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Abstract. The aim of this study was to investigate the inter-relationship between
process variables and the size and shape of pectin solution droplets upon
detachment from a dripping tip as well as Ca-pectinate beads formed after
gelation via image analysis. The sphericity factor (SF) of the droplets was
generally smaller than 0.05. There was no specific trend between the SF of the
droplets and the pectin concentration or the dripping tip radius. The SF the beads
formed from high-concentration pectin solutions and a small dripping tip was
smaller than 0.05. The results show that the Reynolds number and Ohnesorge
number of the droplets fall within the operating region for forming spherical
beads in the shape diagram, with the exception to the lower boundary. The lower
boundary of the operating region has to be revised to Oh = 2.3. This is because
the critical viscosity for Ca-pectinate bead formation is higher than that of Ca-
alginate beads. On the other hand, the radius of the droplets and beads increased
as the dripping tip radius increased. The bead radius can easily be predicted by
Tate’s law equation.

Keywords: bead size; bead shape; Ca-pectinate bead; extrusion-dripping method;
pectin.

1 Introduction

Bioencapsulation is defined as the process of confining bioactive compounds
(e.g. microbial cells, enzymes, animal cells, plant cells, antibiotics, etc.) within
a matrix in particulate form (i.e. bead or capsule) in order to achieve one or
more desirable effects [1,2]. The particles are used to immobilize, protect (or
stabilize), controlled-release, and/or alter the properties of the bioactive
compounds [1].

Alginate is the most widely used biomaterial for particles formation. It can
easily form beads with di- or multivalent cations [3]. The gelling process can be
carried out under mild conditions, especially when calcium cations are used to
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induce gelation. Ca-alginate beads have received much attention in research and
industrial applications. However, Ca-alginate beads are not chemically stable.
They are sensitive to chelators (e.g. phosphate, citrate, lactate) and mono-
cations (e.g. sodium and magnesium) [4], which may be present in the working
medium of most bioprocesses. Consequently, the Ca-alginate beads may be
destabilized and may eventually dissolve after several repeatable usages or
certain periods of usage.

Pectin is a cell wall structural carbohydrate present in all land plants [4,5].
Currently, the commercially available pectin is extracted mainly from citrus
peel and apple pomace [4,5]. Pectin forms beads through ionotropic gelation
with calcium cations, which are similar to alginate [4-6]. Therefore, the
application of pectin for bioencapsulation purposes seems to be attractive. In
addition, previous studies have shown that Ca-pectinate beads are less sensitive
to ions and chemical agents that destabilize Ca-alginate beads [2,4]. In order to
enhance the stability of the beads in bioprocess applications, their mechanical
strength should be improved, which in turn is influenced by their size and shape
[7]. Therefore, it is important to have a bead formation system that is capable
of forming mono-dispersed and spherical beads.

Extrusion dripping is the most common technique used to form mono-dispersed
and spherical beads, in which the polymeric solution is flowed through a
capillary at a low volumetric flow rate and allowed to drip under gravitational
force [1]. Recently, a master shape diagram has been developed to reveal the
relationship between the process variables and the shape of the Ca-alginate
beads formed by the extrusion dripping method [1]. Moreover, a mathematical
model has been introduced to predict the Ca-alginate beads [1]. These models
could be beneficial to determine the operating variables for Ca-pectinate bead
formation by extrusion dripping. The bead shape and size are affected by
various process variables (e.g. type of pectin used, concentration of pectin,
concentration of cation, etc.) [7-9].

The aim of this study was to investigate the inter-relationship between process
variables and the shape and size of the Ca-pectinate beads formed by extrusion
dripping. Shape diagram and mathematical size prediction models have been
developed for the Ca-alginate bead formation system. The suitability of the
diagram and the models for the Ca-pectinate bead formation system was
investigated.
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2 Materials and Methods

21 Amidated Low Methoxy Pectin

Amidated low methoxy pectin (Pectin LM35, degree of esterification (DE) =
27-33%, 20-25% amidated groups) was kindly donated by TIC Gum (USA). All
pectin solutions were prepared by dissolving pectin powder in deionised
distilled water according to the desired concentrations (%w/v) with the use of a
mixer (IKA, Germany). In this study, the pectin concentrations ranged from 5.0
Jow/v to 8.0 %w/v. The prepared pectin solutions were left for several hours to
remove the entrapped air bubbles before they were used for the further
experimentation.

2.2 Measurement of The Physical Properties of Bead Forming
Materials

The density of the pectin solutions was measured using a digital specific gravity
meter (Kyoto Electronics Manufacturing Co Ltd, Japan). The surface tension of
the pectin solutions was determined by the LCP coefficient method as described
in Lee, et al. [10]. The viscosity of the solutions was determined using a
viscometer according to the standard procedure (Brookfield Engineering
Laboratories, Inc., Model: LV-DV E203, USA).

2.3  Experimental Set-up of Ca-Pectinate Bead Formation System

Figure 1 shows the experimental set-up for the formation of pectin solution
droplets and Ca-pectinate beads. All studies were conducted at a controlled
temperature of 25°C. Hypodermic needles (Precision Needle, Singapore) with
an outer radius ranging from 0.33 mm to 0.83 mm were used, after being
blunted and shortened to 3 mm. The gelation bath consisted of 1.5 %w/v
calcium chloride (Mallinckrodt Baker, Mexico) and 0.1 %w/v Tween 80 (Fluka,
USA). The collecting distance of the beads was kept at 10 cm. The gelation time
of the Ca-pectinate beads was fixed at 30 minutes. An 8-megapixel digital
camera (Canon EOS 350D, Japan, with 3 frames per second, up to 14 frame
burst performance) was set up 10 cm below the dripping tip. The digital camera
was used to capture images of the pectin liquid drops when falling to the
gelation bath via the influence of gravitational force.
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Figure 1 Experimental set-up.
3 Characterization of Pectin Solution Droplets and Beads

After gelation, images of the Ca-pectinate beads were captured by the digital
camera. The diameter of the solution droplets and beads was determined by an
image analyser (SigmaScan Pro 5, SPSS Inc, USA), while the radius of the
particles was computed using Microsoft Excel. Since most of the solution
droplets underwent elongation during travelling and the beads underwent
‘tailing’ during gelation, the sphericity factor (SF) was selected as the criterion
to quantify the sphericity of the particles [1]. Basically, the SF is defined as:

SF= (dmax'dmin) / (dmax+ dmin) (1)

where, dy. = maximum diameter (pixel), dy, = minimum diameter
perpendicular to d,.x (pixel)
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The SF varies from zero for a perfect sphere to approaching unity for an
elongated object. Particles with an SF less than 0.05 are considered spherical

[1].

3.1 Statistical Analysis

The radius and SF of the beads were determined based on the measurement of
30 beads. All standard error bars in the graph were calculated based on a 95%
confidence interval using t-statistic. On the other hand, 10 to 20 samples were
taken for droplet analysis.

3.2  Dimensionless Number Analysis

The influence of the physical properties of the pectin solution on the sphericity
of the Ca-pectinate beads is described by the Ohnersorge number (Oh) [1]. Oh
measures the relative importance of viscous force to the surface force of a
droplet during falling or impaction in determining the droplet shape:

Oh = vp/(2prd )/)1/2 (2)

where, in the case of this study, p is the density of the pectin solution (kg/m’), y
is the surface tension of the pectin solution (mN/m), v is the kinematic viscosity
of the pectin solution (mm?/s), and r, is the radius of the pectin solution droplets
(mm).

The influence of droplet impact against the gelation bath on the sphericity of the
Ca-pectinate beads is described by the Reynolds number (Re) [1]. Re describes
the importance of inertia force to the viscous force of falling solution droplets
and is described by the following equation:

RezZuQ/v 3)

where, in the case of this study, u is the velocity of the pectin solution droplet
(mm/s) at the point of impact and v is the kinematic viscosity of the pectin
solution (mm?/s).

3.3  Determination of the Velocity of the Droplet at Impact

In this study, the velocity of the pectin solution droplet at impact (#) was not
measured. The falling pectin solution droplet velocity was estimated by a model
proposed by Pumphrey and Elmore [11] for rain fall study, as shown in Eq. (4):

u=V, {l—exp[_f]gzhﬂ 4)
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where u is the velocity of the pectin solution droplet (m/s) at the point of
impact, Vr is the terminal velocity (m/s), g is the gravitational acceleration
(m/s%), h is the collecting distance (m) (i.e. the distance between dripping tip
and gelation bath).

The terminal velocity for spherical droplets was estimated from Atlas’s model
[12], as shown in Eq. (5):

V, =9.65-10.3exp(-1.2r,) (5)

4 Results and Discussion

4.1  Physical Properties of Pectin Solutions

Table 1 shows the physical properties of the pectin solutions at various
concentrations. As the concentration of pectin increased, the density of the
pectin solutions increased slightly, whereas the apparent viscosity at zero shear
rate of the solutions increased exponentially. The results are in good agreement
with previous studies [13-16]. The surface tension of the pectin solutions
decreased from 72.2 mN/m to 70.8 mN/m for the solutions with a concentration
of 5 %w/v to 8 %wl/v, respectively. The results are in good agreement with the
theorem of surface thermodynamics (Gibbs adsorption isotherm). This can be
explained by the fact that pectin is a hydrophilic polysaccharide hydrocolloid
and it has low surface tension activity [16].

Table 1 Physical properties of pectin solutions.

Pectin concentration Density * Viscosity * Surface tension *
(%owlIv) (kg/m’) (m Pa.s) (mN/m)
5 1017 (x1) 340 (£2) 72.2
6 1020 (x1) 590 (£2) 71.6
7 1023 (x2) 1200 (£35) 71.5
8 1028 (x1) 2110 (£34) 70.8

* Measurements were done in replicate and the coefficient of variance (CV) was less than 5%.
The standard deviation of the samples is shown in parentheses.

4.2  Shape Analysis of Pectin Solution Droplets and Ca-Pectinate
Beads

Figure 2 shows the SF of the pectin solution droplets and Ca-pectinate beads
formed from different pectin concentrations and dripping tip radii. As shown in
Figure 2(a), the SF of the pectin solution droplets varied between 0.005 and
0.063. The droplets were generally spherical before impaction on the surface of
the gelation bath. Figure 2(a) clearly illustrates that there was no trend between
the SF of the droplets and the pectin concentration or the dripping tip radius.
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However, there was some variation in the droplet SF. We speculate that this
variation can be attributed to the variation in the force balance between the
surface tension-viscosity of the droplet and the pressure of the air pushing up
against the bottom of the droplet as the droplet falls from the dripping tip [1,17].
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Figure 2 Sphericity factor (SF) of the pectin solution droplets (a) and Ca-
pectinate beads (b) formed from different pectin concentrations and dripping tip
radii.

Although all the droplets formed before gelation were generally spherical (SF <
0.05), only the beads formed from high pectin concentration solutions (i.e. 7
Jw/v and 8 %w/v) were spherical after gelation (see Figure 2(b)). Minor
deformation happened to the 5 %w/v and 6 %w/v pectin solution droplets when
impacted on the gelation bath surface. As a result, some of the beads were not
spherical after gelation.

Table 2 shows the results of a two-sample t-test to compare the effects of low
and high pectin concentrations on the SF of the beads. The results indicate that
high pectin concentration solutions (7 and 8 %w/v), which are more viscous (>
1200 m Pa.s), form more spherical beads than solutions of low concentrations
(5 and 6 %w/v) (see also Figure 2(b)). This is because the mean SF of the beads
produced by high pectin concentration solutions is significantly lower than that
of low pectin concentration solutions (P-value < 0.05). The results are in good
agreement with the results of previous studies on Ca-alginate bead systems
[1,18,19]. The viscosity of the pectin solution can determine the resistance to
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shape change in the solution droplet during falling as well as when hitting
(impaction) and entering the gelling bath [1]. The results of this study suggest
that the critical viscosity to form spherical Ca-pectinate beads is about 1200
mPa.s.

Table 2 Statistical analysis of pectin concentration and dripping tip radius
effect on bead SF.

Process variables No. Mean Sta].ldz.lrd P-value *
Samples deviation
Pectin concentration:
Low (5 and 6 %w/v) 480 0.0391 0.0248 0.000
High (7 and 8 %w/v) 520 0.0204 0.0121
Dripping tip radius:
Small (0.33 and 0.40mm) 400 0.0243 0.0159 0.000
Large (0.55, 0.60 and 0.83mm) 600 0.0327 0.0238

“ Based on a two-sample t-test (Minitab 15, Minitab Inc., USA)

Table 2 also shows the comparison of the effects of small and large dripping
tips on the SF of the beads using the two-sample t-test. The results show that the
mean SF of the beads produced by small dripping tips was significantly lower
than that produced by large dripping tips (P-value < 0.05). In other words, small
dripping tips significantly produce more spherical beads as compared to large
dripping tips. This is because the droplet detached from a small dripping tip is
smaller and lighter, and hence it experiences less impact force when hitting the
gelation bath surface [1].

In order to correlate the inter-relationship of surface tension force, viscous force
and inertia force of the polymeric solution droplets on the sphericity of
polymeric gel beads, a master shape diagram has been developed based on the
dimensionless number (i.e. Oh and Re) [1,20]. Under the experimental
conditions (i.e. pectin concentrations, dripping tip radii, collecting distance) in
this study, the Oh and Re of the pectin solution droplets was in the range of 0.6—
4.6 and 2.2-16.9, respectively (see Table 3). As the viscosity of the pectin
solutions increased, the Oh of the droplets increased, whereas the Re of the
droplets decreased. The results clearly indicate that the influence of viscous
force becomes more dominant than that of surface tension force and inertia
force as the viscosity of the pectin solutions increases.

Figure 3 shows the influence of Oh and Re of the pectin solution droplets on the
sphericity of the Ca-pectinate beads formed under the experimental conditions
in this study. The results in this study fall within the boundaries that the authors
[1] have proposed to be the operating region for forming spherical Ca-alginate
beads. However, the lower boundary of the shape diagram has been revised
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because the Ca-pectinate beads formed from pectin solutions with a
concentration less than 7 %w/v were not uniformly spherical. Therefore, the
lower boundary of the shape diagram for the Ca-pectinate beads formation
system is suggested to be Oh = 2.3 (see Figure 3).

Table 3 Ohnesorge numbers and Reynolds numbers of pectin solution

droplets.
Pectin solution viscosity Droplet ra:]dlus Oh Re
(m.Pa.s) (mm)
340 (£2) 1.49 - 1.98 (£0.01) 0.6-0.7 12.8-16.9
590 (£2) 1.56 —2.01 (x0.01) 1.1-1.3 7.1-94
1200 (£35) 1.54 —2.04 (x0.01) 23-27 3.5-47
2110 (£34) 1.55-1.98 (£0.01) 4.1-4.6 22-27

? The standard deviation of the samples is shown in parentheses.
" The standard error, based on a 95% confidence interval using t-statistic, is shown in parentheses.
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Figure 3 Shape diagram of Ca-pectinate beads formed by the extrusion
dripping method. The area within the dotted lines is the proposed operating
region for forming spherical beads (SF < 0.05).

4.3  Size Analysis of Pectin Solution Droplets and Ca-Pectinate

Beads

In this study, the radius of pectin solution droplets and gel beads upon gelation
was investigated. Figure 4 shows the radius of pectin solution droplets and Ca-
pectinate beads formed from different pectin concentrations and different
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dripping tip sizes. The radius of the droplets and beads increased as the dripping
tip radius increased. This is because the droplet grows at the dripping tip nozzle
until it reaches its critical dimension, or when gravitational force is no longer
balanced by surface tension force, the droplet will detach from the nozzle [21].
The critical dimension of the droplet prior to detachment is approximately
proportional to the dripping tip nozzle; this correlation is commonly known as
Tate’s law [21]. A similar observation was reported in a previous study [22]. In
reference to Figure 4, the radius of the pectin solution droplets and the Ca-
pectinate beads showed no specific trend of change when the pectin solution
concentration increased for a particular dripping tip. This could be due to the
influence of surface tension force on the droplet formation of all tested pectin
solutions were comparable, as their values are nearly the same (about 71.5
mN/m).

When the droplet radius and bead radius were compared, no apparent reduction
was observed in the particle radius, as illustrated in Figure 4. In fact, the
experimental results show that the bead radius slightly increased (about 0.7%).
The results were in agreement with the previous finding that Ca-pectinate beads
were swollen during gelation in 2 %w/v calcium chloride solution [23].
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Figure 4 The radius of pectin solution droplets (a) and Ca-pectinate beads (b)
formed from different pectin concentrations and dripping tip sizes.
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Commonly, the radius of polymeric gel beads is approximately predicted by the
Tate’s law equation [20,24]:

nL=Q@ryl2pg)"” (6)

where, p is density (g/ml), y is surface tension (mN/m), r is the dripping tip
radius (cm), 7, is the beads radius (cm), and g is the gravitational force.

Recently, a mathematical model has been introduced by the authors [1] to
predict the size of Ca-alginate beads with taking consideration of the residual
liquid that remains at the dripping tip after droplet detachment and bead
shrinkage. The bead radius prediction model (also called the modified Tate’s
law equation) is described by Eq. (7).

r=kk, Gryl2pg)"” (7)

where kg = size change factor, k;r = liquid loss factor (k;r = 0.98-0.08r).

The results from this study were different from the observations made of Ca-
alginate bead formation as reported previously by several researchers [1,23]. In
this study, the k; is a swelling factor (i.e. 1.007) instead of a shrinkage factor.
This could be due to the gel networking interaction between calcium cations
with polyguluronate chains in pectin being different from that of alginate [25].
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Figure 5 Plot of experimentally determined bead radii against those predicted
by the Tate’s law equation (Eq. (6)) and the modified Tate’s law equation

(Eq.(7).

As shown in Figure 5, the bead sizes predicted by both the Tate’s law equation
and the modified Tate’s law equation were in good agreement with the
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experimental results. An error analysis was conducted on the bead size
prediction models; the results are summarized in Table 4. Based on the results,
the Tate’s law equation in its raw form gave a good prediction, with an average
absolute deviation (AAD) of 2.4% and a maximum absolute deviation (MAD)
of 5.6%. A good prediction was obtained through the liquid loss and bead
swelling factors were not considered in the Tate’s law equation. This is because
the required factors are set off as the Ca-pectinate beads swell after gelation. As
a result, the Ca-pectinate bead radius can be easily predicted using the Tate’s
law equation.

Table 4 Error analysis of bead radius prediction models

Error analysis Tate’s law equation Modified Tate’s law equation
(Eq. (6)) (Eq. (7))
AAD*? 2.4% 4.1%
MAD " 5.6% 8.1%
No. sample 23 23
Average absolute deviation (AAD) = Z(rEW’,mm — N iicted ) / Ve periment @
i=1 n

> Maximum absolute deviation (MAD) = maximum value of the absolute deviation between the

predicted values and the experimental data.

5 Conclusion

The pectin solution droplets were generally spherical (SF < 0.05) after
detachment from the dripping tip prior to gelation. As a result, spherical Ca-
pectinate beads were produced (SF < 0.05). The SF of the droplets had no
correlation with the pectin concentration or dripping tip radius. However, the SF
of the beads was significantly influenced by the pectin concentration and
dripping tip radius. The SF of the beads formed from viscous pectin solutions
(i.e. 7 and 8 %w/v) was significantly lower than that of low viscous pectin
solutions (i.e. 5 and 6 %w/v). The SF of the beads produced by small dripping
tips was significantly lower than that of the beads produced by large dripping
tips. The inter-relationships between all process variables and the particle shape
were studied using the Ohnesorge number (Oh) against the Reynolds number
(Re) plot. The Oh and Re of the pectin solution droplets were found to fall
within the operating region for forming spherical particles of the shape diagram,
except the lower boundary was revised to Oh = 2.3. This is because the critical
viscosity to form spherical Ca-pectinate beads was found to be about 1200
mPa.s. On the other hand, the bead size analysis showed that the radius of the
pectin solution droplets and the beads increased as the dripping tip radius
increased. The droplet and bead radius was not dependent on the pectin solution
concentration. The droplet and bead radius was well predicted by both the
Tate’s law equation and the modified Tate’s law equation, with an AAD smaller
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than 5%. The bead radius could be predicted easily by the Tate’s law equation
without requiring a liquid loss and swelling factor. This is because the Ca-
pectinate beads did not shrink after gelation but slightly swelled to the ideal size
predicted by the Tate’s law equation.
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