrophobic drugs into amorphous forms, the surface-coated microspheres in this
study were produced using distilled water, thus preserving their hydrophobic properties in a crystalline state. This
crystalline form is known for its enhanced stability in the amorphous form. Additionally, surface-modified microspheres
can improve biocompatibility because they generally do not require high levels of surfactants. Several formulations were
developed to determine the most effective ratio of Na-alginate to Poloxamer 407 for surface-coated microspheres, as
summarized in Table 1. Interestingly, as the ratio of Na-alginate to niclosamide increased, the relationship between the
viscosity and solubility of the formulations became more complex. Contrary to initial expectations, the solubility
decreased beyond a certain point, as illustrated in Figure 3A. Formulation IV (1:0.75:0.25; drug: Na-alginate:
Poloxamer ratio) exhibited significantly higher solubility than the other formulations and niclosamide alone.
Furthermore, as illustrated in Figure 3B, Formulation IV achieved the highest dissolution rate, similar to the solubility
evaluation results, and outperformed Formulations I, II, III, and niclosamide alone. In conclusion, Formulation IV with
a ratio of niclosamide/Na-alginate/poloxamer 407 of 1/0.75/0.25 significantly improved the solubility of niclosamide,
achieving an improvement of approximately 158-fold compared to niclosamide alone (0.8+£0.3 vs 127.0+18.4 pg/mL).
The dissolution evaluation demonstrated that there was hardly any release from niclosamide alone; in contrast,
approximately 10% was released from Formulation IV. These results confirmed that optimizing the ratio of active
ingredients to excipients is essential for achieving significantly improved solubility and dissolution profiles.

Comparison of Physical and Chemical Properties

Figure 4A shows the differential scanning calorimetry (DSC) profiles for niclosamide alone, niclosamide-loaded surface-
coated microspheres, and niclosamide-loaded solid SNEDDS. The DSC analysis revealed a pronounced endothermic
peak at approximately 230°C for niclosamide (Figure 4A 1), indicating its melting point and confirming its crystalline
nature. Similarly, a subtle endothermic peak at the same temperature region, around 230°C, was observed in the physical
mixtures of the two formulations (Figure 4A ii) and (Figure 4A iii), suggesting the melting point of niclosamide remains
unaffected in these mixtures. These observations confirm that there are no compatibility issues between niclosamide and
the selected excipients, ensuring the integrity of the drug’s crystalline structure in the formulations.>® DSC evaluation of
the surface-coated microspheres (Figure 4A iv) showed an endothermic peak consistent with the melting point of
niclosamide. These results suggest that the drug within the microspheres was crystalline.” In contrast to the formulations
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Figure 3 Characterization of niclosamide in surface-coated microspheres: (A) Water solubility assessment; (B) Release profile examination. Results show mean + SD for
n=3; * marks a significant difference (p < 0.05) from other groups.

discussed above, solid SNEDDS (Figure 4A v) lacked the characteristic peaks of native niclosamide, indicating that the
drug could transform from a crystalline to an amorphous state.

The crystallinity was assessed using powder X-ray diffraction (PXRD) analysis, as shown in Figure 4B. Niclosamide
alone (Figure 4B i) showed a distinct crystalline pattern characterized by specific peaks. These peaks were also present in
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Figure 4 Thermal and structural analysis of formulations: Differential scanning calorimetry (DSC) thermograms (A) and powder X-ray diffraction (PXRD) patterns (B) for
(i) niclosamide; (ii) physical blend of niclosamide, Na-alginate, and poloxamer 407; (iii) niclosamide with calcium silicate; (iv) surface-coated microspheres; (v) Solid SNEDDS.
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the physical mixtures corresponding to surface-coated microspheres (Figure 4B ii) and solid SNEDDS (Figure 4B ii),
suggesting that niclosamide did not interact with the excipients, which is consistent with the DSC results. Notably, the
unique crystalline pattern of niclosamide was preserved in the surface-coated microspheres (Figure 4B iv), demonstrating
that the crystalline pattern of the drug was not altered.*® In contrast, no distinct crystalline character of niclosamide was
observed in solid SNEDDS (Figure 4B v).>* Similar to the DSC results, the PXRD results indicated that the drug
transformed from a crystalline to an amorphous state. This transformation suggests that the drug in solid SNEDDS may
have enhanced solubility and bioavailability in biological systems.

The structural morphologies of niclosamide alone, poloxamer 407, calcium silicate, surface-coated microspheres, and
solid SNEDDS were evaluated by using scanning electron microscopy (SEM). The images in Figure 5 provide visual
evidence of the transformation and interactions between these components. Niclosamide alone (Figure SA) exhibited
irregular rectangular crystals, whereas poloxamer 407 (Figure 5B) showed rectangular shapes with round corners.
Calcium silicate exhibited a porous structure (Figure 5C). Solid SNEDDS was observed to cover the calcium silicate
surface with liquid SNEDDS containing niclosamide, indicating that niclosamide was encapsulated in liquid SNEDDS
and then adsorbed onto the rough surface of calcium silicate (Figure SE). Additionally, the surface-coated microspheres
showed that the polymer was attached to the surface of the undissolved drug (Figure 5D). This observation confirmed

)
b

HanYang 15.0kV 8.0mm x1.00k SE(L)

Figure 5 Morphological examination using scanning electron microscopy (SEM): (A) niclosamide alone; (B) Poloxamer 407; (C) calcium silicate; (D) surface-coated
microspheres; (E) solid SNEDDS.
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that the crystallinity of the drug did not change in surface-coated microspheres, and was supported by the DSC and
PXRD results which demonstrated the crystalline nature of the drug.*’

Comparison of Solubility and Dissolution
As shown in Figure 6A, the solubility of niclosamide in surface-coated microspheres and solid SNEDDS was quantita-
tively evaluated. The results showed that both surface-coated microspheres and solid SNEDDS significantly improved
the solubility of niclosamide compared with the niclosamide alone (127.0 + 18.4 vs 2,000.0 + 220.4 pg/mL vs 0.8 + 0.3,
respectively). These differences were statistically significant (p<<0.05). Notably, the solubility of solid SNEDDS was 15.7
times higher than that of the surface-coated microspheres, indicating a significant improvement (p<0.05).

During dissolution testing, solid SNEDDS and surface-coated microspheres exhibited excellent drug release within
60 min, significantly increasing the release rate compared with niclosamide alone (Figure 6B). The order of dissolution
efficiency was: solid SNEDDS > surface-coated microspheres > niclosamide alone. Niclosamide alone was barely
dissolved, with concentrations in the dissolution media below the method quantification limit, making it challenging to
measure its dissolution. In contrast, approximately 10% of the drug encapsulated in the surface-coated microspheres was
released after 60 min, whereas solid SNEDDS achieved 100% release. Niclosamide was encapsulated in a solid
SNEDDS formulation using the liquid SNEDDS method, bypassing the dissolution step that is typically necessary for
solid crystalline substances.*’ When introduced into water, solid SNEDDS form a nanoemulsion by establishing an
interface between the water and oil droplets. This process requires a low free energy to achieve supersaturation,
promoting the swift release of the drug.*? The solid SNEDDS demonstrated a dissolution rate at 60 min that was 12.5
times higher than that of the surface-coated microspheres. This phenomenon supports the hypothesis that the creation of
an oil-in-water emulsion enables niclosamide, a drug with limited water solubility, to achieve supersaturation in an
aqueous environment more effectively than in the hydrophilic surroundings provided by surface-coated microspheres.
This mechanism likely accounts for the observed differences in solubility and dissolution rates, with solid SNEDDS
displaying a 15.7-fold increase in solubility and a 12.5-fold increase in dissolution rate compared to the surface-coated
microspheres.

Comeparison of Pharmacokinetics

To determine the pharmacokinetic profile of niclosamide, 40 mg/kg niclosamide was orally administered to rats. The
results, detailed in Table 2 and Figure 7, outline the pharmacokinetic parameters and plasma concentrations of
niclosamide following oral administration of surface-coated microspheres, solid SNEDDS, and niclosamide alone.
Notably, compared to the administration of niclosamide alone in its powder form, the solid SNEDDS and surface-
coated microsphere formulations exhibited a significant enhancement in pharmacokinetic parameters (p < 0.05). These
formulations, developed through solubilization techniques, not only improved the solubility and dissolution rate of
niclosamide, but also effectively increased its plasma concentration in rats, confirming the beneficial impact of these drug
delivery systems on the bioavailability of niclosamide. Both solid SNEDDS and surface-coated microspheres demon-
strated significantly higher Cmax and AUC values (p < 0.05), indicating a substantial improvement in oral bioavailability
compared to niclosamide alone. Specifically, for solid SNEDDS, the AUC and Cmax increased by 9.9 and 18.7 fold
respectively, compared to niclosamide alone. In the case of surface-coated microspheres, the AUC and Cmax increased
1.6 and 4.4 fold, respectively. Solid SNEDDS also exhibited higher AUC (approximately 7-fold) and Cmax (approxi-
mately 4-fold) values than the surface-coated microspheres (p < 0.05). Comparative analysis of blood concentrations
following oral administration demonstrated a clear hierarchy: solid SNEDDS achieved the highest concentration,
followed by surface-coated microspheres; niclosamide alone exhibited the lowest concentration. However, when exam-
ining other pharmacokinetic parameters, including the time to reach maximum concentration (Tmax), half-life (t1/2), and
elimination constant (Kel), no significant differences were observed between the formulations and niclosamide alone.
This suggests that although the solubilization techniques employed in the solid SNEDDS and surface-coated micro-
spheres significantly enhanced the bioavailability of niclosamide by increasing its plasma concentration, they did not
markedly alter the overall pharmacokinetic profile of the drug in terms of absorption speed, elimination rate, or duration
of action within the body. The improved oral bioavailability of niclosamide in solid SNEDDS via the dissolution
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Figure 6 Solubility and release properties of niclosamide alone, surface-coated microspheres, and solid SNEDDS regarding (A) solubility in water; (B) drug release.
*denotes significant difference p < 0.05 when compared with pure niclosamide alone; # signifies significant difference p < 0.05 in comparison with both surface-coated
microspheres and niclosamide alone.

technology indicated that nanoemulsions were formed in the gastrointestinal tract, which enhanced its absorption.** As
a result, it shows superior drug absorption compared to niclosamide alone and surface-coated microspheres. Improved
drug absorption in solid SNEDDS formulation could be a crucial factor contributing to the successful repositioning
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Table 2 Parameters Related to the Drug Kinetics

Parameters Niclosamide Alone | Surface-Coated Microspheres | Solid SNEDDS
AUC (h pg/mL) 0.75 £ 0.23 1.17 £ 0.27*% 7.37 £ 1.84%
Cinax (Hg/mL) 0.09 £ 0.04 0.40 + 0.14* 1.68 = 0.86
Timax (h) 270 + 1.85 1.00 + 0.58 0.87 £+ 0.34
tin (h) I1.51 £ 6.28 12.97 £ 2.93 10.69 + 3.53
Ker h-1) 0.60 + 0.04 0.06 + 0.08 0.06 + 0.01

Notes: All reported values represent the mean * standard deviation (S.D.) for a sample size of six (n=6). * p < 0.05
indicates a significant difference level of p < 0.05 when compared to niclosamide alone. # p < 0.05, indicates
a significant difference level of p < 0.05, compared to niclosamide alone and the surface-coated microsphere
formulation.

niclosamide. In conventional anthelmintic applications, niclosamide absorption was not a significant consideration.

However, improving bioavailability and solubility is essential for clinical drug repositioning.

Conclusion

This study demonstrates significantly improved oral bioavailability, solubility, and dissolution rates in the
formulations of niclosamide-loaded solid SNEDDS and surface-coated microspheres compared to the adminis-
tration of the drug alone. These results highlight the potential of advanced drug delivery technologies to
overcome the limitations of poorly water-soluble drugs and provide a promising approach for repositioning
niclosamide, a biopharmaceutical classification system (BCS) class II drug with poor aqueous solubility, to
improve therapeutic efficacy and patient outcomes. The observed trends in dissolution and solubility were
consistent with the improved oral bioavailability. Furthermore, pharmacokinetic studies demonstrated that the
final blood drug concentrations followed the order: solid SNEDDS > surface-coated microspheres > niclosamide
alone. These results were confirmed by physicochemical characterization, which suggested that the changes in

—&— Niclosamide powder
—O— Solid SNEDDS
—— Surface-coated microsphere

Niclosamide plasma concentration (pg/ml)

*
. ﬁ;\l
0 2 4 6 8 10 2 24 48
Time (h)

Figure 7 In vivo bioavailability in rats: Plasma concentration-time profiles post oral administration of niclosamide alone, surface-coated microspheres, solid SNEDDS. Data
are represented as mean * SD for n=6. Every formulation exhibited markedly increased plasma concentrations at all measured intervals when compared with niclosamide
alone (p < 0.05). The * symbol highlights statistical significance (p < 0.05) relative to both the surface-coated microspheres and niclosamide alone.
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oral bioavailability, solubility, and dissolution rates of niclosamide were due to a change in the crystalline form
of the drug. Surface-coated microspheres and solid SNEDDS have different dissolution mechanisms, explaining
the differences in solubility and dissolution rate improvements. In the case of niclosamide in solid SNEDDS,
nanoemulsions are formed, leading to efficient supersaturation and surface modification. It was confirmed that the
solubility, dissolution, and oral bioavailability in solid SNEDDS were enhanced compared to the hydrophilic
microenvironments of the manufactured microspheres.
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