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Abstract

Alginate-pectin beads act as a carrier in improving the oral bioavailability of bioactive 
compounds. Electrospray technique facilitates the production of uniform size and shape of 
alginate-pectin beads. Interaction between key electrospray process parameters affects the 
size and shape of the beads. A proper model should be employed to establish these correlating 
interactions. In the present work, the electrospray technique was guided with a central 
composite design (CCD) and response surface methodology (RSM). One quadratic and one 
linear model were obtained for size and sphericity coefficient, respectively. The CCD-RSM 
empirical model derived from the present work is essential to determine the significant factors 
and their levels in producing beads with consistent size and sphericity coefficient. The results 
indicated that the applied voltage had the most significant influence on size, while the 
alginate-pectin concentration was the most prominent factor in producing spherical beads. 
Spherical beads with a minimum size of 2.97 mm were obtained at an alginate-pectin 
concentration of 3.5%, a flow rate of 10.0 mL/h, an applied voltage of 2.4 kV, and a distance 
between the nozzle and the gelation bath of 16.0 cm.
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Introduction

 Alginate is a polysaccharide derived from 
brown algae, predominantly Laminaria hyperborea, 
Azotobacter vinelandii, and several Pseudomonas 
species as the main component in their protective 
biofilm (Setyawidati et al., 2018). Alginate has become 
one of the most widely commercially used polymers 
in various fields; the pharmaceutical field first applied 
alginate to encapsulate islet cells in a study, which 
resulted in the maintenance of its morphology and 
functions over 15 min. This finding led to the 
implementation of alginate in the pharmaceutical 
industry as a beneficial encapsulating matrix for 
improving the stability of materials (Lim and Sun, 
1980). 
 However, despite the single use of biopolymer 
as the standard hydrogel carrier, there are ongoing 
studies on two or more matrices to form mixed gels of 
interest (Kennedy et al., 2015; Dekkers et al., 2016). 
These synergistic mixed gels can potentially produce 
microstructures and textures that are distinctive from 
those of pure gels, thus further improving the product 
quality. Further reduction in production cost can be 

obtained since the synergistic mixed gel can manifest 
better rheological properties during the manufacturing 
process (Walkenström et al., 2003). There are 
numerous reviews on the synergistic interaction 
between two different chemical groups of matrices 
such as polygalactans, and galacto- and glucomannans 
(Chakraborty, 2017).
 Uniquely, alginate and pectin create mixed 
beads that act synergistically under acidic conditions. 
The pH value critically contributes to the generation 
of relatively non-breakable gels; ideally, a pH value 
below 4 favours gel formation (Guo and Kalentunc, 
2016). The gel characteristics are profusely dependent 
on the intrinsic chemistry of the alginate and pectin 
samples being mixed. Cohesive gel networks can be 
produced with a high degree of pectin esterification 
with guluronate residue of alginate (Guo et al., 2018). 
The gel firmness is also affected by other external 
parameters such as the concentration of the 
participating hydrocolloids and their ratio, ions present 
in the crosslinking bath, and most prominently, the pH 
of the gelling environment (Aguilar et al., 2015). It has 
conclusively been shown that an ideal ratio of 1:1 
generated alginate-pectin beads with the highest gel 
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strength (Walkenström et al., 2003).
 Alginate-pectin bead size and sphericity are 
the two major parameters for both food and 
pharmaceutical applications in encapsulating any 
active ingredient in the mixed gel carrier (Partovinia 
and Vatankhah, 2019). Generating a smaller bead size 
is better because a higher resistance towards shear 
stress and a compressive force can be achieved, thus 
rendering it to be less immunogenic in the human body. 
The reduction of bead size can also aid the mass transfer 
and substrate diffusion phenomena of the active 
ingredients encapsulated in the alginate-pectin beads 
(Valente et al., 2019). Regarding the sphericity of the 
beads, this shape behaviour has an important role in 
affecting the chemical and mechanical stability. More 
recent studies have confirmed that stronger and firmer 
gel networks are generated in nearly spherical beads 
in comparison to non-spherical beads. Consecutively, 
the non-spherical ones are more prone to breakage, 
thus resulting in the release of the encapsulated 
ingredient while being manufactured (Voo et al., 
2016).
 The electrospray technique applies the 
electrohydrodynamic principle, where a precursor 
solution is forcefully ejected into a ground collector. 
As the droplet discharged into the ground collector 
contains solutions, microparticle- or 
nanoparticle-sized spherical beads appear gradually 
as electrostatic forces stretch over the surface tension. 
It is frequently implemented because of its 
advantageous characteristics of being time-efficient, 
easy to handle, and non-destructive (Kilinc et al., 
2016).
 Currently, general research in pharmaceutical 
and nutraceutical formulation of alginate-pectin bead 
is still in its infancy. To the best of the authors’ 
knowledge, there is no published analysis on the 
factors affecting the optimisation of alginate and pectin 
using electrospraying technique. Therefore, the 
present work was carried out to determine the critical 
parameters and their interaction variables involved. 
Response surface methodology (RSM) by central 
composite design (CCD) was utilised with the aid of 
Design Expert® software to develop an accurate and 
precise model (Sodeifian et al., 2016a; Jafari et al., 
2017; Ghelich et al., 2019). The main advantage of 
RSM is the number of experiments required can be 
significantly reduced for the optimisation process 
(Sodeifian et al., 2016b; Coelho et al., 2019). In the 
present work, there were four variables being 
manipulated: the concentration of alginate-pectin 
solution, the applied voltage, the feeding rate of the 
polymer solution, and the distance between the nozzle 
and the cross-linking bath, with three fixed parameters 

which were nozzle size of 22G, concentration of the 
crosslinking bath of 2.0% calcium chloride, and time 
of gelation of 30 min throughout 30 runs. 

Materials and methods

Materials
 Sodium alginate derived from brown algae 
with a molecular weight of 216.12 g/mol and M/G 
ratio of 1.60 (certified purity = 85.6%), and pectin 
derived from citrus peel (degree of esterification = 
85%) were purchased from Sigma-Aldrich 
(Germany). Calcium chloride (CaCl2.2H2O) 
anhydrous powder was purchased from Merck (USA).

Preparation of alginate-pectin hydrogel beads
 Alginate-pectin solutions with different 
concentrations of 2, 2.5, 3, 3.5, and 4.0% (w/v) were 
prepared by mixing equal amounts of sodium alginate 
and pectin powder at a ratio of 1:1 in distilled water, 
and continuously stirring for 1 h using a magnetic 
stirrer (Daihan Labtech; Gyeonggi-do, Republic of 
Korea), with speed of 5, before electrospraying to 
ensure homogenous dissolution. Each solution was 
individually transferred to a 10 mL syringe (Terumo®) 
that was connected to a silicon tube and 22G nozzle 
to enhance the flowability of the solution into the 
gelling bath. An infusion pump was used to aid the 
alginate-pectin solution to be drawn at a flow rate of 
interest. A strong electric field was applied between 
the nozzle and the 6-well beaker containing 2% (w/v) 
calcium chloride solution as the gelling solution. 
Calcium-alginate-pectin hydrogel beads instantane-
ously formed in the solution, and were left to harden 
for 1 h to obtain optimal gel strength. The beads were 
washed using distilled water before being collected 
and stored for further examination. It is noteworthy 
that the electrospraying process of alginate-pectin 
beads was done at temperatures of 25 - 30°C.

Determination of alginate-pectin bead diameter
 Thirty beads of each formulation were 
harvested and re-washed with distilled water for image 
capturing that was conducted at fixed lighting and 
distance. They were randomly sampled to measure 
their particle size using image analysis software 
(Image J; National Institute of Health, USA). Ferret’s 
diameter of each of the bead was measured by the 
software, and statistical data such as mean, median, 
and mode were generated automatically.

Determination of surface morphology of alginate-pec-
tin beads
 For proper dehydration of the sample, 
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alginate-pectin beads were rinsed with an increasing 
gradient of ethanol concentration of 10, 50, 70, 90, 
and 100%, and left to air dry for 30 min at room 
temperature (25 - 30°C). Approximately, ten of the 
alginate-pectin beads were randomly sampled for 
surface morphology analysis using a scanning electron 
microscope at 100× and 500× magnification (SEM, 
Fei, Quanta 450, Thermo Fisher Scientific, Oregon, 
USA).

Determination of sphericity coefficient (SC) of 
alginate-pectin beads
 The sphericity coefficient of alginate-pectin 
beads was calculated using the following equation by 
Houghton and Amidon (1992) (Eq.1):

             (Eq. 1)

where, dmin and dmax = minimum and maximum Ferret’s 
diameters of the alginate-pectin beads, respectively. 
Beads with a SC value approaching 1 were considered 
ideal and spherical.

Experimental design
 To conduct a simultaneous investigation of 
influential variables impacting the determination of 
the ideal size and shape behaviour of alginate-pectin 
hydrogel beads, CCD was employed. The total number 
of runs in the CCD was calculated by 2k + 2k + n0, 
where k and n0 were the numbers of critical factors 
and replications at the centre point. When k = 4 and 
n0 = 6, 30 runs resulted of the experiment in a single 
block. Table 1 depicts a CCD of different factors (k) 
such as alginate-pectin concentration, flow rate of 
alginate-pectin solution, voltage applied, and distance 
between the metal capillary and calcium chloride 
solution, constructed using Design Expert® version 7 
software (Stat-Ease, Inc., Minneapolis, USA).

Optimisation of bead diameter and sphericity 
coefficient
 The optimal conditions for the four manipulat-
ed variables to create alginate-pectin beads with the 

smallest bead diameter and the highest sphericity 
coefficient were generated based on the data input of 
the initial 30 runs using Design Expert® software.

Validation of the proposed models
 To validate the model for bead size, the 
minimum diameter was preferred (2.877 mm), with 
another two randomly selected diameters, 2.909 and 
2.978 mm. For the sphericity coefficient, a maximum 
value of 0.763 was chosen.

Results and discussion

Surface morphology analysis of alginate-pectin 
beads
 All alginate-pectin hydrogel solutions with 
the designated conditions suggested by the Design 
Expert® software were successfully electrosprayed. 
The average Ferret’s diameter and sphericity 
coefficient of each alginate-pectin bead were 
measured using the Image J software. Optical images, 
size distribution, and SEM photographs of some 
selected samples are depicted in Figures 1 and 2.
 It is crucial to note that the use of increasing 
concentrations of analytical-grade ethanol to rinse 
the alginate-pectin bead samples for the dehydration 
process before SEM imaging caused inconsistent 
results. The presence of water molecules embedded 
on the alginate-pectin bead surface was eliminated, 
which later provoked the shrinkage phenomenon and 
decreased their size. Consequently, the size of the 
alginate-pectin beads depicted in the SEM 
photographs appeared undersized as compared to the 
original size of the optical images.

Particle size analysis of alginate-pectin beads
Model generation and statistical analysis
 The Design Expert® software suggested a 
second-order polynomial model as the best-fit 
equation for the particle size of alginate-pectin beads. 
The accuracy was estimated by applying Fisher's 
F-test to the predicted model. The F-value and 
p-value were 3.14 and less than 0.05, respectively, 

Factor -α -1 0 +1 +α 

Alginate-pectin concentration (%, w/v) 2.0 2.5 3.0 3.5 4.0 

Flow rate of alginate-pectin solution (mL/h) 8 10 12 14 16 

Voltage applied (kV) 1.8 2.0 2.2 2.4 2.6 
Distance between metal capillary and calcium 

chloride solution (cm) 12 14 16 18 20 

 1 

Table 1. Central composite design for four critical factors in Design Expert® 

software.

=         



863 Azhar, M. F., et al./IFRJ 28(4) : 860 - 870

which indicated the significance of this model.

 The significance of manipulated variables 
and their interacting behaviours in this model were 
also investigated (p < 0.05). Any terms with a 
p-value greater than 0.1 were removed from the 
model. The “lack of fit F-value” of 0.72 indicated 
that the Lack of Fit was insignificant relative to the 
pure error, which was good because the model was 
desirably fit. 
 Fitness values and consistency were 
evaluated by multiple coefficients of determination, 
R2 = 0.3955, alluding to an acceptable correlation 
between the results predicted by the Design Expert® 
software with the actual findings. Eq. 2 illustrates the 
particle size of the alginate-pectin beads in terms of 
the effective factors (Eq. 2):

Particle size (mm) = 3.44 - 0.091A + 0.048B - 0.16C 
- 0.12"A2- 0.13B2        

Study of manipulated variables and their interacting 
behaviours
 Several researchers have investigated the 
effects of diverse factors on particle size utilising 
one-factor-at-a-time (OFAT) experimentation 
(Vicini et al., 2015; Abyadeh et al., 2017). However, 
the electrospray technique involves several factors 
that may affect the process outcomes (Bock et al., 
2011). Apart from the main variables, the present 
work also discussed the effects of interaction 
between effective variables, particularly the diameter 
and sphericity of the alginate-pectin hydrogel beads. 
From Table 1, it was found that the applied voltage 
(C) had a significant influence (p < 0.05) on the 
particle size. In contrast, no significant effect was 

egatlov deilppa 
Vk 8.1

 

 
etanigla 3
-

noitulos nitcep
 

 

 

 
Vk 2.2

egatlov deilppa
 

 
etanigla 

% 3
-

noitulos nitcep
 

 

 

 

egatlov deilppa 
Vk 6.2

 

etanigla 
% 3

-
noitulos nitcep

 

 

 

 

0
5

10
15
20
25
30

0-
19

9
20

0-
39

9
40

0-
59

9
60

0-
79

9
80

0-
99

9
10

00
-1

19
9

12
00

-1
39

9
14

00
-1

59
9

16
01

-1
79

9
18

00
-1

99
9

20
00

-2
19

9
22

00
-2

39
9

24
00

-2
59

9
26

00
-2

79
9

28
00

-2
99

9

Fr
eq

ue
nc

y 
(%

)

Bead diameter (um)

3770 ± 361 μm

0
5

10
15
20
25
30
35
40

0 
- 1

99
20

0 
- 3

99
40

0 
- 5

99
60

0 
- 7

99
80

0 
- 9

99
10

00
 - 

11
99

12
00

 - 
13

99
14

00
 - 

15
99

16
00

 - 
17

99
18

00
 -1

99
9

20
00

 - 
21

99
22

00
 - 

23
99

24
00

 - 
25

99
26

00
 - 

27
99

28
00

 -2
99

9

Fr
eq

ue
nc

y 
(%

)

Bead diameter (um)

2611 ± 247 μm

0
10
20
30
40
50
60
70
80

0 
- 1

99
20

0 
- 3

99
40

0 
- 5

99
60

0 
- 7

99
80

0 
- 9

99
10

00
 - 

11
99

12
00

 - 
13

99
14

00
 - 

15
99

16
00

 - 
17

99
18

00
 -1

99
9

20
00

 - 
21

99
22

00
 - 

23
99

24
00

 - 
25

99
26

00
 - 

27
99

28
00

 -2
99

9

Fr
eq

ue
nc

y 
(%

)

Bead diameter (um)

2556 ± 112 μm

Figure 1. Optical images and size distributions of alginate-pectin beads of 
selected samples at three different applied voltages (1.8, 2.2, and 2.6 kV).

(Eq. 2)
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exerted by other variables, such as the alginate-pectin 
concentration (A) and flow rate (B). Applied voltage 
has also been reported by a study to be one of the 
significant factors that affect the particle size of 
polymer beads.
 A perturbation plot is used to observe the 
response changes as the level of a factor is manipulat-
ed while other related factors are made constant at the 
optimum level (Oladipo and Gazi, 2015). The 
response factor sensitivity can be observed by a steep 
slope in the plot (Anuar et al., 2013). It was revealed 
that the applied voltage had a dominant effect in 
terms of particle size as compared to alginate-pectin 
concentration and flow rate. From the plot, the 
particle size decreased as applied voltage increased 
from the optimum value (2.40 kV). This result is 
similar to a study in which the minimum size of 
beads was obtained at 2 - 4 kV (Partovinia and 
Vatankhah, 2019).
 Additionally, a reduction in particle size was 

observed when the concentration of the alginate-pec-
tin solution increased. This result contradicts a study 
that showed an increasing trend in particle size of 
alginate hydrogel beads when the polymer 
concentration was increased from 1.5 to 3% 
(Mehregan et al., 2016). That study also stated that 
the more viscous nature of polymer found in higher 
concentrations of the alginate hydrogel solution 
might be the main contributor to this phenomenon. 
Another study also supported that the diameter of 
beads increased as the alginate concentration 
increased, which resulted from the increase in 
viscosity of the gel formed (Lotfipour et al., 2012).
 The findings illustrate that when the flow 
rate of the alginate-pectin solution increased, the 
particle size of the beads obtained was larger. It has 
been stated that the coalescence and aggregation 
phenomenon is more likely to occur with an increase 
in the flow rate (Yeo and Lim, 2016). Another study 
reported that the flow rate of the polymer solution did 
not have a consequential effect on the particle size of 
the beads formed. That study also revealed that there 
was only a minimal increase in particle size when the 
flow rate increased from 3 to 20 mL/h (Ma et al., 
2018). 
 According to the results obtained in the 
present work, significant interaction behaviours 
between alginate-pectin concentration and flow rate 
were observed. In general, it was found that at a flow 
rate of 10 mL/h, the increase in alginate-pectin 
concentration increased the particle size of the 
alginate-pectin beads. From the plot, the largest 
particle size was obtained at the middle value of 
alginate-pectin level, which was 2.9 to 3.10%. This 
finding is in accordance with other studies (Lotfipour 
et al., 2012; Mehregan et al., 2016; Partovinia and 
Vatankhah, 2019). However, the particle size then 
declined as the alginate-pectin concentration was 
further increased to 3.5%.
 The increase in particle size that resulted in 
the increase in concentration is due to the high 
viscosity of the polymer present (Ma et al., 2018). A 
study mentioned that a decrease in particle size could 
be observed at a lower concentration of alginate-pec-
tin, which is due to the change in polymer 
concentration, and consequently changes the 
viscosity more significantly in comparison to the 
change in conductivity. In the same study, it was 
explained that the decrease in viscosity resulting 
from the reduction in concentration produced smaller 
particle sizes of the beads. However, due to the 
destabilisation phenomenon, larger beads could also 
be obtained with a further decrease in viscosity 
(Abyadeh et al., 2017).
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Figure 2. SEM photographs of alginate-pectin beads 
of selected samples at three different applied voltages 
(1.8, 2.2, and 2.6 kV).
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 The present work showed variations in 
particle size at an alginate-pectin concentration of 
2.5%; the higher the flow rate of alginate-pectin 
solution, the larger the particle size of the beads. The 
maximum particle size of alginate-pectin beads was 
achieved at a flow rate of approximately 12 mL/h, 
and consequently decreased when the flow rate 
further increased to 14 mL/h. This result resembles 
the findings of a study where it was found that a 
smaller droplet size was produced when the 
frequency of hydrogel formation and the flow rate 
were increased (Bock et al., 2012; Thien et al., 
2012). Another study also stated that as the flow rate 
increased, the frequency of droplet formation would 
also increase, which resulted in the reduction of the 
surface charge density of the particle, thus producing 
beads of large particle sizes (Partovinia and 
Vatankhah, 2019).

Optimisation of particle size and model validation
 For optimisation of the particle size and 

validation of the model, three validation experiments 
were conducted. A minimum diameter of 2.877 mm 
and two randomly selected diameters, which were 
2.909 and 2.978 mm, were used. The first validation 
experiment was carried out under the optimised 
variable whereas the second and third experiments 
were chosen randomly. For the first experiment with 
the highest desirability value of 0.711, electrospray-
ing was carried out under the optimal conditions as 
suggested by Design Expert® software. The 
conditions were set at 3.50% alginate-pectin 
concentration, 10 mL/h flow rate, 2.40 kV of applied 
voltage, and 16.0 cm distance. The diameter of 
particles produced was 2.97 mm. Thus, the relative 
error calculated between the experimental finding 
and predicted result in these optimised conditions 
was 3.23%, which indicated a significant correlation 
between both factors.
 Meanwhile, for the second and third 
validation experiments, with a desirability values of 
0.701 and 0.677, respectively, the average diameter 
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Figure 3. Optical images and size distributions of alginate-pectin beads as validation experiments at desirabili-
ty values of 0.711, 0.701, and 0.677, respectively.



of particle beads formed was 3.07 and 3.13 mm, 
respectively. These produced a relative error of 5.53 
and 3.09%, respectively, which were still within the 
accepted range. It can be summarised that all relative 
error values measured for these validation 
experiments were within the acceptable range, which 
confirmed the reliability of the model. Figures 3 and 
4 show the optical images, size distribution, and 
SEM photographs of the alginate-pectin beads from 
the validation experiments.

Sphericity coefficient analysis of alginate-pectin 
beads
Model generation and statistical analysis
 The software proposed a linear model as the 
best-fit equation for the sphericity coefficient for 
alginate-pectin beads. The linear model ws the only 
significant model with F-value of 0.67, p-value of 
0.7653, and R2 of 0.2174. According to the ANOVA 
results, an F-value of 6.18 indicated that the model 
was significant. Additionally, values of "Prob > F” 

less than 0.0500 indicated that the model terms were 
significant. In this model, alginate-pectin 
concentration was the only significant model term 
with "Prob > F" value less than 0.05 (0.0192), while 
other model terms were not significant and had been 
removed to improve the accuracy. Besides that, the 
"lack of fit F-value" of 0.62 implied that the lack of 
fit was not significant relative to the pure error since 
there was 80.52% chance that "lack of fit F-value" 
this large could occur due to noise.
 Furthermore, the "Predicted R2" of this 
model was 0.0872, and in consistent agreement with 
the "Adjusted R2" of 0.1515. Next, "Adequate 
Precision" was used to calculate the signal-to-noise 
ratio, and only a ratio greater than 4 was preferably 
desirable. In this model, the ratio was 7.859, thus 
suggesting an adequate signal, and this model could 
navigate the design space. The sphericity coefficient 
in terms of actual factors is described in Eq. 3:

Sphericity coefficient = 0.50569850177088 + 0.0 
73755239826715A      

Study of manipulated variables and their interacting 
behaviours
 It was found that the increase in 
alginate-pectin concentrations yielded a higher 
sphericity coefficient for the alginate-pectin beads. 
The steeper the gradient of the perturbation graph, 
the higher the sensitivity of the graph (Partovinia and 
Vatankhah, 2019). Meanwhile, the flow rate, applied 
voltage, and distance between the nozzle and 
cross-linking solution did not significantly affect the 
sphericity coefficient. Therefore, alginate-pectin 
concentration was the main variable that influenced 
the sphericity coefficient of the alginate-pectin 
beads. 
 Similarly, there was only one significant 
factor that influenced the sphericity coefficient of the 
alginate-pectin beads, which was alginate-pectin 
concentration. As the concentration of alginate-pec-
tin solution increased, the sphericity coefficient of 
the electrosprayed alginate-pectin beads also 
increased regardless of the flow rate of the 
alginate-pectin solution. The increase in the flow rate 
from 10 to 14 mL/h did not affect the sphericity 
coefficient of beads, as it yielded approximately the 
same sphericity coefficient value with fixed polymer 
concentration. For example, when the alginate-pectin 
concentration was 2.5% (w/v), the sphericity 
coefficient obtained was approximately 0.69, 
regardless of the flow rate increment from 10 to 14 
mL/h. This finding is consistent with a study which 
stated that the factors associated with viscosity 

Azhar, M. F., et al./IFRJ 28(4) : 860 - 870 866

Fi
es

t v
al

id
at

io
n 

 

Se
co

nd
 v

al
id

at
io

n 

 

Th
ird

 v
al

id
at

io
n 

 

Figure 4. SEM photographs of alginate-pectin beads 
as validation experiments at desirability values of 
0.711, 0.701, and 0.677, respectively.

 (Eq. 3)
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affects the spherical shape of beads produced 
(Partovinia and Vatankhah, 2019). 
 The highest sphericity coefficient (0.76) was 
produced when the highest alginate-pectin 
concentration was used, which was 3.5% (w/v). 
According to a study, the ability of higher 
concentration beads to retain their spherical shape is 
due to the viscous and sticky consistency of the 
solution (Shi et al., 2011). Upon entering the 
cross-linking bath, which was the calcium chloride 
solution, the alginate-pectin beads were exposed to 
the external drag force by the surrounding calcium 
chloride solution. However, the internal viscous 
force maintained a spherical shape within the beads 
(Lee et al., 2013). The less viscous solution (lower 
concentration solution) was unable to retain the 
spherical shape when the solution touched the 
crosslinking solution, the calcium chloride solution. 
This could be due to the fact the spherical shape of 
the alginate-pectin beads was easily disrupted by the 
drag force exerted by calcium chloride solution (Lee 
et al., 2013).
 A similar study also explained that the 
concentration of alginate solution is essential 
because during deformation, the calcium chloride 
may change the conformation of the alginate 
molecule if the alginate concentration is too low 
(Lim et al., 2016). Therefore, a higher concentration 
of alginate solution can retain the spherical shape 
because a higher viscosity of alginate can provide 
adequate strength to the membrane around the beads. 
The membrane of the alginate bead membrane with 
greater strength can better protect against the 
penetration of calcium chloride solution, which can 
disturb the sphericity of the alginate beads (Abang et 
al., 2012; Lim et al., 2016).
 However, the result obtained in the present 
work contradicts other studies, concluding that other 
factors, such as the distance between the nozzle and 
the cross-linking bath significantly affect the 
sphericity factor. Some researchers have successfully 
produced high sphericity factor of alginate beads 
using a low concentration alginate solution by 
adjusting the distance (Lee et al., 2013). According 
to the study, increasing the distance will give a longer 
relaxation time for the droplet to form better 
sphericity (Lee et al., 2013).
 During the detachment of the alginate 
solution from the nozzle tip, there is a gravitational 
force causing shape transition of the droplet in the 
tear, egg, and spherical shape, that can be easily 
differentiated when the distance between the nozzle 
and the cross-linking solution is longer (Lee et al., 
2013). When the alginate droplets impact the calcium 

chloride surface, deformation of the droplets occurs. 
After that, the alginate droplets detach from the 
surface of the calcium chloride solution-to-air 
surface due to surface tension and reform their 
spherical shape (Meiser et al., 2009; Lee et al., 
2013). Other similar studies demonstrated that the 
deformation of the droplet during the collision of a 
droplet with the crosslinking solution could be 
affected by the nozzle and cross-linking solution 
(Chan et al., 2009). However, the reshaping of the 
alginate droplet into a spherical shape is dependent 
on the viscosity of the alginate solution (Chan et al., 
2009; Shi et al., 2011).

Optimisation of sphericity coefficient and model 
validation
 The sphericity coefficient value closest to 1 
signifies that the shape of the beads is more spherical. 
The highest value of the sphericity coefficient 
predicted was 0.763 under optimum conditions. 
Based on the results of the optimised sample and two 
samples chosen randomly as model validation, the 
calculated sphericity coefficients were 0.776, 0.791, 
and 0.809, respectively. The percentage difference 
between these samples was 1.68, 8.78, and 5.72%, 
respectively. It can be inferred that the relative 
percentage error between the predicted and 
experimental results in this experiment was less than 
10%. Therefore, the correlation of the sphericity 
coefficient between the predicted and experimental 
results was reliable and well within the experimental 
error.

Simultaneous optimisation of particle size and 
sphericity coefficient of the alginate-pectin beads
 Investigation of the optimal conditions for 
minimum alginate-pectin bead diameter and 
maximum sphericity coefficient were determined 
based on Design Expert® software. It was revealed 
that the optimal conditions involved four experimen-
tal variables: alginate-pectin concentration of 3.5%, 
flow rate of 10.00 mL/h, applied voltage of 2.4 kV, 
and distance between nozzle and cross-linking 
solution of 16 cm. Under this optimisation, 
alginate-pectin beads with an average diameter of 
2.97 mm and sphericity coefficient of 0.776 were 
successfully achieved.

Conclusion

 The primary goal of the present work was to 
illustrate the correlation between variables 
manipulated while electrospraying, and the diameter 
and sphericity coefficient of alginate-pectin beads. 



The employment of CCD and RSM presented several 
advantages in enhancing the accuracy and providing 
the capability to link critical process parameters 
(CPPs) such as biopolymer concentration, applied 
voltage, flow rate, and distance between the nozzle 
and the cross-linking bath. The evidence from the 
present work suggested that the diameter of the 
alginate-pectin beads markedly influenced the 
applied voltage, while alginate-pectin solution 
concentration significantly impacted on the 
sphericity coefficient. On top of that, the present 
work reiterates the earlier hypothesis that the particle 
size and sphericity coefficient of alginate-pectin 
beads can be evoked by the interacting behaviour of 
some process variables. Among these, alginate-pec-
tin concentration and flow rate have the highest 
importance in interaction in comparison to the other 
mutual effects in determining the diameter of the 
alginate-pectin beads. These findings enhance our 
understanding of the developed model used in 
predicting the size and shape behaviour of 
alginate-pectin beads for any given set of manipulat-
ed variables as well as recommend the optimised 
manipulated variables to attain ideal spherical beads 
of discrete size by the electrospray technique. To 
maximise the full potential of the alginate-pectin 
beads as biopolymer carriers, future research should 
endeavour to encapsulate food and medicinal 
particles in vitro and in vivo. 
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