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1. Introduction

Fluoride plays a fundamental role in the 
prevention of dental caries by facilitating 
mineralization of calcium ions released from 
damaged hydroxyapatite in enamel, leading to the 
precipitation of fluorapatite, hydroxyfluorapatite, 
and calcium fluoride (CaF2).1,2 Dental fluoride 
products are widely utilized to enhance oral 
health and inhibit dental caries.3 These products 
range from commercial dental materials 
with integrated fluoride, such as composites, 
adhesives, and cements,4 to slow-release devices 
for sustained fluoride exposure.5 Professional 
applications include high-concentration fluoride 
solutions, gels, pastes, and varnishes. For home 
use, fluoridated toothpastes and mouthwashes 
provide accessible fluoride exposure and form 
an essential part of daily oral hygiene routines.6 
Chewing gums that contain fluoride combine 

increased fluoride exposure with stimulated 
salivary flow to provide greater cariostatic 
effects.3,7 Advances in microencapsulation 
technology have further improved medicated 
chewing gums by enabling the controlled release 
of active ingredients within the gum matrix.8

Unfortunately, fluoride ions (F−) can interact 
with calcium ions (Ca2+) present in compounds 
such as calcium phosphate and calcium carbonate, 
which are commonly found in toothpaste and 
other dental products. F− reacts strongly with 
calcium abrasives, causing a 60–90% loss of active 
fluoride. Although silicate or kaolin abrasives 
preserve some fluoride, a significant portion 
still converts into inactive forms, reducing 
effectiveness.9 This interaction leads to fluoride 
deactivation and reduced efficacy.10 Although 
various encapsulation methods have been 
explored, they frequently exhibit inconsistent 
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encapsulation efficiency and fluoride release profiles, which 
compromise their clinical utility. Encapsulation, defined as 
the entrapment of active agents within a carrier matrix,11 
offers a promising strategy for preserving fluoride in its active 
form. In the present study, a bead-based encapsulation system 
was selected using a biopolymer due to its biocompatibility, 
high surface-to-volume ratio, favorable flow properties, 
and feasibility in manufacturing and handling processes.12,13 
Notably, mechanical force-responsive systems face challenges 
in controlling and releasing encapsulated agents,14 particularly 
in dental care applications where brushing or chewing occurs 
during oral hygiene practices.

Biopolymers such as alginate, chitosan, carrageenan, and shellac 
are widely used in healthcare products as carrier materials due 
to their non-toxicity, biodegradability, and biocompatibility.15,16 
Historically, shellac has been widely utilized as a preservative 
coating for fruit.17 Shellac is typically dissolved in an alcohol-
based solvent due to its solubility in polar solvents and applied 
to a substrate. Once the alcohol evaporates, the liquid shellac 
turns into a solid film. This principle has been adapted for 
the development of shellac-based encapsulation beads in the 
pharmaceutical and agricultural sectors.18,19 Shellac’s flexibility 
allows for a variety of encapsulation methods, including spray 
drying, precipitation, emulsion, and extrusion.20 Its natural 
adhesive qualities, biodegradability, and non-toxicity meet the 
growing demand for sustainable and biocompatible materials in 
medical and dental applications.21,22 In particular, shellac relies on 
phase separation in solvent systems to promote self-crosslinking 
within its non-polar domains,23 whereas alginate and carrageenan 
require Ca2+ crosslinking to achieve film hardening,24-26 and 
chitosan generally needs additional crosslinking agents.27 Since 
F−, as a small anion, cannot induce crosslinking, and Ca2+ binding 
is a critical concern in polysaccharide-based systems, shellac 
represents a more suitable choice for F− encapsulation.

This study aims to present a straightforward extrusion 
method for fabricating shellac biopolymer beads for F− 
encapsulation, demonstrating the calculated bead size and 
the release mechanism of F− under mechanical stimulation. 
However, preliminary observations revealed that optimizing 
shellac’s intrinsic physicochemical properties alone was 
insufficient to achieve the desired encapsulation efficiency. 
Surface defects were detected on the beads, likely caused by 
rapid solvent separation during solidification or irregularities 
in the polymer matrix, leading to F− leakage. To address this 
limitation, a controlled reaction between F− and Ca2+ was 
introduced, providing the first demonstration of an innovative 
in situ blocking approach that converts F− into solid CaF2 
within the encapsulation matrix. This process effectively seals 
surface imperfections and demonstrates the synergistic role 
of CaF2 in a novel encapsulation model with strong potential 
for toothpaste and other dental care applications, offering 
enhanced fluoride stability and efficacy.

2. Materials and methods

2.1. Materials

Wax-free shellac and calcium chloride (CaCl2) were obtained 
from Sigma-Aldrich, United States of America (USA). Absolute 
ethanol (≥99.8%) and nitric acid were procured from Merck 
(Thailand), and sodium fluoride (NaF) was sourced from Ajax 
Chemical Ltd. (Australia). Glassware was pretreated by soaking 
in 0.5 M nitric acid, followed by cleaning with detergent and 
rinsing with deionized (DI) water. DI water served as the 
primary solvent throughout the study.

2.2. Sodium fluoride-shellac encapsulation preparation

An 80% w/v shellac solution was prepared by dissolving 8 g 
of shellac in 10 mL of absolute ethanol with gentle stirring for 
5 days (shellac dissolution time). For shellac bead formation, 
a 5,000 ppm NaF solution was introduced into 10 mL of the 
shellac solution using a syringe pump (NE-300; New Era Pump 
Systems, USA) at a rate of 500 µL/min through an extrusion 
tube with a 0.4 mm diameter (27G flat needle, Nipro Medical, 
Japan). The NaF droplets within the shellac solution were 
incubated without stirring for 1  min (bead formation time), 
resulting in bead formation. The beads were subsequently 
transferred to DI water and incubated for 2 h (bead hardening 
time) before immersion in 10  mL of 5% CaCl2. The shellac 
beads were then dried under ambient conditions. The process 
is illustrated schematically in Figure S1.

2.3. Material characterization

Before analysis, shellac beads were bisected along their 
diameter using a razor blade, rinsed with DI water, affixed 
to aluminum stubs with carbon tape, and vacuum-dried for 
30  minutes. A  charge-coupled device camera attached to an 
optical microscope (OM; AxioCam HRc, Carl Zeiss, Germany) 
was used to analyze the size distribution and wall thickness 
of shellac beads. Surface morphology was characterized using 
scanning electron microscopy (SEM; JSM-6510A, JEOL, Japan) 
in secondary electron imaging mode, with energy-dispersive 
X-ray spectroscopy (EDS) for elemental composition analysis. 
Functional groups were identified using Fourier-transform 
infrared spectroscopy (FTIR; Nicolet 6700 spectrometer, 
Thermo Scientific, USA) in attenuated total reflection 
(ATR) mode with a zinc selenide prism (IRK-FTS, Harrick, 
USA) over the 700–4,000 cm−1 spectral range. Crystallinity 
was assessed using differential scanning calorimetry (DSC; 
TGA/DSC 1, Mettler Toledo, Switzerland) at a heating rate 
of 10°C/min. Active fluoride content was measured indirectly 
using a waterproof fluoride meter (FL700, Extech, USA).

2.4. Statistical analysis

To evaluate encapsulation performance, statistical analyses 
were conducted using R version 4.4.2 (R Core Team, r-project.
org). The Agricolae package was utilized to perform one-way 
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analysis of variance (ANOVA) to compare the effects during 
the observation period.28-30

3. Results and discussion

3.1. Shellac bead formation

Encapsulated shellac beads were continuously produced 
through syringe pump-driven extrusion, yielding a narrow 
size distribution and ensuring reproducibility. Further 
investigation into the primary shape-forming mechanism 
during this process is necessary. Figure  1A illustrates the 
morphology of the beads, which had an average particle 
diameter of 2.54 ± 0.22  mm (Figure  1B). The OM inset in 
Figure  1A shows the bead wall, revealing non-uniform 
thickness (163 ± 31 µm at the thinnest to 314 ± 82 µm at 
the thickest), caused by gravitational effects during bead 
formation. Moreover, the particle size distribution (Figure 1B) 
was assessed using the coefficient of variation, calculated as 
the percentage ratio of standard deviation to number-average 
diameter.31 The extruded beads exhibited a coefficient of 
variation of 8.66%, which is less than 10%, indicating a narrow 
size distribution.32

To elucidate the influence of extrusion tube limitations, 
the dripping-in-laminar-flow model of NaF solution was 
adopted.33 A syringe pump was utilized to control the flow rate, 
and drop formation was analyzed specifically employing Tate’s 
law. Equation (1) offers a suitable approach for estimating 
particle diameter.34,35

� (1)

According to Tate’s law, drop volume (V
drop

) is directly 
proportional to the extrusion tube radius (R) and influenced 
by solution surface tension (γ), density (ρ), and gravitational 
acceleration (g). This theoretical relationship has been 
experimentally validated using different nozzle sizes in 
related systems.36 Assuming a spherical drop morphology, 
the estimated V

drop

 was utilized to predict particle diameter, 
employing the parameters shown in Table S1. For a NaF 
solution extruded through a 0.4 mm tube, the calculated drop 
diameter was 2.60  mm. This theoretical prediction showed 
82% agreement with the experimentally measured internal 

spherical diameter (approximately 2.20 mm) from OM images 
(Figure  1). These findings, corroborated by diameter size 
simulations (Figure S2), underscore the critical influence of 
extrusion diameter on regulating particle size.

Moreover, the minimum force required to rupture the 
membrane (F) was estimated using the thin-walled spherical 
model (Equation (2)), which is based on tensile strength (σ), 
wall thickness (t), and bead radius (r).37

F = 2πσtr� (2)

For pure thin-film shellac with a tensile strength of 1.86 MPa,38 
the breaking force calculated from the average bead diameter 
and minimum wall thickness was 2.38 N. This value falls 
within the typical range of tooth-brushing forces (1.5–3.5 N),39 
suggesting that shellac beads are highly susceptible to rupture 
during oral hygiene practices. According to Equation (2), 
reducing bead diameter proportionally decreases the required 
breaking force, increasing the likelihood of solution release 
and highlighting the challenges of miniaturizing shellac beads 
through nozzle extrusion. Future studies should experimentally 
validate this size dependence to confirm the predictions and 
extend the applicability of the findings.

To investigate the bead formation mechanism, molecular 
interactions between shellac and ethanol were examined using 
ATR-FTIR spectroscopy, as shown in Figure 2. An 80% w/v 
shellac solution was cast onto an ATR prism, allowing 
ethanol to evaporate under ambient conditions, leading to 
film formation. Time-dependent changes in the molecular 
structure of the shellac during ethanol evaporation were 
monitored using the ATR-FTIR technique (Figure 2A). Four 
characteristic peaks of ethanol were observed, as indicated by 
the black dashed line in Figure 2A, at 2,972, 1,260–1,050, and 
880 cm−1, corresponding to C–H stretching, C–O stretching, 
and O–H bending vibrations, respectively.40,41 During the 
evaporation process, the ethanol-associated peak remained 
detectable until film formation was complete. Once the shellac 
film had fully formed, these peaks disappeared, while the 
characteristic vibrational bands of shellac remained unchanged 
and consistent with those of the original material. These 
observations indicate that ethanol was effectively removed 
during evaporation, facilitating shellac film formation.

Figure 1. Morphology of the shellac beads. (A) Macroscopic image of sodium fluoride-encapsulated shellac beads on a grid (scale bar: 5 mm; 
magnification: ×2), with an inset microscopic image showing the bead wall and thickness variation (scale bar: 0.50 mm; magnification: ×10). 
(B) Size distribution of 300 fabricated shellac beads.

BA
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Figure  2B presents the ATR-FTIR spectra of shellac in its 
original form, as a film, and as beads after immersion in DI 
water for 7 days. The characteristic shellac peaks (gray dashed 
line in Figure  2B) were identified. The peaks at 2,928 and 
2,852 cm−1 correspond to C–H stretching vibrations, while 
the peaks at 1,708 and 1,250 cm−1 correspond to stretching 
vibrations of the carbonyl group and the C–O bond of ester 
groups, respectively.42 The results reveal no significant spectral 
changes, suggesting that ethanol dispersion from the shellac 
solution into the aqueous phase resulted in the formation of 
beads.

Molecular insights gained during the drying process underscore 
the role of solvent concentration gradients in shellac 
formulation. When a secondary solvent is introduced into the 
liquid shellac, ethanol diffuses into the secondary solvent due 
to concentration gradients. Consequently, a solid shellac bead 
forms, encapsulating the secondary solvent. The utilization of 
both static and dynamic chemical gradients facilitates molecular 
transport within swollen crosslinked polymers, a widely 
recognized mechanism for polymer hardening.43 Based on the 
combined findings from OM and vibrational spectroscopy, 
the shellac encapsulation process can be described as driven by 
solvent separation, as shown in Figure 3.

3.2. Shellac encapsulation parameters

The extrusion method successfully formed microspherical 
shellac encapsulations, with the bead-forming mechanism 
detailed in the previous section. While the efficiency of NaF 
encapsulation within these shellac beads was subsequently 
monitored and recorded, further investigation into the 

parameters influencing shellac encapsulation is necessary. 
To optimize the conditions for shellac bead formation, key 
parameters, including shellac concentration, dissolution time, 
bead formation time, and hardening time, were systematically 
investigated. Encapsulation efficiency was quantified by 
determining the percentage of active F− (AFs) retained within 
the beads using Equation (3):

%AFs
F F

F

initial final

initial

�
��

�
�
�

�

�
�
�
�

� �

�
100 � (3)

The F− concentration in the stock solution (F−
initial) and the 

concentration released from crushed shellac beads into DI water 
(F−

final) were analyzed using the waterproof fluoride meter. The 
volume of the encapsulated bead, required for calculating F−

final, 
was determined using spherical-diameter measurements of the 
inner structure, approximately 2.20  mm, as observed in the 
macroscopic image shown in Figure 1. The optimal conditions 
for shellac bead formation were identified based on a high 
percentage of AFs, reflecting superior shellac encapsulation 
performance, as shown in Figure  4. Measurements of F−

final 
and %AFs were taken every 24 h for 7 days, with average and 
standard deviation values calculated using three beads per 
variable. DI water was used as the release medium to ensure 
accurate monitoring of loading solution loss from within the 
shellac beads.

To determine the optimal conditions for shellac bead 
formation, four key parameters were evaluated. Figure  4A 
presents the effect of shellac concentration. Shellac solutions 
above 80% w/v were difficult to prepare due to high viscosity 

Figure 3. Schematic diagram of shellac bead hardening in deionized water.
Abbreviation: EtOH: Ethanol

Figure  2. Molecular information during shellac drying. (A) Time-dependent attenuated total reflectance-Fourier-transform infrared 
spectroscopy (ATR-FTIR) spectra of shellac film cast from an 80% ethanolic shellac solution and dried under ambient conditions, compared to 
ethanol and original shellac. (B) ATR-FTIR spectra of original shellac, shellac film, and shellac beads after 7 days in deionized water.

BA
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and slow dissolution. An 80% w/v stock solution was diluted 
to concentrations ranging from 75% to 60% w/v. Nevertheless, 
the 80% w/v shellac solution yielded the highest performance, 
retaining over 80% AFs. At 70%  w/v, large surface pores 
(~5  μm; Figure S3) were observed, likely caused by lower 
viscosity facilitating rapid ethanol diffusion and leading to 
larger pore formation.44

Dissolution time significantly impacts the stretching and 
swelling of shellac polymer chains, influencing polymer 
integrity.45 Figure  4B shows dissolution times ranging from 
6 h to 5 days. A 5-day dissolution time resulted in over 85%AFs, 
with no significant improvement observed when extended 
to 7  days. Polymer chain expansion in solution influences 
crystallinity.46,47 DSC was used to examine shellac beads 
prepared with dissolution times of 1 and 5 days (Figure S4). 
The DSC thermograms reveal a sharper endothermic peak for 
beads with a 5-day dissolution time compared to those with 
a 1-day dissolution time, indicating more uniform packing.48 
Therefore, a 5-day dissolution time was considered optimal for 
achieving efficient encapsulation.

Bead formation time, defined as the duration shellac beads 
remained in the ethanolic solution before transfer to DI water, 
was varied between 0.5 and 1.5 min (Figure 4C). A formation 
time of 1  min yielded over 85% AFs. At 0.5  min, the beads 
did not develop adequate wall thickness, preventing proper 
formation. At 1.5  min, the beads became soft and prone to 
cracking, leading to potential re-dissolution in the ethanolic 
shellac solution, and hindering successful transfer to DI water.

Following bead formation, shellac beads were immersed in DI 
water to stabilize their soft outer surface. Hardening time was 

critical for enhancing surface rigidity, promoting pore sealing, 
and maintaining structural integrity. Hardening times ranging 
from 0.5 to 5 h were evaluated (Figure 4D). A hardening time 
of 2  h resulted in optimal performance, with over 80%AFs, 
providing a balance between encapsulation efficiency and bead 
morphology.

Although the optimization process enhanced %AFs and 
encapsulation efficiency of the shellac beads, surface pores 
and F− leakage were still observed. As illustrated in Figure 4, 
a decrease of approximately 20–30% AFs was noted from day 2 
to day 7 compared to day 1. Beyond polymer hardening, pore 
formation on shellac bead surfaces, as shown in the schematic 
diagram (Figure  3), plays a critical role in encapsulation 
and release behavior. Pores generally arise during solvent 
evaporation or phase separation, where differential diffusion 
of polymer, solvent, and non-solvent phases drives void 
nucleation and growth.49,50 Volatile loss may also generate 
internal stresses, leading to microcracks and increased surface 
porosity.51 Drying kinetics further influence pore evolution: 
rapid evaporation tends to trap voids, whereas slower drying 
allows polymer chains to relax and densify.52,53 To overcome 
this limitation, pore sealing was investigated to enhance NaF-
shellac bead encapsulation. This modification and its effects are 
discussed in the subsequent section.

3.3. The role of calcium ions

Under the experimental conditions, shellac self-assembled 
from a liquid to a solid state on the bead surface due to 
the removal of ethanol from the shellac matrix. The 
resulting shellac beads exhibited regular morphology and 
composition (Figures 1 and 2). Nevertheless, the %AFs results 

Figure 4. The percentage of active F− in shellac beads encapsulated under different (A) shellac concentrations, (B) shellac dissolution times, 
(C) bead formation times, and (D) bead hardening times.
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(Figures  4A-D) indicate that these thin-walled shellac beads 
are unsuitable for NaF encapsulation. SEM images of optimized 
shellac beads (Figure 5A and B) reveal small surface pores, <1 μm 
in diameter, both before and after immersion in DI water. While 
shellac-based nanoencapsulation has proven effective in other 
applications,54,55 the presence of sub-micrometer pores highlights 
limitations in retaining loaded solutions, likely contributing to 
defects during the formation of microscale particles.56

To mitigate fluoride loss through surface pores, a stabilization 
strategy using Ca2+ was developed. Ca2+ was selected due to its 
biocompatibility, established use in oral care formulations, and 
its ability to react with F− to form insoluble CaF2,57 thereby 
enhancing fluoride retention through in situ precipitation 
within the beads. CaCl2 was selected as the Ca2+ source due 
to its widespread use in oral care products.58 The reaction is 
presented in Equation (4), demonstrating the low stability of 
CaF2 in water (Ksp = 4.0 × 10−11).59,60

2NaF(aq) + CaCl2(aq) → 2NaCl(aq) + CaF2(s)	 (4)

A prototype high-calcium toothpaste contains CaCl2 at 
~2.5%  w/w, reported as the upper range for minimizing 

excessive Ca2+ reactivity.61 Nevertheless, this concentration was 
insufficient for effective pore sealing in the shellac-wall beads, 
as only ~50% AFs was retained after 1 week, indicating limited 
sealing performance, which was confirmed by SEM imaging 
(Figure S5). To address this limitation, an increased concentration 
of 5%  w/w CaCl2 was investigated and demonstrated greater 
effectiveness in sealing pores. SEM analysis demonstrated that 
immersion of shellac beads containing F− in 5%  w/v CaCl2 
solution resulted in the formation of white circular deposits 
on the bead surface (Figure 5C). This process effectively sealed 
surface pores, in contrast to the porous structure observed in 
untreated beads (Figure 5A and B).

The reaction between NaF and CaCl2 is rapid and spontaneous, 
resulting in the formation of insoluble CaF₂ (Figure 6A).62 EDS 
mapping, shown in Figure 6B-E, was conducted to verify the 
chemical composition of the newly formed structures observed 
in Figure  5C. The EDS spectra confirmed the presence of 
calcium (Ca) and fluorine (F) atoms at 0.82 ± 0.36% and 1.98 
± 0.12%, respectively (Figure 6F), indicating that the white 
deposits consist of CaF2. Additionally, carbon (C) and oxygen 
(O) atoms originating from the shellac material were detected. 

Figure 5. Scanning electron microscopic imaging of bead surface (A) before immersion, (B) after immersion in deionized water for 7 days, 
and (C) after immersion in 5% w/v CaCl2 for 7 days. Scale bars: (A1, B1, C1) 5 μm, (A2, B2, C2) 1 μm; magnification: (A1, B1, C1) ×2000, 
(A2, B2, C2) ×5000.

B CA

Figure 6. Elemental composition analysis on the bead surface. (A) Secondary electron image (SEI) of the bead surface; (B-E) Energy-dispersive 
X-ray spectroscopy (EDS) maps of Ca, F, C, and O. Ca K, F K, C K, and O K refer to Kα emission lines detected via EDS mapping; and (F) EDS 
spectrum of a shellac bead immersed in 5% w/v CaCl2 for 7 days showing Ca and F atomic percentage.

B C

ED F

A



Biomater Transl. 2025� 7

� Dissara, P., et al.Original Research

Notably, the CaF2 structures on the bead surface measured 
approximately 10–50  µm, substantially larger (10–50  times) 
than the original surface pores (less than 1 μm) observed in 
Figure 5A and B.

A plausible mechanism for CaF2 formation is that F− migrates 
through small pores and diffuses across the bead surface 
through capillary forces, reacting with Ca2+ to form a CaF2 
layer. This interaction, driven by the cooperative effect of 
CaF2 and shellac, effectively seals the pores. SEM images and 
EDS maps (Figure S6) of the bead cross-section reveal that 
CaF2 is present not only on the bead surface but also within 
tubular defects of the shellac wall. This finding confirms the 
robust pore-blocking capability of CaF2 within the shellac 
encapsulation matrix. A schematic illustration based on SEM 
and EDS results is presented in Figure 7, offering insights into 
further optimization and demonstrating the potential of this 
approach for effective fluoride encapsulation.

3.4. The efficiency of calcium fluoride blocking

Calcium fluoride is essential for sealing surface pores to prevent 
the loss of encapsulated loading solutions within shellac beads. 
Under the optimal conditions established in Section 3.2, shellac 
beads were subjected to extreme conditions and immersed in 
5% w/v CaCl2, as shown in Figure 8. The %AFs were monitored 
daily for the first 14 days (14 measurements), weekly from days 
15 to 35  (3 measurements), and then on days 60 and 90  (1 
measurement each). The %AFs within the beads remained high—
close to 80%—during the first 6 days (blue dots in Figure 8).

According to the results described in Section 3.2, shellac 
beads without CaF2 co-blocking initially retained high %AFs 
(>80%) within 3  days, followed by a pronounced decline in 
%AFs thereafter. In contrast, only a slight decrease in %AFs 
was observed between days 7 to 90 for CaF2-treated beads 
(black dots in Figure 8). The average reduction in %AFs was 
70%, with a relative standard deviation of 5%, which is within 
the acceptable range for quality control samples (≤  15%).63 
This reduction may be attributed to the conversion of F− to 
CaF2 during the pore-sealing process. Furthermore, the 
%AFs remained a consistent range from days 7 to 90, running 
parallel to the horizontal axis (red line in Figure 8), suggesting 
no significant correlation between %AFs and immersion 
duration.64 Levene’s test confirmed homogeneity of variances 
across groups. A one-way ANOVA analysis conducted for the 
stability study revealed no significant differences at the 95% 
confidence level (p=0.80) among beads encapsulated from days 
7 to 90, indicating stable and consistent fluoride retention 
throughout the storage period.65

These stability results confirm that, following 6  days of 
immersion, no continuous reaction occurred between F− 
and Ca2+. This observation is supported by the insignificant 
changes in %AFs within the Ca2+ reservoir, suggesting that this 
model is suitable for formulations containing Ca2+ compounds. 
The results demonstrate the high stability of CaF2 integrated 
with shellac, ensuring sufficient encapsulation for extended 
shelf life. The retention of F− within the shellac beads confirms 
the in situ pore-blocking function of CAF2 as demonstrated in 
Equation (4). Blocking of surface pores and tubular shellac-wall 

structures by CaF2 was clearly visible in SEM images and EDS 
maps. After the initial stabilization period, F− levels stabilized 
and remained constant for up to 90 days, demonstrating the 
long-term efficacy of the CaF2–shellac model for encapsulation 
in toothpaste applications.

4. Conclusions

This study presents the successful development of a novel 
shellac-based encapsulation model integrating CaF2, engineered 
to enhance the stability of F− for toothpaste applications. The 
employed method yielded shellac beads characterized by a 
narrow size distribution, suitable for fluoride loading. Analytical 
characterization confirmed the in situ generation of CaF2 within 
the encapsulation matrix, which effectively sustained F− levels 
at approximately 70% for up to 90 days, thereby substantially 
mitigating reactivity with exogenous calcium. This study 
focused solely on physicochemical characterization; dynamic 
oral factors such as artificial saliva, protein adsorption, and 
microbial metabolism were not assessed. Future in vivo or 
preclinical studies are needed to confirm translational relevance 
and potential applicability to other oral care products.

Figure 8. The percentage of active F− (%AFs) encapsulated in shellac 
beads after 90 days in 5% CaCl2. Blue dots represent days 1–6; black dots 
represent days 7–90, with the red line indicating the average %AFs.

Figure 7. Proposed mechanism of the formation of calcium fluoride 
(CaF2) on the bead surface.
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