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Abstract. Bakuchiol, a meroterpene derived from Psoralea corylifolia, offers diverse skin benefits but is 
prone to degradation under environmental stress. This study aimed to encapsulate bakuchiol in alginate-
based beads using coaxial electrospray to enhance its stability. Bead formation was optimized by varying 
sodium alginate concentrations, core-to-shell flow rates, and applied voltage. Optimal conditions (1.0% w/v 
alginate; 20:40 mL/min; 1000 V) yielded spherical, well-defined beads. Fourier-transform infrared (FT-IR) 
spectroscopy confirmed successful encapsulation. Stability tests demonstrated that the beads maintained 
structural integrity and bakuchiol retention under various storage conditions over 60 days. High retention 
(greater than 80%) was achieved in neutral and moderately acidic pH (3, 5 and 7) solutions and under both 
light and dark storage, underscoring the protective role of the alginate matrix. Conversely, exposure to 
alkaline pH induced degradation and diffusion-related loss. These findings indicate that coaxial 
electrospray-based alginate beads represent a promising delivery system for stabilizing bakuchiol, 
supporting its future application in cosmetic formulations. 

1 Introduction 
Bakuchiol (BK) is a meroterpene extracted from the seeds 
of Psoralea corylifolia [1, 4-6]. It has garnered increasing 
attention in the cosmetics and cosmeceuticals industries 
due to its broad range of skin benefits. These include 
reducing hyperpigmentation, minimizing wrinkles [5, 7-
9], enhancing skin elasticity [5], stimulating collagen 
production [9], antioxidant, anti-inflammatory [10, 11], 
anti-acne and anti-bacterial [10, 13, 14]. Importantly, 
bakuchiol exerts these bioactivities with low skin 
irritation relative to retinol, making it suitable for 
sensitive skin types [5, 15]. As a result, bakuchiol has 
emerged as a promising natural alternative to retinol in 
anti-aging formulations [8-10, 16]. 

 

 
 

Fig. 1. Chemical structure of bakuchiol. 

 
Chemically, bakuchiol (4-(3-ethenyl-3,7-dimethyl-1, 

6-octadienyl)-phenol; C18H24O) [1] belongs to the 
meroterpenoid class, consisting of a phenolic group and 
an unsaturated hydrocarbon chain [1-4]. Due to its 
hydrophobic nature, bakuchiol dissolves readily in oils 
such as moringa and olive oil [16], as well as in organic 
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solvents like ethanol and dimethyl sulfoxide (DMSO) [3, 
11]. However, bakuchiol exhibits poor stability when 
exposed to light, oxygen, and heat, which can 
compromise its chemical integrity and biological efficacy 
[17-19]. 

Encapsulation technologies have been explored as a 
means of protecting active compounds from 
environmental degradation [20, 21]. Among various 
encapsulation approaches, polysaccharide-based systems 
are particularly attractive due to their biocompatibility 
and biodegradability [22]. Alginate, a natural 
polysaccharide derived from brown seaweed, is widely 
employed for encapsulation owing to its mild gelation 
process and excellent barrier properties [23, 24]. In the 
presence of calcium ions (Ca²⁺), alginate chains undergo 
ionic crosslinking via interaction with guluronic acid 
residues, resulting in a dense and stable three-dimensional 
network commonly referred to as the "egg-box" structure 
[24, 25]. The alginate gel matrix offers mechanical 
stability and a protective barrier against external stressors 
[23, 26], making alginate an ideal candidate for 
encapsulating sensitive active ingredients like bakuchiol. 

The coaxial electrospray technique offers an effective 
method for producing core–shell micro- and nanoparticles 
[27]. In this process, two immiscible liquids are co-
delivered through a coaxial nozzle at controlled flow 
rates. When a high voltage is applied, the electric field 
overcomes the surface tension of the solution, generating 
a Taylor cone at the nozzle tip. This results in the emission 
of fine droplets toward the collector, typically containing 
a crosslinking solution [28]. The advantages of this 
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technique include high encapsulation efficiency, mild 
processing without heat, and the production of uniform 
particles [29-31]. 

This study provides a systematic investigation into the 
synthesis and stability of BK-loaded beads using coaxial 
electrospray. The primary objectives are to optimize the 
bead formation process, characterize the chemical and 
structural properties of the resulting beads, and evaluate 
the stability of encapsulated bakuchiol under various 
storage conditions including storage in calcium chloride 
solution and ultrapure water at room temperature under 
light and dark conditions, as well as in buffer solutions 
with pH values of 1, 3, 5, 7, and 9. Finally, the retained 
bakuchiol content in the beads was quantified. The 
insights gained from this work aim to support future 
applications in cosmetic formulations. 

2 Materials and Methods 

2.1 Materials 

Bakuchiol was supplied from Chanjao Longevity Co. 
(Bangkok, Thailand). Sodium alginate, coconut oil and 
calcium chloride (food grade) were supplied from 
Krungthepchemi Co. (Bangkok, Thailand). Hydrochloric 
acid, sodium hydroxide, and methanol (AR grade) were 
supplied from Qrec Co. (New Zealand). Ultrapure water 
was obtained from the Department of Industrial 
Chemistry, Faculty of Applied Science, King Mongkut’s 
University of Technology North Bangkok (KMUTNB). 

2.2 Preparation of beads 

Beads were prepared using a coaxial electrospray 
technique with a core-shell structure comprising an inner 
needle nested inside an outer needle. The core solution 
was prepared by dissolving bakuchiol in coconut oil at a 
concentration of 1% (v/v). The shell solution was 
prepared by dissolving sodium alginate in ultrapure water 
at concentrations of 1.0%, 1.5%, and 2.0% (w/w). A 
calcium chloride (CaCl2) solution at 2.0% (w/v) was 
prepared in ultrapure water and used as the crosslinking 
bath to induce gelation during bead formation. The core 
and shell solutions were fed through a coaxial nozzle 
under controlled conditions. Details of the formulation 
and processing parameters are summarized in Table 1. 

2.3 Fourier transform infrared spectroscopy 

Fourier transform infrared (FT-IR) spectra were obtained 
using the PerkinElmer Spectrum 100 FT-IR Spectrometer 
to analyze the chemical composition of the prepared 
beads. The samples were prepared using the KBr pellet 
method. As the prepared beads were prone to moisture 
absorption, a drying process was required by placing them 
in a desiccator before grinding and compressing into 
transparent pellets. The pellets were scanned at a 
frequency of 4000-400 cm-1 for a total of 64 scans. 

2.4 Optical microscope 

The morphology of beads was characterized by optical 
microscope (Olympus). The beads were placed on a slide, 
then examined at 10X magnification. 
 

Table 1. Process parameters for coaxial electrospray bead 
formation. 

Parameters Set Unit 

Bakuchiol; Core 
concentration 1 %w/v 

Sodium alginate; 
Shell concentration 1, 1.5, 2 %w/v 

CaCl₂; Collector 
concentration 1, 2, 3 %w/v 

Flow rate of core 15, 20, 30 mL/min 

Flow rate of shell  35, 40, 50 mL/min 

Applied voltage 0, 1000 Volt 

Frequency 400 Hz 

Core diameter 450 µm 

Shell diameter 700 µm 

2.5 Determination of bakuchiol content in beads 

The amount of bakuchiol encapsulated in the beads was 
determined using UV–Vis spectroscopy. The absorbance 
of the bead samples was measured at a wavelength of 262 
nm on days 0, 14, 30, and 60. The bakuchiol content per 
bead (µg per bead) was quantified from a calibration curve 
prepared using standard bakuchiol solutions in methanol. 
 The percentage of bakuchiol retention was calculated 
according to the following equation: 

 
 % Retention = (Mt / M0) × 100             (1) 

 
where Mt represents the bakuchiol content at each time 
point, and M0 is the initial content at day 0. 

2.6 Stability study 

The stability of the beads during storage was evaluated 
under various conditions. The beads were immersed in                                                                             
calcium chloride solution, distilled water, and solutions 
with pH values of 1, 3, 5, 7, and 9. The samples were 
stored at room temperature. Sampling was conducted on 
days 0, 14, 30 and 60 to assess morphological changes and 
quantify the encapsulated compound. 
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2.7 Particle sizes of the beads 

The particle sizes of the beads were characterized by 
capturing microscopic images and measuring the average 
bead diameter size using ImageJ software. 

3 Results and Discussion 

3.1 Formation of the beads 

3.1.1 Effect of sodium alginate concentration and 
flow rates 

The formation of beads was investigated by varying 
sodium alginate concentrations and core-to-shell flow 
rates. A bakuchiol concentration of 1.0% w/v was 
selected, along with a calcium chloride crosslinking bath 
at 2.0% w/v, an applied voltage of 1000 V, and a 
frequency of 400 Hz.  

 

 
 

 
 

 
 
 
Fig. 2. Effect of sodium alginate concentration, flow rates, and 
applied voltage on bead formation. (A-C) Optical images of 
beads prepared with 1.0%, 1.5%, and 2.0% w/v sodium alginate; 
(D-E) size distribution of beads prepared with 1.0% and 1.5% 
w/v sodium alginate at optimal flow rates; (F-G) effect of 
applied voltage on bead morphology (F: 0 V, G: 1000 V). 

 
The core-shell structures of the beads were clearly 

identified based on their morphological characteristics 
observed under optical microscopy. Optimal bead 
formation was observed at an alginate concentration of 
1.0% w/v with a core-to-shell flow rate of 20:40 mL/min 
(Figure 2A), resulting in spherical beads with well-
defined morphology and uniform size distribution.  
 
 

In contrast, lower flow rates (15:35 and 15:40 mL/min) 
produced beads with irregular shapes. At a higher flow 
rate of 30:50 mL/min, the shell layer appeared thick and 
uneven, and the core was inconsistently encapsulated, 
suggesting incomplete or unstable droplet formation. At 
an alginate concentration of 1.5% w/v (Figure 2B), the 
beads exhibited a broader size distribution, while at 2.0% 
w/v (Figure 2C), elongated and thread-like structures 
were observed, indicating that the higher solution 
viscosity hindered the formation of discrete droplets [25, 
26]. 

3.1.2 Effect of applied voltage 

The effect of applied voltage on the formation of alginate 
beads was investigated using sodium alginate 
concentrations of 1.0% w/v, with core-to-shell flow rate 
ratios of 20:40 mL/min. The crosslinking bath contained 
2.0% w/v calcium chloride solution, and the electrospray 
frequency was fixed at 400 Hz. 

At 0 V (Figure 2F), the electrospraying process failed 
to produce well-defined beads. Instead, irregular and 
aggregated structures were observed. This result is 
attributed to the absence of an electric field, which is 
critical for inducing the formation of a stable Taylor cone 
and promoting the breakup of the liquid into discrete 
droplets. In the absence of sufficient electrostatic 
repulsion, the droplets tended to coalesce upon contact, 
resulting in non-uniform bead morphology [32]. In 
contrast, applying a voltage of 1000 V (Figure 2G) 
yielded uniform, spherical beads. The applied electric 
field at this voltage promoted the formation of a stable 
Taylor cone at the nozzle tip, which led to the generation 
of a fine liquid jet that disintegrated into charged droplets. 
The mutual electrostatic repulsion between these charged 
droplets minimized aggregation and enabled uniform 
dispersion into the crosslinking bath. Additionally, the 
electric field accelerated the movement of the droplets 
toward the grounded collector, reducing the time available 
for droplet coalescence and allowing rapid gelation upon 
contact with the calcium chloride solution [33]. 

 
3.1.3 Effect of calcium chloride concentration 

Beads were prepared using 1.0% w/v sodium alginate, a 
core-to-shell flow rate ratio of 20:40 mL/min, an applied 
voltage of 1000 V, and an electrospray frequency of 400 
Hz. These parameters had previously produced well-
defined core-shell structures.  
 Calcium chloride concentrations of 1.0%, 2.0%, and 
3.0% w/v were tested. The mean bead diameter decreased 
from 1.081 mm at 1.0% calcium chloride to 0.945 mm at 
3.0% (Figure 3). The decrease in bead size can be 
attributed to enhanced ionic crosslinking between calcium 
ions and the guluronic acid residues of sodium alginate, 
resulting in a dense gel network through the “egg-box” 
model. Stronger crosslinking produced smaller and more 
compact beads. These results confirm that calcium ion 
concentration is a key parameter for tuning particle 
morphology and size [34]. 
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Fig. 3. Effect of calcium chloride concentration (1.0%, 2.0%, 
and 3.0% w/v) on the average bead diameter. 

3.2 Fourier transform infrared spectroscopy 

The FT-IR spectra of bakuchiol (a), sodium alginate (b), 
coconut oil (c), and the prepared beads (d) were displayed 
in Figure 4. The characteristic peaks of bakuchiol were 
observed at 3359.24 cm⁻¹ (O–H stretching), 2966.08 cm⁻¹ 
(C–H stretching), and 1632.48 cm⁻¹ (C=C aromatic 
stretching). Sodium alginate showed characteristic peaks 
at 3445.95 cm⁻¹ (O–H stretching), 2925.07 cm⁻¹ (C–H 
stretching), 1614.89 cm⁻¹ (asymmetric COO⁻ stretching), 
1445.98 cm⁻¹ (symmetric COO⁻ stretching), and 1031.78 
cm⁻¹ (C–O stretching). Coconut oil exhibited peaks at 
3471.26 cm⁻¹ (O–H stretching), 2854.04 cm⁻¹ (C–H 
stretching), 1746.81 cm⁻¹ (C=O stretching), 1465.80 cm⁻¹ 
(C–H bending), and 1160.30 cm⁻¹ (C–O stretching). 
When the prepared beads were characterized, the 
spectrum showed absorption bands at 3466.46 cm⁻¹ (O–H 
stretching), 2854.26 cm⁻¹ (C–H stretching), 1513.87 cm⁻¹ 
(C–H bending), 1465.80 cm⁻¹ (C–H bending), and 
1160.45 cm⁻¹ (C–O stretching), confirming the successful 
encapsulation of bakuchiol within the alginate beads. 
 
 

 
Fig. 4. FT-IR spectra of (A) bakuchiol, (B) sodium alginate, (C) 
coconut oil, and (D) prepared beads. 

3.3 Stability under different conditions 

3.3.1 Stability of beads in ultrapure water and 
calcium chloride solution 

The stability of the prepared beads was evaluated over a 
30-day storage period in both calcium chloride solution 
and ultrapure water (Figure 5). Beads stored in calcium 
chloride solution showed a gradual decrease in size over 
time. The bead diameter decreased from 1.024 mm at day 
0 to 1.013 mm at day 30. This size reduction is attributed 
to the continued ionic crosslinking between calcium ions 
and the guluronic acid residues of sodium alginate in the 
shell layer. The formation of a more compact and ordered 
network, known as the "egg-box" structure, results in 
tighter packing of the polymer chains, thereby reducing 
the overall bead size.  In contrast, swelling was observed 
in beads stored in ultrapure water, with bead size 
increasing from 1.027 mm at day 0 to 1.077 mm at day 
30. The absence of calcium ions in the medium allows 
water to diffuse into the bead matrix, disrupting some of 
the ionic interactions and leading to minor expansion of 
the beads. The swelling is likely due to osmotic effects 
and water absorption within the alginate network [35, 36]. 

 

 
Fig. 5. Effect of storage solution (calcium chloride and ultrapure 
water) on the bead after 30 day storage. 

3.3.2 Stability of beads in storage under light and 
dark conditions 

The stability of BK-loaded beads was evaluated over a 60-
day storage period under light and dark conditions at room 
temperature (Figure 6). The initial bakuchiol content was 
6.53 µg per bead, corresponding to 100% remaining at day 
0.  

Under light exposure (Figure 6-A), the remaining 
bakuchiol content decreased to 99.68%, 95.65%, and 
90.55% at days 14, 30, and 60, respectively. Similarly, 
under dark conditions (Figure 6-B), the remaining content 
was 99.85%, 95.66%, and 91.57% at days 14, 30, and 60. 
The similar degradation observed under both light and 
dark storage conditions suggests that light exposure had a 
minimal effect on the stability of bakuchiol within the 
alginate beads. The encapsulation provided sufficient 
protection against photo-degradation, likely due to the 
barrier properties of the alginate matrix. The gradual 
decrease in bakuchiol content over time can be attributed 
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to chemical degradation and possible diffusion-related 
loss, rather than light-induced effects. These findings 
indicate that the prepared beads effectively maintain 
bakuchiol stability under typical storage conditions. 

 
Fig. 6. Percentage of retention bakuchiol in beads during storage 
under (A) light and (B) dark conditions at room temperature 
after 60 day storage. 

3.3.3 Stability of beads in different pH solutions 

The stability of BK-loaded beads was evaluated in 
solutions of different pH values (pH 1, 3, 5, 7 and 9) over 
a 60-day storage period (Figure 7).  

At neutral and acidic conditions (pH 3, pH 5, and pH 
7), the beads maintained relatively high bakuchiol 
retention, with remaining content exceeding 80% after 60 
days. In contrast, exposure to strongly basic conditions 
(pH 9) resulted in a more pronounced decrease in 
bakuchiol content, with values declining to below 60%. 
At alkaline pH, the alginate network may undergo 
swelling and partial decrosslinking due to ion exchange 
and matrix relaxation, which promotes the diffusion of the 
active compound out of the beads [37]. These findings 
suggest that the prepared beads effectively stabilize 
bakuchiol under neutral and moderately acidic conditions. 
 

 
 
Fig. 7. Percentage of retention bakuchiol in beads after 0, 30, 
and 60 day storage in buffer solutions of different pH (pH 1, 3, 
5, 7, and 9). 

4 Conclusion 
This study successfully demonstrated the synthesis of 
BK-loaded beads using coaxial electrospray, with 
systematic optimization of key processing parameters. 
Bead formation was highly dependent on sodium alginate 
concentration, core-to-shell flow rates, and applied 
voltage, with optimal conditions (1.0% w/v alginate; 
20:40 mL/min flow rates; 1000 V) yielding spherical, 
well-defined beads with uniform size distribution. The 
Fourier transform infrared (FT-IR) spectroscopy 
confirmed the successful encapsulation of bakuchiol 
within the alginate gel matrix. Stability evaluations under 
various storage conditions revealed that the beads 
effectively maintained their structural integrity and 
bakuchiol content in both calcium chloride and ultrapure 
water over time. Furthermore, encapsulated bakuchiol 
exhibited high retention (greater than 80%) under neutral 
and moderately acidic conditions (pH 3, 5, and 7), and 
remained stable under both light and dark environments, 
highlighting the protective role of the alginate matrix. In 
contrast, exposure to alkaline pH led to increased 
degradation and potential diffusion-related loss. Overall, 
the findings indicate that coaxial electrospray-based 
alginate beads offer a promising delivery system for 
enhancing the stability of bakuchiol, supporting its future 
application in cosmetic formulations. 
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