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Abstract: Viscosity of glucomannan (GM) needs to be modified to support its application for spray
drying encapsulation. The purpose of this study was to investigate degradation of GM using cellulase
that fulfills viscosity in a spray-dryer specification. This hydrolyzed glucomannan (HGM) was
subsequently spray-dried for encapsulating iron. Lower initial GM concentrations (0.5—1%) reached
approximately 0.30 Pa-s which allowed to be spray-dried after 100 min degradation using 10 mg/L
cellulase. Meanwhile, viscosity of 1.5% and 1.7% GM did not reach the target viscosity even after 300 min.
The n-order model was the most suitable model which fitted viscosity reduction of <1.5% initial
GM concentration (coefficient of determination, R?> > 0.98), whereas the Mahammad model fitted the
viscosity reduction of 1.75% initial GM concentration (R = 0.99). Hydrolysis decreased the degree of
polymerization and surface tension but increased the antioxidant activities of HGM. Smaller molecules
of the polysaccharides were released after hydrolysis. Particles of encapsulated iron using HGM were
more hydrophilic than those using GM. The iron tended to have a higher release rate at pH 6.8 than at
pH 1.2 in the first 40 min. Hence, the HGM showed its ability to act as a control release matrix for the
iron that needs a protection in the acid environment, and delivers them to the neutral site for absorption.
Nanoencapsulation using 0.35 Pa-s viscosity of HGM was able to have 84% yield, 96.41%
encapsulation efficiency, and 10% moisture content. Particle size of the iron encapsulation was
dominated by 341.99 nm-diameter. This study shows a potency to use an appropriate viscosity of HGM
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which not only allows to be spray-dried but also support in protecting the iron as aimed by
encapsulation the iron. Performances and properties of this matrix on encapsulating other bioactive
compounds become future study.

Keywords: cellulase; hydrolyzed glucomannan; enzymatic hydrolysis; iron encapsulation; spray-
drying encapsulation; iron nanoparticles

1. Introduction

Iron is an important micronutrient for normal growth and proper human development. The iron (II)
has better bioavailability and efficacy than the iron (III) [1]. Thus, it is important to protect the iron (II)
from oxidation which leads to an unpleasant aroma and appearance [2]. Encapsulation had been
developed through several methods to maintain efficacy and prevent degradation of active compounds.
As one of the encapsulation method, spray drying preserves the bioactive material by quickly proceeds
and obtains high encapsulation yield [3,4]. In addition, this method prevents thermal damage of the
product due to long expose in high temperature [5]. Ribeiro et al. [6] demonstrated that phenolic
compounds of an elderberry extract maintained their stability after 8 months of encapsulation using
the spray drying method.

Performance of a spray drying product is affected by compatibility between matrix, active
compounds and spray-dryer conditions. These conditions include but not limit to inlet gas temperature,
matrix material type, active compound concentration, and matrix concentrations [7,8]. High viscosity
of the matrix could block the nozzle spray and interrupt the drying process. Sosnik and Seremeta [9]
reported that the maximum viscosity of the feed solution for Biichi Mini Spray Dryer B-290 is
approximately 0.3 Pa-s. Yang et al. [10] found the highest yield of spray-dry encapsulation is produced
using 0.2 Pa-s of feed viscosity. Commonly, lower viscosity of a matrix was obtained by using the low
concentration. Dueik and Diosady [11] and Singh et al. [12] applied only 1%-1.5% chitosan for
encapsulating iron using the spray drying method and obtained 75% as the highest yield. It was
reported that viscosity of 1% medium molecular weight of chitosan reaches just above 0.2 Pa-s. In fact,
Schoubben et al. [13] only used 0.4-0.8% alginate solution to obtain low viscosity feed (below 0.25 Pa-s)
to prevent the strand formation.

Glucomannan (GM), a heteropolysaccharide composed of B-1,4-linked D-mannase and D-
glucose, had been studied for encapsulating enzymes, cells, biological elements, and vitamins using
various methods because of its bioavailability and stability [10]. Its high viscosity, which is up to 30 Pa-s
for a 1% GM solution, has hindered its application as a spray drying encapsulant [14]. Considering
GM’s biodegradability and biocompatibility, adjusting GM viscosity to a suitable spray drying feed is
necessary for broadening GM’s applications. As the viscosity was affected by the length of polymeric
chain, shorter glucomannan chain was expected for lower viscosity [15]. Attempts for decreasing the
viscosity have been carried out using an acid, but they produced irritating side-products [16—18]. -
glucannase was used to hydrolyze GM for a cryoprotective effect on myofibrillar [19].
Wattanaprasert et al. [20] reduced the viscosity of 12% GM solution to 0.049 Pa-s using -mannanase
for 4 h for andrographolide spray-dry encapsulation. They also found an increase in yield and
encapsulation efficiency after the enzymatic treatment. Cellulase was used by Yang et al. [10] to
decrease the GM viscosity in sweet orange oil’s spray-dry encapsulation. Moreover, hydrolysis has
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been reported to improve antioxidant activity of hydrolyzed glucomannan (HGM) [21]. This
antioxidant activity of HGM as an encapsulant also has a benefit on protecting sensitive active
compounds from oxidation. However, reports on a kinetic model of GM degradation and its antioxidant
activity development are limited. Efficacy and characteristics of the degraded GM as an encapsulation
of spray-dried iron are also still rarely studied. It was expected that hydrolysis using cellulase allows
to prepare suitable viscosity of HGM as spray-dryer feed for iron encapsulant which could protect this
bioactive from the oxidation. Kinetic approach was applied to study viscosity profile during the
hydrolysis. Physicochemical properties of the encapsulated iron were also observed. Hence, this study
aimed to decrease GM viscosity enzymatically for spray-dryer feed and subsequently apply the low
viscous GM for iron encapsulation.

2. Materials and method
2.1. Overview of experimental program

The experiment was conducted in 2 stages namely hydrolysis and spray drying, as displayed in
Figure 1. HGM solution was prepared by hydrolyzing native GM solution using cellulase. After
reached specific viscosity, iron was added to the solution, and spray dried it afterward to obtain the

encapsulated iron powder. The analytical determinations were carried out on HGM and HGM-Fe
powder.

Cellulase FeSO,.7H,0

dryer

Analyses for
HGM
Analyses for ‘ b
HGM-Fe powder [ A

Figure 1. Schematic overview of experimental program.
2.2. Chemicals and reagents
The main material of this study was GM powder of Now Foods (Bloomingdale, Illinois, US) with

weight average molecular weight (Mw) 0of 901,175 Da (determined by the GPC method in Section 2.4.2).
Viscosity of 1% GM solution was 12.345 Pa-s. Cellulase enzyme of Aspergillus niger (Sigma-Aldrich,
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St. Louis, Missouri, US) has activity of 0.3 U/mg, whereas ferrous sulfate heptahydrate (FeSO4-7H20)
was obtained from Merck KgaA (Darmstadt, Hesse, Germany). Other chemicals were in analytical
grade.

2.3. GM hydrolysis and spray dry of HGM-Fe

GM solution (1,000 mL) was hydrolyzed with cellulase (10 mg/L) under 350 rpm constant stirring
using an overhead stirrer (Hightech Mixer RW 20 Digital, IKA, Staufen im Breisgau, Germany) at
room temperature (~28 °C). After 300 min, the hydrolysis was stopped by boiling the solution for 10
min to obtain HGM solution. Properties of the HGM solution was observed accordingly. The
hydrolysis was conducted in various GM concentrations.

For iron encapsulation, HGM solution (500 mL) of 0.35 Pa-s was mixed with 68 mg of
FeSO4-7H20 under continuous stirring for 15 min, followed by a spray drying process at 80 °C under
a constant flow rate (1 mL/min). Characteristics of HGM-Fe as spray dried powder were determined.

2.4. Analytical determinations for HGM solution
2.4.1. Viscosity

Viscosity of each sample was measured using the Brookfield RVDV-II+Pro viscometer
(AMETEK, Inc, Berwyn, Pennsylvania, US) at room temperature (~28 °C) using spindle no. 2—7 at 100 rpm.
Four mathematical models, i.e., order 1, order 2, order-n, and Mahammad (Eq (1)—(4), respectively) [22],
were fitted to the viscosity reduction during hydrolysis for the kinetic study.

n=mnee " (1)
% = % + kt (2)
n=0"—-(1- n)kt)ﬁ 3)
ln(’;—") = Sxn(1+k't) 4)

2.4.2. Average molecular weight

Molecular weight of samples was determined using two approaches, using Cannon Fenske
Kapillar Viskometer, size 100 (Schott AG, Mainz, Rhineland-Palatinate, Germany) and gel permeation
chromatography (GPC). The method base on Jin et al. [23] was applied for the viscometry approach.
The intrinsic viscosity (1;,,) of various concentrations of each sample solution (0.01, 0.02, 0.03, 0.04,
and 0.05 g/L) was determined using the viscometer. Viscosity average molecular weight (Mv) was
calculated from this viscosity using the Mark—Houwink equation for glucomannan (Eq (5)) [24].

Nin = 5.9610 x 107% M07317 -

Meanwhile, second approach in determining average molecular weight (Mw) and polydispersity
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index (PDI) of GM and HGM were analyzed using The EcoSEC Elite® GPC System (Tosoh
Bioscience LLC, King of Prussia, PA, USA) using THF as a solvent and polystyrene as molecular
weight standards.

2.4.3. Degree of polymerization

Degree of polymerization (DP) was calculated from the ratio of total sugar (TS) and reducing
sugar (RS) (Eq 6). TS was determined using the method of Do et al. [25]. The sample (2.0 mL) was
mixed with a phenol solution (5%, 1.0 mL) and concentrated H2SO4 (98%, 5.0 mL) under boiling in a
water bath for 15 min. The absorbance of the solution was read at 490 nm against glucose as a standard.

Meanwhile, the RS determination followed the method of Miller [26]. The sample (1.0 mL) was
mixed with 3.0 mL of a 3,5-dinitrosalicylic acid (DNS) solution and boiled for 5 min. After being
cooled down, the absorbance was measured at 550 nm. Glucose was used as a standard.

TS
DP == (6)

2.4.4. Antioxidant activity

The scavenging activity of hydroxyl radicals was analyzed using the method of Yuan et al. [27]
with slight modification. The sample (1.0 mL), phosphate buffer (0.4 mM, pH 7.4, 1.0 mL), 1,10-
phenanthroline (2.5 mM, 1.0 mL), and H202 (20 mM, 0.5 mL) were mixed and incubated at 37 °C for 60 min.
Absorbance of the solution was measured using a spectrophotometer at a 536 nm.

The analysis of DPPH radical scavenging activity was conducted following the method of Sun et al. [28].
Freshly prepared DPPH radical in a 95% ethanol solution (0.1 mM, 4.0 mL) was incubated with 4.0
mL of the sample for 30 min at room temperature (~28 °C) under a dark condition. The absorbance of
the solution was then measured using a spectrophotometer at 517 nm.

2.45. Surface tension

Surface tension of native GM and HGM was determined using a Kruss K10T tensiometer (KARL
KOLB GmbH & Co. KG, Dreieich, Hesse, Germany) at room temperature (~28 °C).

2.5. Analytical determination for HGM-Fe powder
2.5.1. Moisture content

The moisture content was determined using the AOAC Method [29] and calculated using Eq (7).

Wsample - Waried X 100 (7)
Wsample

Moisture content(%) =
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2.5.2. Encapsulation efficiency

The iron entrapped in the spray-dried HGM powder (0.1 g) was dissolved in a sodium citrate
solution (100 mM, 20 mL). The solution was mixed with a phenanthroline solution (10 mL, 1.0 g/L),
sodium acetate buffer (8.0 mL, 98.4 g/L), and a hydroxylamine hydrochloride solution (1.0 mL, 100 g/L)
and then brought to 40 mL using distilled water. After 10 min, the absorbance of the solution was
measured using a spectrophotometer at 508 nm against the iron standard. The encapsulation efficiency (EE)
was calculated using Eq (8).

EE (%) = —sample 5 100% (8)

Feinitially added
2.5.3. Swelling and solubility

The swelling and solubility of the sample was determined in 2 pH, i.e., pH 1.2 (HCL, 0.1 M) and
pH 6.8 (buffer phosphate, 0.1 M) solutions [30]. The sample (0.1 g) was added to 100 mL of each pH
solution, then heated at 60 °C for 30 min. After being cooled down, the sample was centrifuged to
separate the supernatant and the pellet, both of which were subsequently oven-dried in different glass
containers. The weight of the supernatant and pellet was measured before and after drying.

weight of wet supernatant

Solubility (%) = x 100 9)

weight of dried supernatant

weight of wet pellet

Swelling (%) = 100 (10)

weight of dried pellet

2.5.4. Water contact angle

For contact angle determination, the sample (0.5 g) was tableted (8 mm diameter). The contact
angle was determined using a Contact Angle Meter (OCA 20, DataPhysics, Raiffeisenstrafe,
Filderstadt, Germany) at 25 °C. A droplet of deionized water (3.0 uL.) was deposited on the airside
surface of the film (2.0 x 2.0 cm) using a precision syringe, and the contact angle was measured after 30 s
of stabilization.

2.55. Ironrelease

Iron release from the encapsulation was observed by placing 0.1 g of the sample in an Erlenmeyer
flask with 50 mL of the pH solution. Two pH solutions, i.e., pH 1.2 and pH 6.8 phosphate buffer (0.1 M)
solutions, were used for the release determination. After shaking for a period of time, the filtrate was
collected and examined for released iron.

2.5.6. Morphology and particle size

The morphology of the spray-dried particle was captured using an FEI Inspect S50 scanning
electron microscope (ThermoFisher Scientific, Waltham, Massachusetts, United States) at 5 kV after
the gold-coating process. The particle size distribution was observed using a laser diffraction
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instrument (Malvern Mastersizer 2000, Malvern Panalytical Ltd., Worcestershire, UK).
2.5.7. Crystallinity

The crystallinity of the samples was determined using an Xpert Pro X-ray diffractometer (XRD,
Malvern Panalytical, Malvern, Worcestershire, United Kingdom). The HGM-Fe powder samples were
scanned at a rate of 5 min~! in the range 10-90 °C. The voltage and current of generator were set
at 40 kV and 35 mA, respectively.

2.5.8. Infrared spectra

Infrared (IR) spectra of the samples were obtained using Perkin Elmer Spotlight 200 FTIR
(PerkinElmer Inc., Waltham, MA, USA) at the range of 4,000—400 cm ™! wavenumber.

2.5.9. NMR spectroscopy

The 'H NMR spectra of GM and HGM were recorded by JNM-ECZ500R NMR spectrometer
(Jeol Ltd., Akishima, Japan) for 5 g/L sample concentration using D20 as solvent. The analysis was
conducted at room temperature (~28 °C).

2.6. Statistical analysis

All experiments were carried out in triplicate, and the results are presented as means and standard
deviations. Analysis of variance was conducted using Microsoft Excel 2019. The level of significance
was set for p <0.05.

3. Results and discussion

In this work, GM was enzymatically hydrolyzed to reduce the viscosity and was targeted for
spray-dryer feed. High viscosity of native GM 1is not suitable for being sprayed and could block the
nozzle of the spray-dryer. This work consisted of two stages, i.e., (i) GM hydrolysis for lowering the
viscosity and (ii) spray dry of the HGM for encapsulating iron. Hydrolysis was conducted at various
GM concentrations. Properties of this HGM were studied. The hydrolysis was targeted to obtain GM
viscosity that would make GM suitable for being sprayed, around 0.3 Pa-s [9]. To predict the final
viscosity target, decreasing of viscosity during hydrolysis was mathematically modelled using four
models. The fittest model was applied to predict viscosity of HGM that is suitable for spraying. This
appropriate HGM was subsequently applied as a matrix of iron encapsulation using the spray drying
method.

3.1. Glucomannan hydrolysis
3.1.1.  Viscosity

Initial viscosity dan the viscosity decrease profile of 0.5, 0.75, and 1.0% GM concentration
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during 300 min hydrolysis showed an insignificant difference (p > 0.05) (Figure 2a). Meanwhile,
initial viscosity of 1.5 and 1.75% GM solutions was approximately four and six times higher than that
of 1% GM, respectively. A significant decrease of viscosity was observed in hydrolysis of various GM
concentrations, in the first 60 min (p < 0.05), followed by a slight decline afterward. The highest
concentration of GM (1.75%) showed the most drop of the viscosity than the other GM concentrations
after 300 min, which decreased from 59.93 to 17.03 Pa-s. This suggested that the enzyme concentration
was powerful to decrease the viscosity of the highest GM concentration, up to approximately 70%.
After 300 min, viscosities of 1.5% and 1.75% substrates were still higher than those of the other
substrate concentrations. Glucomannan is one of the polysaccharides with high viscosity. High
concentration of dry matter formed higher initial viscosity in solution, which created empty space zone
near the impeller and stagnant zones in other parts of the solution while mixing [31]. This inefficient
mixing prevented the molecular contact between GM and the enzyme, and caused slower rate of

viscosity degradation. A similar result was reported by Lu et al. [32] in enzymatic hydrolysis of a ball-
milled corn stover.

80

1st order
2nd order
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Figure 2. (a) The effect of initial GM concentrations on viscosity during hydrolysis (p <
0.05), (b) fitting of mathematical models on decreasing viscosity of 1% initial GM solution,
and (c) the effect of initial GM concentrations on DP during hydrolysis.
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Based on the result in Figure 2a, the viscosity target of approximately 0.3 Pa-s had been
accomplished at 100 min for 0.5, 0.75, and 1% GM. Since the viscosity of a solution depends on its
concentration, a longer duration of the hydrolysis process was needed for degrading a higher
concentration of GM to achieve a desired viscosity level [33]. Since the hydrolysis was conducted in
mild conditions and at a high-water content, longer than 5 h of hydrolysis should be avoided because
of the possibility of bacterial contamination [34]. The contamination could interfere the hydrolysis by
degrading the HGM obtained and releasing other compounds, such as acetic and lactic acids [35]. The
initial GM concentrations indicated that the lower concentrations (0.5%—1%) enable to achieve the
viscosity target over a shorter period. To obtain high yield of the spray-dry product, the 1% initial GM
was subsequently used for iron encapsulation using the spray drying method. The viscosity value of
the feed solution near the optimum point for spray drying was preferable because it prevented
collisions between the wet droplets and the drying surface that increased the product yield [36].

Mathematical first order, second order, n™ order, and Mahammad models [22,37] were fitted to
the viscosity data. The kinetic constants and the fitting model of each model are presented in Table 1
and Figure 1b, respectively. Based on the R? values, the n™ order was the best fit model to represent
viscosity reduction of HGM of all initial GM concentrations, except in the highest GM concentration
where the Mahammad model was the most fitted one. At higher GM concentrations, the length of the
HGM chain could be more various after hydrolysis. The o of Mahammad’s model was influenced by
the temperature, intermolecular interactions, and polydispersity of the polymeric molecules and
typically found at higher polymer concentration [22,38]. Hence, the Mahammad’s model was less fit
to describe the viscosity profile decrease at the low concentration of polymer concentration.

Table 1. Kinetic model of enzymatic hydrolysis of glucomannan.

[GM] 1% Order 2" Order n™ Order Mahammad model
(%) K R? k R? K n R? o k'(s) R?
((Pa-s-T)™h) ((Pa-smt-t) 1)

0.50 0.0546 0968 4.1719 0.741 0.2191 0.209 0.995  9.080  0.0866 0.882
0.75 0.0488  0.972 3.7064 0.845 0.1316 0.452  0.983 11.099 0.0401 0.942
1.00  0.0486  0.989 2.7926 0.697 0.0886 0.680 0.993 11.099 0.0305 0.922
1.50  0.0072  0.925 0.0003 0.979  0.0005 1.852 0.972  2.010  0.0246 0.966
1.75  0.0061 0.890  0.0001 0.982 0.0108 0.837 0.841 1.505  0.0328 0.989

3.1.2.  Average molecular weight

The hydrolysis of GM produced GM oligosaccharides and reducing sugars that affected the
molecular weight. The molecular weight of GM and HGM as the effect of hydrolysis was determined
using 2 methods. Determination of Mv using Canon Fenske is presented in Table 2. After 300 min of
hydrolysis, the most drop of Mv (87.52%) was obtained in the 0.5% GM solution. This result was in
line with the viscosity result (Figure 2). The enzyme was effective in a low substrate concentration
because the present active sites of the enzyme was sufficient to serve the GM low concentration. When
a high substrate concentration was used, the active site of enzyme became saturated, thus lowering the
hydrolysis rate. Moreover, higher concentration of GM led to produce thicker solution and formed
gelation [39], which hindered the hydrolysis. As a result, the enzyme was less effective to cleavage the
B,1-4 linkage of the highest GM concentration, and the Mv remained high even after 300 min.
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Table 2. Viscosity average molecular weight (Mv) of HGM after 300 min hydrolysis using
10 mg/L cellulase (p < 0.05).

The concentration of GM (%) Viscosity average molecular weight (Mv)  Mv Decrease (%)

HGM (Da)
0.50 8,352 + 21 87.52
0.75 11,982 + 37 86.24
1.00 119,205 + 16 84.14
1.50 288,016 + 19 68.32
1.75 774,309 % 20 60.89

Similar trend in molecular weight reduction was shown by GPC determination. The Mw of native
GM decreased from 901,175 Da to 15,500 Da after hydrolysis for 300 min. A significant decrease was
also observed in the number average molecular weight (Mn), from 33,889 Da to 11,792 Da. Although
it had similar trend as found by the Canon Fenske method of Jin et al. [23], the GPC results obtained
more precise result as it was not depended on solutions’ viscosity and was also compared with
standards. The polydispersity index (PDI), which measures molecular mass distribution was also
determined. PDI which also called the heterogeneity index indicated the variety of macromolecules’
chain length. Hydrolysis reduced PDI of GM from 26,592 to 1,314 for HGM. This result suggested
that the hydrolysis has a tendency to form a more uniform chain length.

3.1.3. DP

GM is a polysaccharide consisting of two units of RS, i.e., glucose and mannose. Shorter polymer
chain, showed by low DP value, supported the decrease of Mv caused by hydrolysis. During hydrolysis
that cleaved the B-1,4 linkage of GM into oligosaccharides, the amount of RS increased, hence,
reduced the DP as illustrated in Figure 2c. However, a higher concentration of GM formed a viscous
solution that could inhibit molecular interaction with the enzymes and delayed the hydrolysis process.
Slower hydrolysis in higher glucomannan concentration was also explained by Li et al. [40].

3.1.4. Antioxidant activity

An encapsulant that has antioxidant activity could support in protecting a sensitive bioactive
compound from oxidation. Performance of HGM on a scavenging radical was determined using
radicals of hydroxyl and DPPH that commonly reacted with biomacromolecules and was stable in
room conditions [41,42]. Hydrolysis produced glucomannan oligosaccharides, which increased the
inhibition activity and reduced ICso as described in Figure 3a and b. The radicals interacted better with
oligosaccharides than with polysaccharides through cell membrane transfer [43,44]. Higher GM
concentrations produced more oligosaccharides that could act either donate their hydrogen or oxidize
the radicals and scavenged more radicals [21,28]. ICso, which shows the required dosage to 50%
inhibition, was reduced after the hydrolysis. Benbettaieb et al. [45] found that higher viscosity of
solution had lower diffusivity coefficient and led to have less transfer contaminant through the viscous
solution. This finding explained how the higher concentration of glucomannan had better inhibition
activity, especially for 1.5 and 1.75% GM solution. Using B-mannanase, Liu et al. [21] reported a
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positive correlation between scavenging activity of the hydroxyl radical and concentration of GM
oligosaccharides. A similar antioxidant result was reported by Xiong et al. [46] on xanthan.
Improvement of antioxidant capacity of HGM was beneficial in supporting HGM’s application for
inhibiting iron oxidation and protect changes of iron sensory and bioavailability [47].

0.75% 1.0% 1.5% 1.75%
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dros . ,
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- 3000 A
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Figure 3. (a) The effect of GM concentration on HGM inhibitory activity and (b) the effect
of GM concentration on IC50 HGM (p < 0.05).
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Figure 4. Surface tension of HGM (p < 0.05).
3.1.5.  Glucomannan hydrophilicity

Figure 4 shows the hydrophilicity of HGM solutions from different substrate concentrations
after 300 min of hydrolysis based on surface tension analysis. A higher value of surface tension
indicated lower wettability, which led to hydrophobic properties [48]. Comparing to the native GM,
lower surface tension was observed after hydrolysis of the lower GM concentration. This result
suggested that a lower DP of GM oligosaccharides has a greater interaction with water than the
cohesive forces associated with bulk water. This interaction was influenced by the primary molecular
structure and viscosity [49]. HGM with a shorter polymer chain had better water absorption than
GM [50]. Hence, the HGM of a lower GM concentration was appropriate for encapsulating hydrophilic
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bioactive compounds such as the iron (II).

3.1.6. FTIR analysis

The IR spectra of the native and HGM of 0.35 Pa-s is shown in Figure 5. Hydroxyl groups are
identified by the peak around 3,600-3,000 cm™' wavenumber. The peaks at approximately 2,342 cm™!
and 2,091 cm™! referred to the C=O bonds and C-H stretching bond, respectively. The effect of
hydrolysis was insignificant on acetyl group spectra, as it appeared at 1,638-1,634 cm . The
glycosidic bond spectra of HGM appeared at lower intensity than those of GM (1,080—1,010 cm™),
which suggested the occurrence of partial hydrolysis. The C-O-C pyranose ring of mannose and
glucose was shown at the peak of 1,050 cm ™' [51]. The C-O-C vibration that referred to carbohydrate

bonds was identified at 800—600 cm™' [52]. This result showed a change in transmittance intensity of
the same functional groups of GM after hydrolysis.
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Figure 5. FTIR spectra comparison of GM and HGM.

3.1.7.  'H NMR spectroscopy

The 'H NMR spectra of native GM and HGM were shown at Figure 6. After hydrolysis, HGM
showed higher intensity value at 5.26 and 4.67 ppm which identified as the chemical shift of H1 in the
reducing end of glucoses. Signals between 4.7 and 4.8 ppm were also appeared as the H1 of the
mannoses after glucomannan hydrolysis. The observed signals were similar to the NMR spectra of
glucomannan found by Mikkelson et al. [53]. These results suggested that more oligosaccharide ends
were produced after the cleavage of glucomannan polymer as the enzymatic hydrolysis applied.
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Figure 6. NMR spectra of GM (top) and HGM (bottom).
3.2. Characteristics of HGM-Fe encapsulation

HGM solution of 1% GM at a viscosity of 0.35 Pa-s was used as a matrix for iron encapsulation
using spray drying method. Some characteristics of the HGM-Fe particle are shown in Table 3. The
HGM-Fe encapsulation had 10% moisture content, lower than that in the report of Wardhani et al. [30],
who found 14—17% using the same matrix. Although using similar viscosity of HGM, they used higher
spray-dried temperatures (110-140 °C). Lower temperatures in our work permitted a lower drying rate
and maximized water evaporation, thus resulting in lower moisture content. This value of moisture
content cannot prevent the microbial growth, as it is higher that 5% [54]. GM hydrolysis produced
lower molecular weight of polysaccharides, which increased its hygroscopicity and absorb more water
content after powder formation [55]. However, Karn et al. [56] produced fortified curry powder with
higher moisture content than 5%, which was relatively stable after 3 month storage. In fact, our
moisture content result is lower than that of the Nepalese standard for powder storage, which is 14% [56].

Table 3. Characteristics of iron-encapsulation powders using 0.35 Pa-s HGM.

Parameter of iron encapsulated powders Values
Water content (%) 10.07 £ 0.41
The efficiency of encapsulation (%) 96.41 £4.36
Yield (%) 84.00 + 3.04
Swelling at pH 1.2 (%) 5.37+0.37
Swelling at pH 6.8 (%) 479 +0.16
Solubility at pH 1.2 (%) 0.42 +0.56
Solubility at pH 6.8 (%) 1.92 +£0.08

This spray drying method has 96% encapsulation efficiency, higher than that of the dropping
method using deacetylated glucomannan, which is less than 70% [57]. The spray drying method
allowed most of the solvent to be evaporated and left encapsulated the iron. Using acid HGM,
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Guerreiro et al. [58] found that the efficiency ranged at 43%—-104% and varied with the type of
bioactive compound and the combined matrix. Meanwhile, Singh et al. [12] reported that the iron-
encapsulation efficiency ranged at 85%-98% and varied with the matrix compound and its
concentration.

Table 3 presents 84% yield of the spray-dried iron product using HGM. This yield was higher
than the iron encapsulation obtained using chitosan and eudragit, as reported by Singh et al. [12].
Reducing HGM viscosity prior to the spray helped the encapsulant to be sprayed, thus increasing the
yield. Moreover, many constituents contributed to performance of the spray drying process, including
the spray drying parameters.

The swelling and solubility of iron particles were determined at acidic and neutral pH, which
represent non-enzymatic human gastrointestinal conditions [59]. Swelling represented the increase of
volume due to fluid absorption. Swelling of iron-loaded HGM encapsulation had an insignificant
difference at both pH values (p > 0.05). Wu et al. [59] found that pH has no significant effect on the
swelling of glucomannan because of the polysaccharide neutrality. Table 3 highlights that HGM-Fe
powders have lower solubility in acid than in a neutral condition. This result suggested that HGM has
a potency to protect iron release in acid solution, but release the iron in neutral solution.

The wettability of GM and iron-loaded HGM tablets was analyzed using the contact angle method
as presented in Figure 7. The wettability properties have a strong correlation with solubility and release
profile of a drug preparate [60]. The water contact angle value of GM- and HGM-loaded iron is 47.09°
and 83.28°, respectively. Both of the results showed a value less than 90°, which indicates the
hydrophilic characteristics. Lower MW and shorter sugar produced after hydrolysis could contribute
to the increase of HGM hydrophilicity. This result was in line with the result discussed on the Section 3.1.5.
A hydrophilic matrix is preferred to support the release control of the supplement [61].

(a) (b)

Figure 7. Water contact angle of tableted encapsulated iron using (a) HGM and (b) HGM-Fe.

The morphology of the HGM-Fe powders is presented in Figure 8a. The powders have round shape
with several concave surfaces that could be due to uneven rate of drying between the surface and the
core of the particle [9]. The particles have less surface cavity than the powders of Wardhani et al. [62],
regardless of the fact that both studies used a HGM matrix. This could be due to lower spray-dry
temperature of this study, which allowed a more uniform drying rate than that at higher temperature.

The bursting effect of iron from the HGM matrix was observed in the first 10 min of pH 6.8,
followed by steadier iron release afterward until 60 min, as illustrated in Figure 8b. Meanwhile, a lower
rate of iron release from the HGM matrix is shown at pH 1.2, but the release at pH 1.2 was comparable
with that of pH 6.8 after 60 min. Figure 8b supports the result of the solubility of samples in different
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pH as discussed in previous paragraph. This result suggested that HGM is a potential encapsulant for
control release the iron that need a protection in the stomach environment, and deliver them to the
duodenum for absorption [63]. A reverse trend was reported by Singh et al. [12] using chitosan and
eudragit as encapsulants, where more iron release was found at lower pH solution. Various profile
releases of iron from their encapsulant could be contributed due to different charges of the encapsulant.

iron release (%)
&

—8— pH68
—0— pH12

Time (min)

(b)

Figure 8. (a) Morphology of HGM-Fe powders at 5,000x magnifications and (b) Profile
of iron release in buffer solutions at pH 1.2 and pH 6.8.

Particle size distribution of spray-dried HGM-Fe showed that nanoparticle size of powders ranged
at 50.75-1718.47 nm, in which the highest percentage (12.11%) was dominated by the 341.99 nm size
(Figure 9). At this size, the individual particle did not easy to be detected either visually or tongue-feel
which supported its application as a fortificant. Moreover, this particle size was smaller than the spray-
dried HGM of Wardhani et al. [62], who found 400-850 nm for spray drying at 110-140 °C, and
Guerreiro et al. [58], who obtained >1,300 nm particle sizes at 170 °C of spray drying. Using chitosan
and eudragit in different concentrations as the iron matrix, Singh et al. [12] produced 0.5-5 pm iron
particles at 150° of inlet spray drying. These discrepancies on particle size suggested that temperature,
material of the matrix, and encapsulant concentration synergically contributed to the particle size. Our
work conducted spray drying at 80 °C, lower temperature than those used in the other works, which
led to slower and more uniform drying rate. This allowed more water to be evaporated, thus producing
smaller particles and lower moisture content.
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Figure 9. Particle size distribution of HGM-Fe.
Insignificant difference of crystallinity between GM and iron-loaded HGM was shown in the

XRD patterns of both samples (Figure 10). A small amount of iron addition in the matrix solution did
not change the crystallinity the HGM compared to that of GM native.

100~

300 -
200-M (a)

Intensity (CPS)

Position [2Theta](Copper (Cu))

Figure 10. X-ray diffraction patterns; crystallinity of encapsulated iron using (a) GM and (b) HGM.

4. Conclusions

Hydrolysis of 1% GM using 10 mg/L cellulase for 100 min reduced the viscosity of HGM into 0.35 Pa-s,
thus allowing the HGM to be spray-dried and used for iron encapsulant. The mathematical model of
n-order kinetics was the best to represent the viscosity reduction of <1.5% initial GM concentration
(R? > 0.98), whereas the Mahammad model well described the reduction of the higher initial GM
concentration. Hydrolysis reduced surface tension of GM but led to improve antioxidant activities.
Crystallinity and functional groups were insignificant change after hydrolysis followed by spray drying,
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whereas the water contact angle tended to increase. Nanoencapsulation using a 0.35 Pa-s viscosity of
HGM showed a 96.41% encapsulation efficiency, 10% moisture content and was dominated by a 341.99 nm
particle size. HGM showed its ability to act as a control release matrix for the iron that need a protection
in the acid environment, and deliver them to the neutral site for absorption. This study shows a potency
to use an appropriate viscosity of HGM which not only allow to be spray-dried but also support to
achieve the aims on encapsulating the iron.
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