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Abstract 

Context: Vitamin D3 (VD3) has attracted interest in colorectal cancer research. Nevertheless, its limited solubility in aqueous media and low oral bioavailability 

restrict its pharmaceutical application. Solvent-free nanocarrier systems offer an alternative formulation approach that does not involve the use of organic 

solvents. 

Aims: To develop β-glucan-coated VD3-loaded nanoliposomes and evaluate their physicochemical properties, storage stability, in vitro release, and preliminary 

effects on HCT-116 cell viability using the MTT assay. 

Methods: VD3-loaded nanoliposomes were prepared using mild heating, probe sonication, virgin coconut oil (VCO) pre-dispersion, and β-glucan coating. The 

selected formulations were characterized using FTIR, dynamic light scattering, zeta potential, encapsulation efficiency, validated UV–Vis spectrophotometry, 

cryo-electron microscopy (Cryo-EM), in vitro drug release, storage stability, and MTT assays. 

Results: The β-glucan-coated formulation exhibited a particle size of 201.8 ± 15.8 nm, PDI of 0.14 ± 0.09, zeta potential of −58.76 ± 1.86 mV, and encapsulation 

efficiency of 88.73 ± 0.70%, with a more uniform vesicular morphology than that of the uncoated formulation. It also showed a more controlled in vitro release 

profile and greater reduction in HCT-116 cell viability at intermediate concentrations.  

Conclusions: β-Glucan coating improved the physicochemical performance of VD3-loaded nanoliposomes, providing a more controlled in vitro release profile. 

The formulation also demonstrated a greater reduction in HCT-116 cell viability in a preliminary MTT assay, supporting further investigation under biorelevant 

oral delivery conditions. Further biological and preclinical studies are warranted to establish its performance under biorelevant and in vivo conditions.  

Keywords: cholecalciferol; colorectal cancer; drug delivery systems; encapsulation; liposomes; solvent-free formulation. 

 

Resumen 

Contexto: La vitamina D3 (VD3) presenta baja solubilidad en agua y una biodisponibilidad oral limitada, lo que restringe sus aplicaciones farmacéuticas. Los 

nanotransportadores libres de disolventes constituyen una alternativa para la formulación de compuestos hidrofóbicos.  

Objetivos: Desarrollar nanoliposomas de VD3 recubiertos con β-glucano y evaluar sus propiedades fisicoquímicas, la estabilidad, la liberación in vitro y los 

efectos preliminares sobre la viabilidad de las células HCT-116 mediante un ensayo de MTT. 

Métodos: La formulación seleccionada se preparó mediante calentamiento suave, sonicación con sonda, predispersión en aceite de coco virgen (VCO) y 

recubrimiento con β-glucano. Se caracterizó mediante FTIR, dispersión dinámica de luz, potencial zeta, eficiencia de encapsulación, espectrofotometría UV–

Vis validada, Cryo-EM, estudios de liberación in vitro, estabilidad y ensayo MTT. 

Resultados: La formulación recubierta presentó un tamaño de partícula de 201.8 ± 15.8 nm, PDI de 0.14 ± 0.09, potencial zeta de −58.76 ± 1.86 mV y una eficiencia 

de encapsulación de 88.73 ± 0.70%, además de una morfología vesicular más uniforme, una liberación in vitro más controlada y una mayor reducción de la 

viabilidad de las células HCT-116. 

Conclusiones: El recubrimiento con β-glucano mejoró las propiedades fisicoquímicas de los nanoliposomas de VD3 y produjo un perfil de liberación in vitro más 
controlado. Los resultados del ensayo MTT respaldan únicamente una evaluación biológica preliminar y justifican estudios biológicos y preclínicos adicionales 

en condiciones biológicamente relevantes, in vivo. 

Palabras Clave: cáncer colorrectal; colecalciferol; encapsulación; formulación libre de disolventes; liposomas; sistemas de liberación de fármacos. 
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Abbreviations: ANOVA: Analysis of variance; ATCC: American type culture collection; ATR: Attenuated total reflec-
tance; CRC: Colorectal cancer; Cryo-EM: Cryogenic electron microscopy; DLS: Dynamic light scattering; DMSO: Dime-
thyl sulfoxide; DN: VD3-loaded nanoliposomes (uncoated); DNB: β-Glucan-coated VD3-loaded nanoliposomes; EE: En-
capsulation efficiency; FTIR: Fourier transform infrared spectroscopy; IC50: Half-maximal inhibitory concentration; LOD: 
Limit of detection; LOQ: Limit of quantification; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
PBS: Phosphate-buffered saline; PDI: Polydispersity index; RSD: Relative standard deviation; TPP: Sodium tripolyphos-
phate; UV–Vis: Ultraviolet–visible spectrophotometry; VCO: Virgin coconut oil; VD3: Vitamin D3 (cholecalciferol); WFI: 
Water for injection. 
 

INTRODUCTION 

Vitamin D3 (VD3, cholecalciferol) is a fat-soluble se-
costeroid that plays a fundamental role in calcium and 
phosphate homeostasis (Akimbekov et al., 2022). Be-
yond its classical role in bone metabolism, VD3 has at-
tracted increasing attention because of its potential an-
ticancer effects in several malignancies. For example, 
Wang et al. (2024) reported that VD3 regulates autoph-
agy and apoptosis in gastric cancer cells through the 
p53/AMPK/mTOR signalling pathway. Numerous 
studies have reported that VD3 deficiency is associated 
with an increased risk of colorectal cancer (CRC). Epi-
demiological evidence consistently demonstrates an 
inverse association between circulating VD levels and 
the incidence of CRC (Abbas et al., 2026; Winandar et 
al., 2021). Furthermore, a recent in silico study by 
Shobahah et al. (2025) suggested that VD3 may interact 
with CDK2 and Bcl-2, supporting its further investiga-
tion as a candidate compound for CRC research. 

Despite its promising biological activities, the ther-
apeutic application of VD3 remains limited by phar-
maceutical challenges. As a highly lipophilic com-
pound, VD3 exhibits poor aqueous solubility, limited 
dissolution in gastrointestinal fluids, and low oral bio-
availability, resulting in inefficient absorption after 
oral administration (Sawarkar & Ashtekar, 2020). In 
addition, prolonged administration of high-dose VD3 
may increase the risk of hypercalcemia and its related 
adverse effects, including renal impairment and cardi-
ovascular complications (Ketha et al., 2015; Malihi et 
al., 2016). These limitations highlight the need for de-
livery systems designed to improve the physicochemi-
cal properties of VD3 and facilitate its oral delivery 
while reducing the need for high systemic doses. 

Among currently available nanocarrier systems, 
nanoliposomes have attracted considerable attention 
for the oral delivery of lipophilic bioactive compounds 
because of their excellent biocompatibility, biodegra-
dability, and ability to encapsulate hydrophilic and hy-
drophobic molecules. Composed primarily of natural 
phospholipids, nanoliposomes can protect encapsu-
lated compounds from degradation, improve aqueous 
dispersion, and enhance formulation stability, thereby 
supporting their use in oral delivery systems. These 
characteristics have facilitated the widespread investi-
gation of poorly water-soluble compounds, including 

vitamins, nutraceuticals, and pharmaceutical agents 
(Niaz et al., 2018). 

Despite these advantages, the preparation of con-
ventional nanoliposomes commonly relies on organic 
solvents to dissolve lipid components and facilitate 
vesicle formation (López et al., 2021). Although effec-
tive, the use of organic solvents introduces several 
drawbacks, including residual solvent contamination, 
potential toxicity, environmental concerns, and chal-
lenges in large-scale manufacturing (Tian et al., 2024). 
These limitations have prompted increasing interest in 
solvent-free preparation strategies that avoid the use of 
organic solvents during  formulation. Mild heating 
combined with probe sonication has been investigated 
as an alternative approach to promote lipid bilayer for-
mation and encapsulate hydrophobic compounds 
without the use of hazardous organic solvents (Jalilian 
et al., 2024; Zarrabi et al., 2021). 

In addition to the preparation method, maintaining 
nanoliposome stability during oral administration re-
mains a major challenge. Liposomal vesicles are sus-
ceptible to aggregation, phospholipid degradation, 
and destabilization under gastrointestinal conditions, 
which may compromise their structural integrity and 
accelerate premature drug leakage from the liposomes. 
Surface modification using biocompatible polysaccha-
rides has been extensively investigated as a strategy to 
enhance the physicochemical stability and release be-
havior of liposomal systems (Hernandez & Shukla, 
2022; Niaz & Mackie, 2024). β-Glucan has also been ex-
amined as an encapsulating matrix for hydrophobic bi-
oactive compounds. Ashraf et al. (2020) reported that 
nanosized β-glucan exhibited higher encapsulation ef-
ficiency than native β-glucan and modified the release 
of α-tocopherol under simulated gastrointestinal con-
ditions.  

Although liposomal systems have been broadly in-
vestigated for the delivery of poorly water-soluble 
compounds, information regarding β-glucan-coated 
VD3-loaded nanoliposomes prepared using a solvent-
free approach remains elusive. Specifically, the com-
bined contribution of β-glucan coating and solvent-
free preparation to the overall performance of VD3 
nanoliposomes has not been comprehensively evalu-
ated. Therefore, this study aimed to develop β-glucan-
coated VD3-loaded nanoliposomes using a solvent-
free preparation method and to investigate whether β-
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glucan coating could improve the physicochemical 
performance, stability, and in vitro release behavior. In 
addition, a preliminary MTT cell viability assay was 
performed to provide an initial biological evaluation of 
the selected formulation using HCT-116 cells.  

MATERIAL AND METHODS 

Materials 

VD3 (cholecalciferol; Cat. No. GC10667, CAS No. 
67-97-0; GLPBIO, Montclair, CA, USA) and β-glucan 
(Cat. No. GD13990, CAS No. 9012-72-0; GLPBIO, 
Montclair, CA, USA) were used as the active com-
pound and coating material, respectively. Soybean lec-
ithin (food grade; commercial product manufactured 
in China), virgin coconut oil (VCO; food grade), glyc-
erol (food grade), phosphate-buffered saline (PBS; an-
alytical grade), Tween-80 (analytical grade), sodium 
tripolyphosphate (TPP; analytical grade), and absolute 
ethanol (analytical grade) were obtained from CV 
Chemical Indonesia Multisel (Surabaya, Indonesia). 
Water for injection (WFI; sterile and pyrogen-free) was 
obtained from PT Kimia Farma, Indonesia. McCoy's 
5A medium (cell culture grade) and fetal bovine serum 
(FBS; cell culture grade) were obtained from Thermo 
Fisher Scientific, Waltham (MA, USA). 3-(4,5-Dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT; cell culture grade) and dimethyl sulfoxide 
(DMSO) were obtained from Merck KGaA (Darmstadt, 
Germany). Unless otherwise stated, the reagents were 
used in their original form without any additional pu-
rification steps. 

Formulation screening and preparation of VD3-
loaded nanoliposomes 

The present work focused on the development of a 
solvent-free nanostructured lipid carrier for oral VD3 
administration, addressing solubility challenges with-
out the use of hazardous organic solvents. The formu-
lation was designed using generally recognized as safe 
(GRAS) excipients, including lecithin and glycerol, and 
WFI was employed as the main solvent to ensure suit-
ability for oral administration. Prior to formulation 
screening, two preliminary trials were conducted us-
ing blank formulations (without VD3) to assess the li-
pid system baseline performance. The first trial, which 
was prepared without mild heating and sonication, 
failed to achieve complete solubilization, whereas the 
second trial, which incorporated both steps, resulted in 
a fully homogeneous dispersion. These observations 
established the necessity of applying mild heating and 
probe sonication during the subsequent formulation 
development. Accordingly, a comparative formulation 
screening study was performed to evaluate the influ-
ence of the formulation composition and VCO pre-

dispersion process on the stability of VD3-loaded 
nanoliposomes. The formulation ranges were selected 
based on previously reported VD3 liposomal formula-
tions and preliminary laboratory investigations. Minor 
adjustments were made to accommodate the specific 
formulation strategy employed in this study, including 
the use of a solvent-free preparation approach, VCO-
assisted pre-dispersion, and the targeted physico-
chemical characteristics required for subsequent β-glu-
can coating. Previous studies have demonstrated that 
variations in lipid composition and formulation pa-
rameters can substantially influence the stability and 
physicochemical properties of liposomes (Chen et al., 
2022; Ghiasi et al., 2021; Mohammadi et al., 2021). 
Therefore, several candidate formulations were com-
paratively evaluated to identify the most stable system 
for further development and characterization of the 
formulation. 

The formulation variables evaluated during the 
screening study were the formulation composition and 
the application of a VCO pre-dispersion step. Two for-
mulation compositions were assessed. Composition A 
consisted of 0.5 g lecithin, 0.1 g VD3, and 0.6 mL glyc-
erol, whereas Composition B consisted of 0.145 g leci-
thin, 0.01 g VD3, and 11 mL glycerol. To evaluate the 
influence of VCO-assisted pre-dispersion on the for-
mulation performance, each composition was pre-
pared with or without a pre-dispersion step during the 
initial mixing stage. For the pre-dispersion groups, 
VD3 was first dispersed in a small volume of VCO be-
fore incorporation into the aqueous lipid phase. Based 
on these formulation variables, four candidate formu-
lations were prepared: F1, Composition A without 
VCO pre-dispersion; F2, Composition A with VCO 
pre-dispersion; F3, Composition B without VCO pre-
dispersion; and F4, Composition B with VCO pre-dis-
persion. 

All formulations were prepared in a total volume of 
20 mL each. The general procedure involved mixing 
glycerol and lecithin, followed by the addition of WFI 
to a final volume of 20 mL of the mixture. The mixture 
was stirred at 1200 rpm for 20 min at 60°C to ensure 
homogeneity. In a separate container, VD3 was first 
dispersed in 155 µL of VCO for pre-dispersion. The lec-
ithin mixture was then cooled to 40°C before being 
gradually added to the VD3-VCO mixture under con-
tinuous stirring at 1000 rpm for 30 min at 30°C. In the 
non-predispersion group, VD3 was added directly to 
the lecithin mixture without prior dispersion in VCO. 
Probe sonication was subsequently applied to the re-
sulting emulsion using a sonicator (QSonica Soni-
cators, USA) operated in pulse mode (1 min sonication 
followed by 1 min rest) for ten cycles. Sonication was 
performed at 50% amplitude, corresponding to a total 
effective sonication time of 10 min. An intermittent 
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pulse mode was employed to minimize excessive heat 
accumulation during processing and facilitate the for-
mation of nanoscale vesicles of the desired size. Fol-
lowing sonication, all formulations were subjected to 
preliminary screening based on visual appearance, ho-
mogeneity, absence of phase separation, and absence 
of visible precipitation during a one-week observation 
period at ambient temperature. The formulation that 
maintained complete homogeneity and showed no 
signs of physical instability throughout the observa-
tion period was selected for further development and 
characterization. 

The selected formulation was prepared with and 
without β-glucan coating to evaluate the coating’s in-
fluence on its physicochemical characteristics. β-Glu-
can Cat. No. GD13990 (GLPBIO, Montclair, CA, USA; 
CAS No. 9012-72-0) was used as the coating material. 
The material was supplied as a water-soluble powder 
and stored according to the manufacturer's recommen-
dations prior to use. A fresh β-glucan solution was pre-
pared by dissolving 0.15 g of β-glucan in 50 mL of WFI, 
followed by stirring at 600 rpm at 90°C for 20 min until 
a homogeneous solution was obtained, resulting in a 
final concentration of 3 mg/mL. Following sonication, 
the nanoliposome suspension was cooled to approxi-
mately 40°C. For the coating group, 10 mL of β-glucan 
solution was added dropwise to 10 mL of the nanolip-
osome suspension under constant stirring at 500 rpm 
for 2 h at 36°C. An uncoated control was incubated un-
der the same conditions. After the coating step, a TPP 
solution (0.1% w/v) was added to both the coated and 
uncoated formulations at a volume of 200 µL/mL as a 
stabilizing agent. The inclusion of TPP was adapted 
from previous studies on polysaccharide-coated lipo-
somal systems, where TPP improved the structural in-
tegrity and physicochemical stability of the coating 
layer. Consistent with these reports, TPP was incorpo-
rated during the preparation process to support the 
stability of the formulation. Following the preparation 
of the coated and uncoated samples, the selected for-
mulation was subjected to physicochemical characteri-
zation to evaluate the influence of β-glucan coating on 
nanoliposome stability and performance. 

Fourier transform infrared (FTIR) spectroscopy 

The functional groups of the formulations were 
characterized using FTIR spectroscopy and to evaluate 
the potential molecular interactions among VD3, leci-
thin, nanoliposome constituents, and β-glucan. Spectra 
were acquired using an ATR-FTIR spectrophotometer 
over the wavenumber range of 4000–400 cm⁻¹. The an-
alyzed samples included nanoliposomes containing 
VD3, β-glucan-coated nanoliposomes with VD3, blank 
nanoliposomes, β-glucan, lecithin, and pure VD3. Each 

sample was directly applied onto the ATR crystal to 
ensure optimal contact prior to spectral acquisition. 

Size, polydispersity index (PDI), and zeta potential 
measurements 

The average particle size and PDI of the nanolipo-
some formulation were measured using dynamic light 
scattering (DLS) with a particle size analyzer (Zetasizer 
Nano series, Malvern Instruments, UK). Prior to anal-
ysis, the nanoliposome suspension was diluted with 
WFI to minimize multiple scattering effects. Measure-
ments were performed at 25°C with a fixed scattering 
angle of 173°, and each sample was analyzed in tripli-
cate. The data are expressed as the mean particle size 
(nm) along with the corresponding PDI, which serves 
as an indicator of particle size distribution homogene-
ity within the formulation. 

Encapsulation efficiency and mass balance recovery 

The encapsulation efficiency (EE) of VD3-loaded 
nanoliposomes was determined using an indirect dial-
ysis method followed by mass balance recovery analy-
sis. DN and DNB formulations containing an equiva-
lent amount of VD3, corresponding to 2.5 mg VD3, 
were placed into dialysis bags with a molecular weight 
cut-off of 12–14 kDa. The dialysis bags were immersed 
in 100 mL of PBS pH 7.4 containing 10% ethanol and 
0.5% Tween 80. The system was incubated at 37°C un-
der shaking at 200 rpm until the release profile reached 
a plateau at 6 h. The VD3 released into the external di-
alysis medium was quantified using UV–Vis spectro-
photometry based on the established calibration curve. 
The encapsulation efficiency based on the external me-
dium was calculated using the following equation [1]. 

EE (%) =  
Wt - Wf 

× 100 [1] 
Wt 

where Wt is the initial quantity of VD3 placed into the dialysis bag and 

Wf is the amount of VD3 detected in the external dialysis medium.  

For mass balance recovery, the formulation remain-
ing inside the dialysis bag after 6 h of dialysis was col-
lected and diluted with an equal volume of ethanol to 
disrupt the nanoliposome vesicles and dissolve the re-
tained VD3. The mixture was vortexed for 1 min and 
centrifuged at 15,000 rpm for 30 min at 4°C. The clear 
supernatant was collected and analyzed using UV–Vis 
spectrophotometry. The retained VD3 fraction and 
mass recovery were calculated using the following 
equations [2-3]. 

Retained VD3 (%) = 
Wr 

× 100 [2] 
Wt 

    

Mass recovery (%) = Wf + Wr × 100 [3] 

 Wt   

where Wr is the amount of VD3 recovered from the formulation re-
tained inside the dialysis bag. All measurements were performed in 

triplicate. 

https://jppres.com/


Shobahah et al. β-Glucan-coated VD3 nanoliposomes 

 

https://jppres.com  J Pharm Pharmacogn Res (2026) 14(4): 5 

 

In vitro drug release study 

The in vitro release of VD3 from uncoated nanolip-
osomes (DN) and β-glucan-coated nanoliposomes 
(DNB) was evaluated using the dialysis bag diffusion 
assay. Briefly, an equal volume of each nanoliposome 
formulation was transferred into a dialysis membrane 
(molecular weight cut-off 12–14 kDa), securely sealed, 
and immersed in 150 mL of PBS pH 7.4 containing 10% 
(v/v) ethanol and 0.5% (w/v) Tween-80 to maintain 
sink conditions for poorly water-soluble VD3. The re-
lease study was conducted at 37 ± 0.5°C with continu-
ous stirring at 200 rpm. At predetermined time points 
(24 and 48 h), 2 mL of the release medium was with-
drawn and immediately replaced with an equal vol-
ume of fresh, prewarmed release medium to maintain 
a constant volume and sink conditions. The concentra-
tion of released VD3 was determined using a UV–Vis 
spectrophotometer based on a previously established 
calibration curve. The cumulative percentage of drug 
release was calculated relative to the total amount of 
encapsulated VD3. All experiments were performed in 
triplicate, and the results are presented as the mean ± 
standard deviation. Statistical analysis was performed 
using two-way ANOVA followed by Sidak's multiple 
comparison test, with statistical significance defined as 
p<0.05. 

Validation of UV–Vis spectrophotometric method 

A matrix-matched calibration curve was estab-
lished to quantify the amount of VD3 released from the 
formulations. Standard solutions ranging from 0 to 20 
µg/mL were prepared using the same release medium 
employed in the release study, consisting of PBS pH 
7.4, 10% (v/v) ethanol, and 0.5% (v/v) Tween 80. To 
ensure identical analytical conditions, each standard 
solution was treated similarly to the release samples by 
mixing it with ethanol prior to UV–Vis measurement. 
Absorbance was recorded at 260 nm using a UV–Vis 
spectrophotometer, and all measurements were per-
formed in triplicate. Calibration curves were generated 
by plotting the absorbance against the VD3 concentra-
tion. The analytical performance of the method was 
evaluated in terms of linearity, precision, limit of de-
tection (LOD), and limit of quantification (LOQ). Line-
arity was assessed using a linear regression analysis. 
Precision was expressed as the relative standard devi-
ation (RSD) from triplicate measurements. The LOD 
and LOQ were calculated according to the Interna-
tional Council for Harmonization (ICH) guidelines us-
ing the following equations [4-5].

 

LOD = 
3.3  

[4] 
S 

   

LOQ = 
10 

[5] 
S 

where σ is the standard deviation of the response, and S is the slope 

of the calibration curve. 

A matrix spike recovery test was performed to as-
sess matrix interference and analytical accuracy. Blank 
DN and DNB formulations were processed according 
to the encapsulation efficiency sample preparation 
procedure and spiked with VD3 at final concentrations 
of 5, 10, and 15 µg/mL, respectively. Each concentra-
tion was analyzed in triplicates. Matrix-background 
absorbance was subtracted prior to quantification, and 
VD3 concentrations were calculated using the calibra-
tion equation (y = 0.0675x + 0.0253). Recovery (%) was 
calculated as the ratio of the measured concentration to 
the nominal spiked concentration, and precision was 
expressed as the RSD. 

Cryogenic electron microscopy (Cryo-EM) imaging  

Grid preparation and vitrification 

Copper grids (Lacey Formvar/Carbon, mesh 200) 
were subjected to glow discharge treatment using a 
GloQube Plus system under a vacuum atmosphere 
(10⁻¹ mbar) for 45 s. Following this treatment, 3.5 μL of 
the sample was applied onto the grid surface and incu-
bated for 30 s. The grids were then blotted using a Vi-
trobot Mark IV (Thermo Fisher Scientific) under con-
trolled conditions (chamber temperature 4°C, relative 
humidity 100%). Fresh Vitrobot filter paper (Electron 
Microscopy Sciences) was used for all blotting steps. 
After blotting, grids were rapidly vitrified by plunging 
into liquid ethane using an automated system. Vitri-
fied grids were stored in cryo-grid boxes under liquid 
nitrogen until imaging. 

Cryo-EM data acquisition 

Data were acquired using a Tundra Cryo-TEM mi-
croscope (Thermo Fisher Scientific) operated at 100 kV 
and equipped with a Ceta-F CMOS camera. Micro-
graphs were recorded at nominal magnifications of 
69,000× and 110,000×, corresponding to pixel sizes of 
1.2 Å and 2.0 Å, respectively. Images were collected in 
movie mode with a total exposure of 1 s, yielding ac-
cumulated doses of 7.57 e⁻/Å² (69,000× magnification) 
or 12.70 e⁻/Å² (110,000× magnification). Each exposure 
was fractionated into 13 frames, resulting in per-frame 
doses of 0.57 e⁻/Å² (69,000×) or 0.98 e⁻/Å² (110,000×). 
The defocus range was set between –1.0 and –5.0 μm. 
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Cryo-EM image analysis 

Cryo-EM images were qualitatively evaluated to 
assess the morphology of the nanoliposomes, includ-
ing vesicle shape, membrane integrity, structural uni-
formity, and the presence of aggregation. Quantitative 
analysis was subsequently performed using the ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA). Prior to measurement, the image scale was cali-
brated using an embedded 100 nm scale bar. The outer 
diameter of individual vesicles was determined by 
drawing a straight line across the widest point of each 
intact, non-overlapping vesicle from the outer mem-
brane to the outer membrane. Fifteen vesicles were 
randomly selected from representative micrographs 
for each formulation, and the average particle diameter 
was presented as the mean ± standard deviation (SD). 

Stability study 

 The physical stability of uncoated VD3-loaded 
nanoliposomes (DN) and β-glucan-coated nanolipo-
somes (DNB) was evaluated over a storage period of 
21 days under refrigerated (4°C) and room-tempera-
ture (25 ± 2°C) conditions. The formulations were 
stored in tightly sealed amber glass containers and pro-
tected from direct light throughout the study to mini-
mize VD3 photodegradation. The selected storage con-
ditions were intended to compare the stability of the 
formulations under recommended refrigerated storage 
and room-temperature conditions that may be encoun-
tered during routine handling and short-term storage. 
Stability evaluations were performed on days 0, 7, 14, 
and 21. At each sampling interval, the formulations 
were visually inspected for changes in color, homoge-
neity, turbidity, precipitation, phase separation, and 
aggregation, and representative photographs were 
taken to document their physical appearance. The pH 
was determined using universal pH indicator strips 
(pH 0–14, Merck, Darmstadt, Germany) according to 
the manufacturer's instructions. Particle size stability 
was evaluated by measuring particle size and PDI us-
ing the same DLS conditions described for the initial 
physicochemical characterization. Three independent 
measurements were performed for each sample and 
the results were used to evaluate the effects of storage 
temperature and duration on the physicochemical sta-
bility of the nanoliposome formulations. 

Cell viability assay (MTT assay) 

Cell viability was evaluated using the MTT assay 
according to the method described by Mosmann 
(1983), with slight modifications. Human colorectal 
carcinoma cells (HCT-116) were obtained from the Cell 
Culture and Cytogenetics Laboratory, Faculty of Med-
icine, Universitas Padjadjaran, Indonesia, where the 
cell line is maintained from the original American Type 

Culture Collection (ATCC) CCL-247™ stock. Infor-
mation regarding the passage number, authentication 
status, and mycoplasma testing was not available and 
is acknowledged as a limitation of the present study. 
HCT-116 human colorectal carcinoma cells were main-
tained in McCoy's 5A medium supplemented with 
10% fetal bovine serum (FBS) until approximately 70–
80% confluence, harvested, and seeded into 96-well 
plates at a density of 1 × 10⁴ cells per well in a final 
volume of 200 μL. After incubation for 24 h at 37°C in 
a humidified atmosphere containing 5% CO₂, the cul-
ture medium was replaced with fresh complete me-
dium containing free VD3 (D), VD3-loaded nanolipo-
somes (DN), or β-glucan-coated VD3-loaded nanolip-
osomes (DNB) at VD3-equivalent concentrations of 0.1, 
1, 10, and 100 μM. Cells were further incubated for 48 
h before the MTT assay. Subsequently, 100 μL of MTT 
solution (5 mg/mL in PBS) was added to each well, fol-
lowed by incubation for 2–4 h. The resulting formazan 
crystals were dissolved in 100 μL of DMSO, and ab-
sorbance was measured at 595 nm using a microplate 
reader. Untreated cells and medium-only wells served 
as cell and blank controls, respectively. Cell viability 
was calculated relative to untreated control cells. 
Dose–response curves were fitted using a four-param-
eter logistic (4PL) nonlinear regression model in Sig-
maPlot (version 15.1, Systat Software Inc., San Jose, 
CA, USA) to obtain approximate IC₅₀ values for com-
parative purposes. Statistical analyses were performed 
using GraphPad Prism version 10 (GraphPad Software 
Inc., San Diego, CA, USA). Differences among groups 
were analyzed by two-way analysis of variance 
(ANOVA) followed by Dunnett's multiple compari-
sons test. A p value < 0.05 was considered statistically 
significant. 

Ethics information 

Ethics approval was not required because this 
study exclusively used the established human colorec-
tal carcinoma cell line HCT-116, obtained from the Cell 
Culture and Cytogenetics Laboratory, Faculty of Med-
icine, Universitas Padjadjaran, Indonesia, where the 
cell line is maintained from the original ATCC CCL-
247™ stock. The study did not involve human partici-
pants, identifiable human data, newly collected human 
specimens, or experimental animals. 

Statistical analysis 

All quantitative data are presented as mean ± stand-
ard deviation (SD). Particle size, PDI, zeta potential, 
encapsulation efficiency, in vitro drug release, stability 
parameters, and MTT assay data were obtained from 
three independent measurements, unless otherwise 
stated. The Cryo-EM particle diameter was determined 
by measuring 15 individual vesicles per formulation 
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and expressed as mean ± SD. In vitro drug release data 
were analyzed using two-way ANOVA followed by 
Sidak's multiple comparisons test to evaluate the ef-
fects of formulation and release time. Cell viability 
data were analyzed using two-way ANOVA to evalu-
ate the effects of formulation and concentration, fol-
lowed by Dunnett's multiple comparisons test to com-
pare each nanoliposome formulation with the free VD3 
group at the corresponding concentration. All statisti-
cal analyses were performed using GraphPad Prism 
version 10 (GraphPad Software, San Diego, CA, USA). 
Differences were considered statistically significant at 
p<0.05. 

RESULTS  

Formulation of a solvent-free and scalable nano-
delivery system 

Preliminary trials using blank formulations (with-
out VD3) were conducted to evaluate the baseline lipid 
matrix behavior of the formulations. Without mild 

heating and sonication, the system failed to achieve 
complete solubilization (Fig. 1), whereas the inclusion 
of both steps resulted in a homogeneous drug disper-
sion. Based on this foundation, four VD3-loaded for-
mulations (F1–F4) were prepared and evaluated. The 
raw material concentrations and utilization of the VCO 
pre-dispersion process varied between the formula-
tions. The high-concentration formulations (F1 and F2) 
had lecithin-to-VD3 ratios of 5:1, whereas the low-con-
centration formulations (F3 and F4) had a greater ratio 
of 14.5:1. Both high-concentration formulations ini-
tially achieved full dispersion but separated signifi-
cantly after 3 h (Fig. 2). In contrast, both formulations 
with low concentrations (14.5:1 ratio) achieved full ini-
tial dispersion and maintained stability for the first 
three hours. After a week of storage, F3 (without VCO 
pre-dispersion) formed a thin white surface layer and 
a visible separation line at the upper interface of the 
emulsion. Conversely, F4 (with VCO pre-dispersion) 
remained entirely homogeneous and was devoid of 
discernible aggregates. 

 
 

A B 

  

Figure 1. VD3-loaded nanoliposome preparations. 

(A) Formulation prepared without mild heating or probe sonication. (B) Formulation prepared using mild 

heating and probe sonication. Figure demonstrates the effects of mild heating and probe sonication on the 

preparation of VD3-loaded nanoliposomes. 

 
 

A B C D 

    

Figure 2. Physical appearance of candidate VD3-loaded nanoliposome formulations during 

formulation screening. 

(A) F1 (high-concentration formulation without VCO pre-dispersion); (B) F2 (high-concentration 

formulation with VCO pre-dispersion); (C) F3 (low-concentration formulation without VCO pre-

dispersion); and (D) F4 (low-concentration formulation with VCO pre-dispersion). 
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Figure 3. Fourier-transform infrared (FTIR) spectra of the nanoliposome formulations and their individual components. 

(A) Nanoliposome-VD3; (B) Nanoliposome-VD3-β-glucan; (C) β-glucan; (D) Nanoliposome; (E) Lecithin; and (F) VD3. The representative absorption 

bands corresponding to the O–H, C–H, C=C, and C–O–C functional groups are indicated. 

 
 

Table 1. Particle size, polydispersity index (PDI), and zeta potential of VD3-loaded nanoliposomes (DN), and β-glucan-

coated VD3-loaded nanoliposomes (DNB). 

Sample Size (nm) PDI Zeta (mV) 

DN 186.3 ± 7.01 0.17 ± 0.06 –51.99 ± 0.50 

DNB 201.8 ± 15.8 0.14 ± 0.09 –58.76 ± 1.86 

* Values are presented as mean ± SD (n = 3 independent measurements). 

 
Fourier transform infrared spectroscopy 

FTIR analysis was performed to evaluate the suc-
cessful encapsulation of VD3 into nanoliposomes and 
the subsequent coating with β-glucan. The spectrum of 
pure VD3 displayed characteristic peaks (Fig. 3) at ap-
proximately 2950–2850 cm⁻¹, ~1650 cm⁻¹, and ~1050–
1100 cm⁻¹, respectively. The lecithin spectrum exhib-
ited peaks at ~2920 and ~2850 cm⁻¹, ~1730 cm⁻¹, and 
~1230 and ~1060 cm⁻¹, respectively. 

The FTIR spectrum of β-glucan powder showed a 
broad absorption band at approximately 3400 cm⁻¹, C–
H stretching at approximately 2920 cm⁻¹, and bands at 
approximately 1050–1150 cm⁻¹. In the nanoliposome 
sample (without active compound), phospholipid-re-
lated bands were detected. Upon the incorporation of 
VD3, spectral shifts and increased intensity were noted 
in the 2920–2850 cm⁻¹ region, along with the appear-
ance of a peak near 1650 cm⁻¹. 

In the final formulation (VD3-loaded nanolipo-
somes coated with β-glucan), peaks corresponding to 
VD3, lecithin, and β-glucan were observed. The spec-
trum showed an enhancement of the O–H band at ap-
proximately 3400 cm⁻¹, polysaccharide-associated 

bands at ~1050–1150 cm⁻¹, and retention of phospho-
lipid and VD3 signals. 

Size, PDI, and zeta potential 

Particle size analysis demonstrated an increase fol-
lowing β-glucan coating, rising from 186.3 ± 7.01 nm 
(Table 1) in the uncoated nanoliposomes to 201.8 ± 15.8 
nm in the coated formulation. The PDI decreased 
slightly from 0.17 ± 0.06 to 0.14 ± 0.09 after coating. Zeta 
potential analysis showed that the β-glucan-coated 
nanoliposome system had an average zeta potential of 
–58.76 ± 1.86 mV. The distribution was monomodal 
(Fig. 4), with a single sharp peak, indicating a homoge-
neous particle population. In contrast, the uncoated 
nanoliposomes exhibited a mean zeta potential of –
51.99 ± 0.50 mV. The zeta potential distributions of 
these samples were bimodal, with two distinct peaks, 
suggesting a heterogeneous particle population. 

Encapsulation efficiency and mass balance recovery 

The EE of VD3-loaded nanoliposomes was primar-
ily determined by quantifying the amount of non-en-
capsulated VD3 released into the external dialysis me-
dium after 6 h of dialysis (Table 2). The uncoated 
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formulation (DN) exhibited an EE of 77.54 ± 0.06%, 
whereas the β-glucan-coated formulation (DNB) 
achieved a significantly higher EE of 88.73 ± 0.70%, cor-
responding to an increase of approximately 11.2 per-
centage points following β-glucan coating. To further 
confirm the consistency of the dialysis-based determi-
nation, the amount of VD3 retained inside the dialysis 
bag after completion of dialysis was quantified after 
disruption of the nanoliposome vesicles with ethanol. 
The retained-drug assay yielded EE values of 73.48 ± 
0.08% and 85.61 ± 0.43% for DN and DNB, respectively. 
Although the retained-drug assay produced slightly 
lower EE values than the primary dialysis-based deter-
mination, both analytical approaches consistently 
demonstrated greater encapsulation efficiency for the 
β-glucan-coated formulation. The combined quantifi-
cation of VD3 in the released and retained fractions re-
sulted in mass recoveries of 96.02% and 96.88% for DN 
and DNB, respectively, indicating that more than 96% 
of the initial VD3 content was accounted for during the 
analytical procedure. 

In vitro drug release study 

The in vitro drug release profiles of uncoated VD3-
loaded nanoliposomes (DN) and β-glucan-coated 
nanoliposomes (DNB) are shown in Fig. 5. Drug re-
lease increased over time in both formulations; 

however, the β-glucan-coated formulation consistently 
exhibited lower cumulative release than the uncoated 
nanoliposomes. After 24 h, the cumulative drug release 
reached 38.90 ± 0.11% and 45.39 ± 0.35% for DNB and 
DN, respectively, with a statistically significant differ-
ence (***p<0.001). At 48 h, the cumulative release fur-
ther increased to 53.63 ± 0.30% and 79.99 ± 0.05% for 
DNB and DN, respectively, showing an even greater 
difference between the two formulations 
(****p<0.0001). Furthermore, two-way ANOVA re-
vealed significant effects of formulation, incubation 
time, and their interaction (all p<0.001), indicating that 
drug release was significantly influenced by both the 
presence of the β-glucan coating and release duration. 

Validation of UV–Vis spectrophotometric method 

The matrix-matched UV–Vis analytical method ex-
hibited satisfactory performance for quantifying VD3. 
A linear response was obtained over the concentration 
range of 0–20 µg/mL, with a regression equation of y 
= 0.0675x + 0.0253 (R² = 0.9956). The method also 
demonstrated good repeatability, with RSD values be-
low 5%, while the calculated LOD and LOQ were 1.38 
and 4.17 µg/mL, respectively, indicating adequate sen-
sitivity for subsequent encapsulation efficiency and in 
vitro drug release analysis. 

 

A B 

  

Figure 4. Zeta potential distribution of VD3-loaded nanoliposomes. 

(A) β-Glucan-coated VD3-loaded nanoliposomes (DNB). (B) Uncoated VD3-loaded nanoliposomes (DN). Representative zeta potential distribution 

profiles of both formulations are shown. 

 
 

Table 2. Encapsulation efficiency and mass balance recovery of VD3-loaded nanoliposomes (DN), and β-glucan-coated 

VD3-loaded nanoliposomes (DNB). 

Formulation EE based on released VD3 (%) EE based on retained VD3 (%) Mass recovery (%) 

DN 77.54 ± 0.06 73.48 ± 0.08 96.02 

DNB 88.73 ± 0.70 85.61 ± 0.43 96.88 

*Values are presented as mean ± SD (n = 3 independent measurements), except for mass recovery, which is reported as the calculated 

percentage of the total VD3 recovered from the released and retained fractions. 
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Table 3. Spike recovery study for UV–Vis quantification of VD3 in DN and DNB matrices after blank correction. 

Matrix 
Spiked concentration  

(µg/mL) 

Measured concentration  

(µg/mL)  

Recovery  

(%)  

RSD  

(%) 

DN 5 4.72 ± 0.04 94.44 ± 0.73 0.78 

DN 10 9.87 ± 0.03 98.66 ± 0.31 0.31 

DN 15 15.66 ± 0.04 104.38 ± 0.25 0.24 

DNB 5 5.32 ± 0.03 106.30 ± 0.60 0.57 

DNB 10 9.95 ± 0.05 99.53 ± 0.51 0.51 

DNB 15 15.10 ± 0.06 100.66 ± 0.37 0.37 

* Values are presented as mean ± SD (n = 3 independent measurements). RSD: Relative standard deviation, DN: VD3-loaded nanoliposomes, and 

DNB: β-glucan-coated VD3-loaded nanoliposomes. 
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Figure 5. In vitro drug release profile of VD3 from uncoated 
nanoliposomes (DN) and β-glucan-coated VD3-loaded 

nanoliposomes (DNB)  

Drug release was evaluated after 24 and 48 h under in vitro 

conditions. Data are presented as mean ± SD (n = 3). Statistical 

significance was analyzed using two-way ANOVA, followed by Sidak's 

multiple comparisons test. p-values are indicated as ***p<0.001 and 

****p<0.0001, comparing DN and DNB at the corresponding time 

point. 

To further verify the applicability of the UV–Vis 
spectrophotometric method for determining encapsu-
lation efficiency, a matrix spike recovery study was 
conducted using processed blank DN and DNB formu-
lations. After matrix-background correction, the recov-
ery values ranged from 94.44% to 104.38% for DN and 
from 99.53% to 106.30% for DNB, with all RSD values 
below 1% (Table 3). Furthermore, the processed blank 
formulations exhibited low background absorbance 
(0.0561 ± 0.0017 for DN and 0.0284 ± 0.0024 for DNB), 
indicating minimal matrix contribution under the em-
ployed analytical conditions. 

Cryo-EM imaging 

Cryo-EM was used to investigate the morphologi-
cal characteristics of β-glucan-coated and uncoated 
nanoliposomes encapsulated with VD3. As shown in 
Fig. 6, both formulations exhibited predominantly 

spherical vesicles with clearly distinguishable lipid bi-
layer structures. The β-glucan-coated nanoliposomes 
(DNB; Fig. 6A) displayed a more uniform morphology 
with well-defined vesicle boundaries and an average 
particle diameter of 180.74 ± 23.02 nm (n = 15). In con-
trast, the uncoated nanoliposomes (DN; Fig. 6B) exhib-
ited greater heterogeneity in vesicle size, less distinct 
membrane boundaries, and occasional partial aggrega-
tion, with an average particle diameter of 169.53 ± 32.47 
nm (n = 15). These observations indicate that β-glucan 
coating produced nanoliposomes with a more uniform 
morphology and a modest increase in particle diame-
ter in comparison with the uncoated formulation. 

Stability study 

The physical stability of uncoated VD3-loaded 
nanoliposomes (DN) and β-glucan-coated nanolipo-
somes (DNB) was evaluated over 21 days under refrig-
erated (4°C) and room-temperature storage conditions. 
Throughout the storage period, both formulations re-
mained visually homogeneous without noticeable pre-
cipitation, phase separation, or irreversible aggrega-
tion, indicating good physical stability. Furthermore, 
the pH of both formulations remained approximately 
5 during storage, with no observable changes in the 
color pattern of the universal pH indicator strips, sug-
gesting that the formulations maintained a stable 
slightly acidic environment. Particle size gradually in-
creased in both formulations over time under both 
storage conditions, with greater changes observed at 
room temperature than under refrigerated storage. The 
particle size (DN) increased from 186.3 ± 7.01 nm at the 
start of particle preparation to 216.41 ± 3.8 nm after 21 
days at 4°C and to 223.98 ± 2.7 nm when stored at room 
temperature (Table 4). Similarly, DNB exhibited an in-
crease from 201.8 ± 15.8 nm to 225.21 ± 5.5 nm at 4°C 
and reached 234.76 ± 11.4 nm after storage at room 
temperature. Although the PDI fluctuated during stor-
age, the values remained within an acceptable range, 
indicating that both formulations retained a relatively 

https://jppres.com/


Shobahah et al. β-Glucan-coated VD3 nanoliposomes 

 

https://jppres.com  J Pharm Pharmacogn Res (2026) 14(4): 11 

 

uniform particle size distribution throughout the 
study. Refrigerated storage better preserved the phys-
icochemical stability of both formulations than storage 
at room temperature. 

Cell viability (MTT assay) 

The effects of free VD3 (D), VD3-loaded nanolipo-
somes (DN), and β-glucan-coated VD3-loaded 
nanoliposomes (DNB) on HCT-116 cell viability were 
examined using the MTT assay (Fig. 7). Cell viability 
decreased in a concentration-dependent manner for all 
the formulations. Two-way ANOVA revealed signifi-
cant effects of concentration, formulation, and their in-
teractions on cell viability (all p<0.0001). At 0.1 µM, no 

significant difference was observed between D and 
DN, whereas DNB showed a significantly different re-
sponse compared to that of free VD3 (p<0.05). At 1 and 
10 µM, both DN and DNB significantly reduced cell vi-
ability compared to D (both p<0.0001), with DNB pro-
ducing the greatest reduction in cell viability at 10 μM. 
At 100 µM, no significant differences were detected 
among the formulations, as all treatments reduced the 
cell viability to similarly low levels. Approximate IC50 
estimates were 32.88, 17.47, and 13.59 μM for free VD3, 
DN, and DNB, respectively. These values are reported 
as approximate point estimates for comparative pur-
poses because reliable confidence intervals could not 
be obtained from the concentration spacing used in 
this exploratory assay. 

 

A B  

 

 

 

 

Figure 6. Cryo-electron microscopy 
(Cryo-EM) images of the VD3-loaded 

nanoliposomes. 

(A) β-Glucan-coated VD3-loaded nanoliposomes 

(DNB). (B) Uncoated VD3-loaded 

nanoliposomes (DN). Representative 

micrographs illustrating the morphologies of 

both formulations are shown. Scale bars 

represent 100 nm and 200 nm in the upper and 

lower panels, respectively. 

 
 

Table 4. Particle size and polydispersity index (PDI) of DN and DNB formulations during storage at 4°C and room temperature. 

Sample Storage 
Day 0 Day 7 Day 14 Day 21 

Size (nm) PDI Size (nm) PDI Size (nm) PDI Size (nm) PDI 

DN 
4°C 186.3 ± 7.01 0.17 ± 0.06 207.20 ± 2.2  0.231 ± 0.03 212.45 ± 5.5  0.071 ± 0.03 216.41 ± 3.8  0.234 ± 0.01 

RT 186.3 ± 7.01 0.17 ± 0.06 213.90 ± 3.7  0.110 ± 0.02 219.56 ± 4.4  0.246 ± 0.01 223.98 ± 2.7  0.367 ± 0.03 

DNB 
4°C 201.8 ± 15.8 0.14 ± 0.09 214.53 ± 4.6  0.265 ± 0.03 221.82 ± 3.4  0.373 ± 0.05 225.21 ± 5.5  0.12 ± 0.02 

RT 201.8 ± 15.8 0.14 ± 0.09 218.675 ± 8.9  0.319 ± 0.01 227.01 ± 3.5  0.286 ± 0.04 234.76 ± 11.4  0.304 ± 0.04 

* Values are presented as mean ± SD (n = 3 independent measurements). DN: VD3-loaded nanoliposomes, and DNB: β-glucan-coated VD3-loaded nanoliposomes. 
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Figure 7. Viability of HCT-116 cells following treatment with free VD3 (D), VD3-loaded nanoliposomes (DN), 

and β-glucan-coated VD3-loaded nanoliposomes (DNB). 

Cells were treated with 0.1, 1, 10, and 100 μM for 48 h, and cell viability was determined using the MTT assay. Data are 

presented as mean ± SD (n = 3). Statistical significance was analyzed using two-way ANOVA, followed by Dunnett's 

multiple comparisons test. p-values are indicated as ****p<0.0001, compared to the free VD3 (D) group at the 

corresponding concentration.  

 

DISCUSSION 

The selected solvent-free formulation produced β-
glucan-coated VD3-loaded nanoliposomes with favor-
able physicochemical characteristics. Controlled ther-
mal and ultrasonic processing, along with a VCO pre-
dispersion step, played an important role in creating a 
stable lipid platform without the use of organic sol-
vents. These process parameters helped address the 
challenges associated with the high hydrophobicity of 
VD3 and nanoliposome formation under solvent-free 
conditions by facilitating bilayer formation, contrib-
uting to improved colloidal stability, and facilitating 
drug solubilization (Sun et al., 2022).  A greater leci-
thin-to-VD3 ratio (14.5:1) was also found to be essential 
for maintaining formulation stability during storage, 
supporting the reproducibility of the laboratory-scale 
preparation. 

FTIR analysis revealed the molecular interactions 
associated with VD3 encapsulation and β-glucan coat-
ing. Although spectral shifts suggest molecular inter-
actions between the polysaccharide and liposomal ma-
trix, the absence of new peaks or degradation signals 
indicates that the characteristic functional groups of 
the formulation components were preserved.  These 
findings suggest that the coating process predomi-
nantly involves physical interactions without altering 
the chemical integrity of the formulation. The size and 
PDI data further supported the successful β-glucan 
coating, as the observed increase in particle size was 
consistent with the formation of a polysaccharide shell, 
whereas the decrease in PDI indicated improved uni-
formity. Importantly, the final particle size of approxi-
mately 202 nm falls within the typical nanoscale range 
reported for oral liposomal drug delivery systems and 

is generally associated with favorable colloidal stabil-
ity (Kaur & Singh, 2023). 

The stabilizing mechanism of β-glucan coating in-
volves both physical and chemical interactions, includ-
ing van der Waals and electrostatic forces, hydrogen 
bonding between β-glucan hydroxyl groups and polar 
liposomal groups, and hydrophobic interactions with 
the lipid bilayers. These interactions strengthen the 
shell structure and may contribute to enhanced struc-
tural stability and more controlled release behavior, as 
previously reported (Niaz & Mackie, 2024). Moreover, 
β-glucan is a bioactive polysaccharide with reported 
immunomodulatory properties and has attracted con-
siderable interest as a functional coating material in 
drug delivery systems (Gieroba et al., 2020; Zhong et 
al., 2025). The zeta potential results further support the 
stabilizing effect of β-glucan. The more negative 
charge observed in the coated nanoliposomes com-
pared to the uncoated ones indicates a stronger electro-
static repulsion, which is generally associated with im-
proved colloidal stability. In agreement with previous 
reports, absolute zeta-potential values exceeding 30 
mV are considered indicative of stable liposomal sus-
pensions (Feng et al., 2020). Additionally, while the un-
coated system exhibited a bimodal distribution, indi-
cating particle heterogeneity, the disappearance of this 
pattern in the coated systems suggested the homoge-
nizing effect of the coating. This more uniform surface 
charge distribution is consistent with the improved 
particle homogeneity observed in the coated formula-
tion and may contribute to its enhanced physicochem-
ical stability during storage and drug release (Zhang et 
al., 2022). 
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The higher encapsulation efficiency observed for 
DNB indicates that the β-glucan coating improved the 
retention of VD3 within the nanoliposome system. The 
additional β-glucan layer likely formed a protective 
steric barrier surrounding the phospholipid vesicles, 
thereby reducing VD3 diffusion during formulation 
and subsequent handling, while improving vesicle sta-
bility. Consequently, a greater proportion of VD3 re-
mained associated with the coated nanoliposomes 
than with the uncoated formulation. To strengthen the 
reliability of the indirect dialysis-based EE determina-
tion, a complementary retained-drug assay was per-
formed by quantifying the VD3 remaining inside the 
dialysis bag after disruption of the nanoliposome vesi-
cles. Although this approach yielded slightly lower EE 
values than the primary dialysis-based method, both 
analytical approaches consistently demonstrated the 
same encapsulation trend, with DNB exhibiting a 
higher EE than DN. The small difference between the 
two determinations may be attributed to minor analyt-
ical losses during sample transfer, vesicle disruption, 
centrifugation, and supernatant recovery, as well as 
adsorption of a small amount of VD3 onto the dialysis 
membrane or laboratory containers. Importantly, the 
combined recovery of VD3 from the released and re-
tained fractions exceeded 96% for both formulations, 
demonstrating satisfactory mass balance throughout 
the analytical procedure. This high recovery indicates 
that only a small fraction of VD3 was not recovered 
during analysis and provides additional confidence 
that the indirect dialysis-based approach produced a 
consistent estimation of encapsulation efficiency. Col-
lectively, these findings indicate that the β-glucan coat-
ing was associated with higher encapsulation effi-
ciency and greater retention of VD3 within the 
nanoliposome system.  

The lower cumulative release observed for β-glu-
can-coated nanoliposomes (DNB) suggests that the 
coating influenced the release behavior of VD3 under 
the tested in vitro conditions. This effect became more 
evident after prolonged incubation, consistent with the 
significant interaction between the formulation and in-
cubation time observed in the two-way ANOVA. Com-
pared with the uncoated formulation, the additional β-
glucan layer surrounding the liposomal membrane 
may have acted as a diffusional barrier, thereby in-
creasing the resistance to VD3 diffusion into the exter-
nal release medium. This interpretation is also con-
sistent with the higher encapsulation efficiency and 
improved physicochemical stability observed for the 
coated formulation, indicating that the β-glucan coat-
ing contributed not only to greater VD3 retention 
within the nanoliposomes but also to a slower release 
profile. The present dialysis-based release model was 
intended for comparative evaluation of the formula-
tions under controlled in vitro conditions rather than to 

mimic gastrointestinal digestion. Accordingly, the 
slower release observed for DNB should be interpreted 
as formulation-dependent release behavior, whereas 
its performance under physiological gastrointestinal 
conditions remains to be established. 

The satisfactory linearity, repeatability, and sensi-
tivity obtained in this study indicate that the devel-
oped UV–Vis method is potentially suitable for quan-
tifying VD3 under the experimental conditions em-
ployed in this study. The use of matrix-matched cali-
bration further minimized the potential interference 
from the release medium, thereby improving the relia-
bility of the analytical measurements. Therefore, the 
encapsulation efficiency and in vitro drug release re-
sults reported in this study can be interpreted with rea-
sonable confidence within the present experimental 
system. The matrix spike recovery results demon-
strated the satisfactory analytical performance of the 
developed UV–Vis method for both formulations. Re-
covery values ranging from 94.44% to 106.30%, along 
with RSD values below 1%, indicated good analytical 
accuracy and repeatability across the evaluated con-
centration ranges. Furthermore, the low background 
absorbance observed in the processed blank formula-
tions suggests a minimal contribution of the formula-
tion excipients to the measured absorbance after ma-
trix-background correction. These findings support the 
reliability of the proposed analytical procedure for 
quantifying VD3 during the determination of encapsu-
lation efficiency in both uncoated and β-glucan-coated 
nanoliposomes. 

Cryo-EM observations corroborated the physico-
chemical characterization obtained by DLS, support-
ing the successful formation of spherical nanolipo-
somes and the structural effect of the β-glucan coating. 
The slightly larger particle diameter observed in the 
coated formulation is consistent with the formation of 
an additional polysaccharide layer surrounding lipid 
vesicles. Moreover, the more uniform morphology and 
clearly defined bilayer structures of DNB suggest that 
β-glucan contributes to improved vesicle stability by 
providing steric stabilization, thereby reducing vesicle 
aggregation and structural heterogeneity. The smaller 
particle diameters obtained by Cryo-EM compared to 
those obtained by DLS are expected because Cryo-EM 
measures the physical dimensions of the vesicles, 
whereas DLS determines the hydrodynamic diameter, 
which includes the hydration layer surrounding the 
nanoparticles. These findings further support the con-
tribution of β-glucan coating in enhancing the struc-
tural integrity and colloidal stability of VD3-loaded 
nanoliposomes. 

The stability study demonstrated that both DN and 
DNB maintained satisfactory physicochemical stability 
throughout the 21-day storage period. The absence of 
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visible precipitation or phase separation, together with 
the relatively constant pH of approximately 5, indi-
cated that both formulations remained physically sta-
ble throughout storage. The gradual increase in parti-
cle size observed in both formulations, particularly 
during room-temperature storage, is likely attributable 
to enhanced vesicle mobility and collision frequency, 
which may promote limited fusion over time. Never-
theless, both formulations remained within the na-
nometer size range and exhibited PDI values below 0.4, 
indicating acceptable colloidal stability and a relatively 
homogeneous particle size distribution. Overall, refrig-
erated storage better preserved the physicochemical 
properties of the formulations than room-temperature 
storage and is therefore recommended for storage un-
der the conditions evaluated in this study. 

The improved physicochemical characteristics of 
the nanoliposome formulations were accompanied by 
a greater reduction in HCT-116 cell viability. Both 
nanoliposome formulations reduced HCT-116 cell via-
bility more effectively than free VD3 at intermediate 
concentrations (1–10 µM), suggesting that nanoencap-
sulation enhanced the in vitro reduction in HCT-116 
cell viability, potentially through improved aqueous 
dispersion and formulation stability. Among the tested 
formulations, the β-glucan-coated nanoliposomes 
(DNB) produced the greatest reduction in cell viability 
at 10 µM, suggesting an additional contribution of β-
glucan coating to the performance of the nanoliposome 
formulation. This greater reduction in HCT-116 cell vi-
ability is consistent with the improved encapsulation 
efficiency, physicochemical stability, and sustained-re-
lease behavior observed for the coated formulation, 
which may collectively contribute to the greater reduc-
tion in HCT-116 cell viability observed in the MTT as-
say. In contrast, the formulations did not differ signifi-
cantly at 100 µM, where the high concentration of VD3 
likely produced a near-maximal reduction in HCT-116 
cell viability, thereby masking the additional ad-
vantage of the nanoliposome delivery system. How-
ever, the IC50 values should be interpreted as approxi-
mate estimates because the tested concentrations were 
selected to cover a broad concentration range for cell 
viability rather than precise dose–response modeling. 
A refined dose–response study using narrower con-
centration intervals around the estimated IC50 values is 
required for more precise parameter estimation. 

CONCLUSION 

A solvent-free β-glucan-coated nanoliposome sys-
tem was developed as a candidate formulation for oral 
VD3 delivery using a green formulation approach 
based on mild heating, probe sonication, and VCO pre-
dispersion. β-Glucan coating improved the physico-
chemical characteristics of the nanoliposomes by 

increasing encapsulation efficiency, enhancing particle 
homogeneity, producing a more negative zeta poten-
tial, and providing a more uniform vesicular morphol-
ogy, as confirmed by cryo-electron microscopy. The 
coated formulation also exhibited slower cumulative 
VD3 release under the tested in vitro conditions, main-
tained satisfactory physicochemical stability during 
storage, and demonstrated greater reduction of HCT-
116 cell viability in the MTT assay compared with the 
uncoated formulation. Collectively, these findings in-
dicate that β-glucan coating improved the overall 
physicochemical performance of the developed 
nanoliposome formulation and supports its further 
evaluation as a solvent-free VD3 nano-delivery plat-
form. Nevertheless, future studies should include eval-
uation under biorelevant gastrointestinal conditions, 
accelerated and long-term stability testing, assessment 
of normal-cell selectivity, pharmacokinetic characteri-
zation, and in vivo efficacy to further establish the per-
formance of the developed formulation for oral deliv-
ery. In addition, future studies incorporating dedi-
cated control formulations would help distinguish the 
individual contributions of specific formulation com-
ponents and provide further mechanistic insight into 
the observed improvements. 
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