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Among the encapsulation methods, spray-drying is one of the simplest methods to protect
iron from oxidation. Hydrolyzed glucomannan (HGM) has shown to have a potential as
iron encapsulant in spray drying process due to its ability to form a barrier between the
mineral and its surroundings. This work aimed to evaluate the effects of iron concentration
(i.e., 20-50 ppm) on the spray dried powder properties using HGM as an encapsulant. The
spray drying was conducted using Mini Spray Dryer B-290 Buchi. Feed temperature and
aspirator were set at 100°C and 90% aspirator, with 1 mL.min"' of flow rate. Increasing
iron did not affect on encapsulation efficiency (98.66-99.4%) but allowed to push loading
capacity from 30 to 61.5%. Lower iron concentration tended to result in more uniform
particle size of the powders. Iron concentration insignificantly modified crystallinity and
functional groups of the powder. Meanwhile, difference in thermal profile of spray-dry

powders was observed due to iron concentration.

1. Introduction

Although required in small quantities, iron has
important roles for normal growth and is responsible for
oxygen absorption, which supports proper human
development. Unfulfilled iron consumption at all ages
may affect daily activities of humans as it impairs human
immunity and stamina (FAO and WHO, 2001). Its
deficiency is considered to be the most common cause
for all anaemia (Warner and Kamran, 2022), as
commonly found in infants and pregnant women. Beside
the consumption of iron-rich dietary products, iron
supplements and iron-fortified foods help to overcome
the iron deficiency problem (Bryszewska, 2019).

Exposed iron is susceptible for oxidation under
ambient conditions which influences its aroma, flavor,
color and bioavailability (Moslemi et al., 2018). The
emergence of these unwanted properties of iron are
worse by the presence of inhibitors during food
fortification (Bryszewska, 2019). Encapsulation shields
the iron and prevents its properties from modification.

Spray-drying  encapsulation  has  advantages
compared to other encapsulation methods, such as
relative low maintenance cost and stable product
(Madene et al., 2006). Spray drying produces powder
product from the solution of carrier and active agent by
droplet atomization in hot air (Jana et al., 2017). This
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method allows the use of various types of carriers as long
as it has low viscosity and is able to form droplets during
drying. However, the carrier matrix should be chosen
considering its food safety and ability to form protection
barriers to active agents (Nedovic et al., 2011).

Glucomannan had been widely chosen as carrier
matrix for various active compounds, such as biological
elements and vitamins, as it is able to coat and
encapsulate (Yang et al., 2009). Furthermore, the drying
could strengthen the glucomannan matrix and improve
its protection ability (Wattanaprasert et al., 2017).
However, the viscosity of glucomannan needs to be
adjusted so that it can be atomized during the spray
drying process. Enzymatic hydrolysis has been reported
not only reduce the viscosity but also improve
antioxidant activity of hydrolyzed glucomannan (HGM)
(Wardhani et al., 2022). This antioxidant activity give an
additional benefit of HGM as encapsulant on protecting
sensitive active compounds from oxidation. Hydrolyzed
glucomannan has been reported to encapsulate various
active compounds including andrographolide
(Wattanaprasert et al., 2017) and antitubercular drugs
(Guerreiro ef al., 2019).

Iron encapsulate using spray-drying method has been
reported by Churio and Valenzuela (2018) and Romita et
al. (2011). Churio and Valenzuela (2018) studied the
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effect of concentrations of bovine erythrocytes and
ferrous sulphate using 40% maltodextrin, while Romita
et al. (2011) used combination of matrixes for ferrous
fumarate encapsulation.

Characteristics of a spray drying powder are affected
by many factors, including drying-air temperature,
carrier type, active compound concentration, and matrix
concentrations (Marcela et al., 2016; Tchabo et al.,
2019). Report on the effects of the iron concentration on
the spray dry powder properties has been very limited.
Hence, this work aimed to evaluate effects of the iron
concentration on the spray dry powder properties using
HGM as an encapsulant.

2. Materials and methods
2.1 Materials

Glucomannan powder from NOW Foods was used
and cellulase powder from Aspergillus niger (Sigma
Aldrich) with activity >0.3 U/mg as raw materials.
FeS0O,4.7H,0 (Merck KGaA, Darmstadt, Germany) was
used as an iron sources. Other chemicals used were in
pro analyze grade.

2.2 Iron encapsulation

A thousand milliliter of glucomannan solution (3%
w/v) was hydrolyzed by using cellulase (50 mg.L™)
under 350 rpm constant stirring at ~28°C. The hydrolysis
process was stopped by boiling the solution for 10 min
when solution viscosity reached 350 cP. The ferrous
sulphate was dissolved in the HGM under constant
stirring. Concentration of the ferrous was varied. The
mixture was spray-dried using Mini Spray Dryer B-290
Buchi. Feed temperature and aspirator were set at 100°C
and 90%, respectively, with 1 mL.min™". Characteristics
of HGM-Fe as spray dried powder were determined.

2.3 Iron content, loading capacity and efficiency

encapsulation

Iron content of the samples was measured based on
Wardhani et al. (2022) with slight modification. One
gram of sample was dissolved in 50 mL of a sodium
citrate solution (100 mM). Ten mL of this solution were
mixed with 10 mL a phenanthroline solution (1.0 g.L™"),
8.0 mL sodium acetate buffer (98.4 g.L "), and 1.0 mL
hydroxylamine hydrochloride solution (100 g.L™") and
brought to 100 mL using distilled water. After 10 mins
color development, the absorbance of the solution was
read at 510 nm against the iron standard.

mass of iron

Loading capacity (%) = % 100%

mass of powder sample
mass of iron

Encapsulation efficiency (%) = x 100%

mass of iron added
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2.4 Solubility and swelling

The solubility and swelling of the samples in two pH
solutions, i.e., pH 1.2 (HCI, 0.1 M) and pH 6.8 (buffer
phosphate, 0.1 M) were determined following the
method of Wardhani ez al. (2022). A hundred milligram
of sample was diluted in 10 mL of the pH solution and
heated at 60°C. After 30 mins, the sample was
centrifuged at 1000 rpm for 10 mins. The supernatant
and paste were separated and each was oven-dried after
weighed. The solubility and swelling properties were
calculated using following equations:

N mass of wet supernatant
Solubility (%) =

mass of dried supernatant

mass of wet paste

Swelling =
& mass of dried paste

2.5 Iron release profile

The concentration of released iron was determined
by dispersing the sample (0.1 g) in 50 mL of pH 6.8
solution which was prepared using phosphate buffer,
while pH 1.2 was obtained using HCIl solution. The
samples were placed in orbital shaker. After a certain
amount of time, the filtrate was obtained by filtrating the
sample and subsequently analyzed for the iron content.

2.6 Particle size distribution

Distribution of particle size was analyzed at
25+1.0-C for 50 s using a Malvern Panalytical (Malvern,
United Kingdom) at a measurement position of 3.00 mm
and 8 level of an attenuator. Water was used as the
dispersant.

2.7 Morphology and crystallinity

The particle morphology was determined at 20 kV
under a magnification of 3000x using scanning electron
microscopy (JSM-6510 LV JEOL Ltd., Tokyo, Japan).
Meanwhile, the crystallinity of the particles was
determined using MAXima X XRD-7000 diffractometer
(Shimadzu, Japan).

2.8 Thermal and functional group analysis

The samples were analyzed for its thermal properties
using a Shimadzu DSC-60 Plus differential scanning
calorimeter (Shimadzu Corp., Kyoto, Japan). A sample
was placed in the alumina crimping cell. The analysis
was conducted at temperatures ranging from 30 to 600°C
with heating rate of 10°C min™ under an air atmosphere
at a flow rate of 10 mL min"'. A Fourier-Transform
Infrared Spectroscopy (FTIR) instrument (PerkinElmer
Spotlight 200, PerkinElmer Inc., Massachusetts, United
States) was used to determined the functional group of
the sample.
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3. Results and discussion

In this work, glucomannan which is known as one of
the viscous polysaccharides was partially hydrolyzed
using cellulase which allowed it to be atomized during
spray-drying. It has been reported that ~0.3 Pa.s was the
viscosity recommendation for the HGM to be used for
spray drying (Wardhani et al., 2022). The iron to be
encapsulated was varied from 20-50 ppm. For all
concentrations, the matrix concentration was set constant
at 3%.

3.1 Swelling and solubility

Swelling power is an increase in the volume of a
material due to the water absorption process. Solubility
is a parameter that measures the ability of the matrix to
be dissolved in a system. The two parameters above are
important parameters in encapsulation using polymer as
the matrix material (Zhang et al., 2014). The swelling
power of glucomannan-iron particles slightly decreased
with the addition of iron concentration (Figure 1). Qiao
et al. (2017) explained that this decrease in swelling
power was caused by the high concentration of iron that
covered the surface of glucomannan, thereby inhibiting
the process of water absorption by glucomannan
particles. Espitia ef al. (2013) reported that the addition
of zinc (Zn) decreased the swelling power of the polymer
matrix.
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Figure 1. Solubility and swelling power of encapsulated
various iron concentrations using hydrolyzed glucomannan in
2 pHs.

At pH 1.2, the solubility of glucomannan-iron
particles increased with iron concentration. Iron is very
reactive, either in the form of Fe(Il) or Fe(Ill), so it
easily binds to the oxygen atom in the hydroxyl group of
glucomannan during the encapsulation process (Kumar
et al., 2021). During the dissolution process at acidic pH,
the glucomannan and iron are released in the presence of
hydrogen ions so that more glucomannan-iron powder is
dissolved. A similar phenomenon occurred in a study
conducted by Saikia et al. (2017), where the higher
solution of starch-curcumin particles at low pH resulted
from the cleavage of hydrogen bond. Ritika et al. (2010)
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argued that swelling power and solubility are influenced
by many other factors including to molecular mass,
degree of branching, branching chains and contaminant
components (Ritika et al., 2010). Hence, further study is
in needed to find out a synergistic impact of those factors
on the swelling power and solubility of the iron particles.

3.2 Iron release

Release of iron was conducted in phosphate buffer at
pH 6.8 which denotes the neutrality of human saliva that
varies from pH 5.9 to 7.9 (Singh et al., 2018). One of the
successes in iron encapsulation was indicated by a low
iron release during chewing in which the encapsulation
was hinder interference in oral cavity. Figure 2 shows
release profiles followed diffusion mechanism as the iron
has burst release in the first 30 min and continued by an
almost steady curve (Farahmandghavi et al., 2019).
Higher iron concentration was released from the 20 ppm
powders than 50 ppm ones. This result supported the
solubility result in the previous section, in which the 20
ppm was more soluble than the 50 ppm powders. The
maximum iron release was about 30% in 120 mins.
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Figure 2. Iron release from encapsulated iron using

hydrolyzed glucomannan.

3.3 Loading capacity and encapsulation efficiency

Loading capacity represents the amount of iron per
weight of spray dry powders. The loading capacity
revealed the capability of the HGM as a matrix to
encapsulate iron. Figure 3a shows the positive relation
between iron concentration and loading capacity, which
range from 30% to 61.5%. Considering the trend, this
result suggested that 3% of HGM has potency to entrap
higher iron concentration than 50 ppm. This high
capability of HGM to trap the iron could be due to its
high viscosity though it had been hydrolyzed prior to the
drying  process.  Similar  correlation  between
concentration of active agent and loading capacity was
reported by Hou et al. (2015) and Wardhani et al
(2021). This result was slightly lower than the loading
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reported by Wardhani et al. (2021) who use 3% alginate
for iron that reached up to 80%, but was superior than
Hou er al. (2015) who only used the maximum of
12.44% of betaxolol hydrochloride in combination
matrix of chitosan-soy protein and Guerreiro et al.
(2019) who obtained 7.7% of isoniazid in HGM.
Meanwhile, there was insignificant EE due to iron
concentrations (Figure 3b).
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Figure 3. Loading capacity (a) and efficiency encapsulation
(b) of encapsulated various iron concentrations using
hydrolyzed glucomannan.
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3.3 Crystallinity

The XRD result reveals insignificant change of
encapsulation powder crystallinity due to iron addition
(Figure 4). The samples showed a similar diffraction
pattern but difference in peak intensity. The high peaks
were found at 19.30, 28.30, 29.24, 32.39, 34.10, 38.84
and 49.01- at 2theta. This trend result was corroborated
by Wardhani et al. (2021) who used hydrolyzed alginate
for spray dry matrix of iron. Luo et al. (2012) reported
that mid-high molecular weight glucomannan over than
2.031x10* has amorphous characteristics. However, our
XRD profile tended to have higher degree of
crystallinity. This could be due to the hydrolysis process
of glucomannan prior the spray drying that produced
shorter glucomannan chains hence increased the
crystallinity. In this work, molecular weight of the
glucomannan encapsulant was 1.192x10* Da.
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Figure 4. XRD result of encapsulated iron using hydrolyzed
glucomannan at iron concentration 20 ppm (top) and 50 ppm
(bottom).
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3.4 Particle size distribution

The particle size distribution impacted on material
properties such as flowability, surface area, conveying
properties, extraction and dissolution behavior. Figure 5
shows particle distribution of spray drying powder in
different iron concentrations. The average diameter of
the 20 ppm powders is 16.635 mm smaller, than that of
the 50 ppm powders that is 21.821 mm. Larger particle
size was also found by Wardhani et al. (2021) by the
addition of iron on alginate microparticles. Iron addition
increased the total soluble solid, which led the bigger
particle formation as found by Dadi et al (2019).
However, increasing iron concentration widen the
particle size distribution. Particle size of the 20 ppm has
a narrower size distribution (10.189-24.199 mm)
compared to the range of the 50 ppm powders (0.656-
47.466 mm). Iron has different interactions with various
polysaccharides types. Several polysaccharides, such as
alginate, are easily agglomerated by the presence of iron
in solution (Nidhin et al., 2008). Similar phenomenon
could be occurred in glucomannan solutions. In addition
to this variable, other factors could also contribute and
interacted synergically to the particle size distribution,
including temperature, matrix concentration, matrix type,
feed flowrate and atomization (Tontul and Topuz, 2017).
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Figure 5. Particle size distribution of encapsulated iron using
hydrolyzed glucomannan at iron concentration (a) 20 ppm and
(b) 50 ppm.

3.5 Surface morphology

Morphology of particle surface reveals similarity of
the powder appearance regardless of the differences in
iron contents (Figure 6). Most of the particles have
round shape with smooth surface. Only small part of the
particles that have a red blood cell shape-like. This result
is different with Wardhani et al. (2020) who found
massive wrinkle of all the encapsulated iron particle
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surface using HGM. This diversity could be due to the
difference of spray drying temperature. In this work, the
spray drying was conducted at 100°C, lower than
Wardhani et al. (2020). Lower temperature allowed to
have lower rate of moisture diffusion through the
encapsulant and created the uniform shrinkage over the
particle surface. As a result, the particle was dominated
by smooth-surfaced round particles. Moreover, the
particle shape is also affected by other factors either the
feed properties (e.g., material type, solid concentration,
solvent and surfactant) and the drying conditions (e.g.,
air-inlet temperature) (Arpagaus et al., 2017).
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Figure 6. Morphology of encapsulated iron concentrations
using hydrolyzed glucomannan of iron concentration (a) 20
ppm and (b) 50 ppm.
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3.6 Functional groups and differential scanning

calorimetry

Functional groups of the encapsulated iron were
detected base on spectroscopy of Fourier-transform
infrared between 4000 to 400 cm . Overall, additional
iron source did not modify any major functional groups.
Similar functional groups were found in either the 20
ppm and the 50 ppm sample, but indifference of
transmittance level (Figure 7a). All encapsulation
samples have the O-H group of wide peak at 3000-3700
cm ' (Wardhani et al., 2019), together with the methyl
and carbonyl groups, which were assigned to the —CH
stretch vibration (~2900 cm™') and the acetyl groups
(1720 cm ™), respectively (Liu ef al., 2015). A peak of a
sulfur from the iron source was found at 1300-1000
cm Increasing concentration of FeSO4 7H,O as the
iron source also led to have bigger peak of O-H group
around 3400 cm 'and the peak at 1100 cm ' which
belonging to a sulphate group (Goti¢ and Musi¢, 2007;
Gaihre et al., 2008). The peak associated with the
hydroxyl group attached to the pyranose rings was
identified at ~600 cm'1 (Coates, 2006).

Data of thermal stability of HGM were very
important for its application which exposes in high
temperature such as in spray dry process. Figure 7b
shows the DSC analysis of the encapsulated iron using
HGM. Different concentrations of FeSO,.7H,O as the
iron source led to similar exothermic peaks between 30 -
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300°C which has two main peaks, at ~90°C and 320°C.
Wang et al. (2015) suggested the peak of HGM appeared
between 50°C and 130°C which represents to the
evaporation of water, while the peak between 280°C and
340°C referred to the main decomposition of molecular
chain (Wang et al., 2015). Addition of the iron source
increased the hydrate contained in the spray dry
powders; hence it requires to apply more heat to remove
the hydrate. This phenomenon was shown as the
enthalpy difference. However, the hydrate in the
powders was not completely removed by drying as low
drying temperature was applied. To remove all the
hydrate, the drying must be conducted at 305°C
(Mitchell, 1984). Moreover, Daza et al. (2016) found
that higher water activity in fruit extract powder
decreased the glass transition temperature (Tg).
Although more enthalpy was needed to evaporate the
water, the Tg of iron powder was slightly increased from
109 to 112°C. This result was contrary with the result of
Tan et al. (2020) who found that higher moisture content
led to lower Tg. Other than the moisture content, the
crystallinity of material also influences Tg (Fazaeli et al.,
2012). The iron addition to the spray-dryer feed might
change the crystallinity of spray-dried powder.
Decreasing crystallinity was found by Pandey et al.
(2016) in iron fortification of red rice, as the rice needed
to conform itself for iron accommodation. Therefore,
further studies are required to confirm the effect of iron
addition on thermal properties of material.
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Figure 7. (a) Functional groups and (b) DSC result of
encapsulated iron using hydrolyzed glucomannan.

© 2024 The Authors. Published by Rynnye Lyan Resources



41 Wardhani et al. / Food Research 8 (Suppl. 1) (2024) 36 - 47

4. Conclusion

The effectiveness of encapsulation is not only
affected by the matrix type, but also the core
concentration. Iron, as the core, can be maximally
entrapped in glucomannan powder by increasing the iron
concentration in spray-dryer’s feed. However, faster
release was occurred at lower iron concentration
powders. The iron concentration difference did not
change the functional group of spray-dried iron powder
and insignificantly increases the powder crystallinity.
Profile of the thermal properties of the iron powders
varied with iron concentration.
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