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Abstract

Butter is one of the most popular dairy products due to its special and delicious taste, but it is not considered a
good source of vitamins such as vitamin D3 and using this vitamin in its formulation can add to the bioactive
properties of this product. The present study aimed to encapsulate vitamin D3 in the structure of electrospray
nanoparticles based on poly-caprolactone and then use it in butter formulation. Electrosprayed polycaprolactone
nanoparticles containing vitamin D3 with levels of 5, 10, and 15(w/w) were produced and encapsulated and
FTIR test and encapsulation efficiency were performed on the formed nanoparticles. The sample that had higher
encapsulation efficiency was added to the butter. FTIR test results showed that vitamin D3 was successfully
trapped in the structure of electrosprayed poly-caprolactone nanoparticles. By using 10% vitamin D3 in the
nanoparticle structure, the highest encapsulation efficiency was achieved. The physicochemical, color, and
sensory properties of the samples were compared with the control sample during 3 months of storage. The
results showed that the use of nanoparticles containing vitamin D3 and increasing its application level in butter
formulation resulted in a decrease in peroxide value, acid value, thiobarbituric acid value during storage. The
sample containing 5% vitamin D3 did not cause any significant difference in color characteristics and did not
change sensory characteristics compared to the control sample. It can be concluded that butter containing 5%
electrosprayed polycaprolactone nanoparticles containing vitamin D3 has desirable physicochemical, color, and
sensory properties and is selected as the superior sample.
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Extended Abstract

Introduction

Butter is a natural dairy product primarily
composed of milk fat (80-84%), water
(15.3-15.9%), and minor amounts of salt,
proteins, minerals  (e.g., calcium,
phosphorus), and fat-soluble vitamins.
Despite its favorable sensory attributes and
clean-label perception among consumers,
butter is not a rich source of essential
micronutrients such as vitamin D3, which
plays a critical role in calcium,
magnesium, and phosphorus absorption,
thereby supporting bone health and
integrity. This is particularly relevant for
vulnerable populations with limited sun
exposure, including the elderly and
women. However, incorporating free
vitamin D3 into food matrices like butter is
challenging due to its sensitivity to
environmental stressors such as heat, light,
and oxygen, which can lead to degradation
and loss of bioactivity. To overcome these
limitations, advanced delivery systems
based on encapsulation technologies have
been explored. Among these,
electrospraying a subset of
electrohydrodynamic processing offers a
solvent-efficient, low-temperature method
to produce nanostructured carriers with
high  encapsulation  efficiency  and
controlled release properties.
Polycaprolactone (PCL), a biodegradable,
biocompatible, and FDA-approved
polyester, has emerged as a promising wall
material for bioactive compound delivery.
This study aimed to develop PCL-based
electrosprayed nanoparticles loaded with
vitamin D3 and incorporate them into
butter to enhance its nutritional profile
while improving oxidative stability and
maintaining sensory acceptability.

Methods

PCL nanoparticles containing vitamin D;
at three loading levels (5%, 10%, and 15%
w/w relative to PCL) were fabricated via

electrospraying. A 10% (w/v) PCL
solution was prepared in a mixed solvent
system of acetic acid and ethanol (80:20
v/v), followed by addition of vitamin Ds.
The solution was loaded into a 10 mL
syringe and electrosprayed using a syringe
pump at a flow rate of 1.5 mL/h, an
applied voltage of 25 kV, and a tip-to-
collector distance of 15 cm. Encapsulation
efficiency (EE) was  determined
spectrophotometrically using UV-Vis at
264 nm after ethanol extraction, applying
the formula: EE (%) = [(C — C)/C] x 100,
where C is total vitamin D5 and C is the
supernatant concentration. Fourier-
transform infrared spectroscopy (FTIR)
was employed to assess potential
interactions between PCL and vitamin Ds.
The nanoparticle formulation with the
highest EE was selected for incorporation
into commercial butter at concentrations of
3%, 5%, and 10% (w/w). Samples were
stored at —18°C for 48 h before analysis.
Over a three-month refrigerated storage
period, samples were evaluated monthly
for peroxide value (PV), acid value (AV),
and thiobarbituric acid reactive substances
(TBARS) using Iranian national standards.
Color parameters (L*, a*, b*) were
measured using a colorimeter, and sensory
evaluation was conducted using a 5-point
hedonic scale assessing color, flavor,
texture, and overall acceptability. Data
were analyzed using one-way ANOVA
followed by Duncan’s multiple range test
(p <0.05) in SPSS v22.

Results and Discussion

FTIR analysis confirmed successful
encapsulation: characteristic peaks of both
pure vitamin D3 (e.g., 3358 cm™ for —OH,
1647 cm™ for C=0) and PCL (e.g., 1722
cm™ for carbonyl) were present in the
spectra of loaded nanoparticles, with no
peak shifts only increased intensity with
higher vitamin D3 loading indicating
physical entrapment without chemical
interaction.  Encapsulation  efficiency
peaked at 91.38% + 1.56 for the 10%
vitamin Dz formulation, significantly
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higher than 72.52% * 1.23 at 5% and
84.23% + 174 at 15% (p < 0.05),
suggesting an optimal loading threshold
beyond which particle aggregation and
incomplete coating reduced efficiency.
Butter samples enriched with 5% and 10%
nanoparticles exhibited significantly lower
PV, AV, and TBARS values throughout
storage compared to control (p < 0.05),
with the 10% formulation showing the
greatest oxidative stability. This s
attributed to the antioxidant properties of
vitamin D3 and the protective PCL matrix,
which mitigated lipid oxidation by
scavenging free radicals and limiting
oxygen diffusion. Color analysis revealed
no significant differences in L*, a*, or b*
between control and samples with <5%
nanoparticles (p > 0.05), but a significant
decrease in all three parameters occurred
at 10% (p < 0.05), likely due to
nanoparticle agglomeration causing light
scattering and opacity. Sensory scores
mirrored these findings: samples with up
to 5% nanoparticles received scores
statistically equivalent to the control (5/5
for all attributes), whereas the 10% sample
showed significant declines in color (3),
flavor (4), texture (2), and overall
acceptability (3), possibly due to gritty
mouthfeel and visual dullness from
particle clustering.

Conclusion

This study demonstrates that
electrosprayed PCL nanoparticles
effectively encapsulate vitamin D3 and
enhance the oxidative stability of butter
without compromising sensory quality
provided the nanoparticle concentration
does not exceed 5%. While 10% vitamin
D; loading yielded the highest
encapsulation efficiency, the optimal
functional formulation in butter was 5%
nanoparticle incorporation, which
maintained color and sensory attributes
comparable to unfortified butter while
significantly improving shelf-life
indicators. These findings support the use
of electrospraying and PCL as a viable

strategy for fortifying lipid-rich foods with
sensitive bioactives, balancing nutritional
enhancement, physicochemical stability,
and consumer acceptability. Future work
should explore in vitro bioaccessibility and

scale-up  feasibility = for  industrial
application.
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