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ABSTRACT

Dioscorea alata mucilage (DAM) is a water-soluble
polysaccharide and is composed of glucomannan. In this research,
mucilages from D. alata were extracted using Response surface
methodology (RSM) with a Central Composite Design (CCD)
followed by distance-based optimality design, with three
independent variables applied, i.e., temperature (4 - 60°C), time
(0 - 30 h), and centrifugal speed (1.386 - 22.615xg). The
maximum DAM vyield was 5.89% =+ 0.50%, which was obtained
with an extraction temperature of 36.2°C for 13.3 h extraction
time and centrifugation at 12,322xg. The regression model from
RSM - CCD predicted that the maximum DAM vyield was 5.47%,
with R? of 99.59% and adjusted R? of 97.72%, which shows a
significant correlation between the experimental and predicted
values. The DAM is a complex material that mainly contains
polysaccharides, i.e., B-pyranose forms of glucose and mannose,
with low protein content. Water and oil holding capacity of the DAM
powder were 8.43 g/g and 5.08 g/g, respectively, which
considered as the highest compared to other similar studies.
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INTRODUCTION

Dioscorea alata (D. alata) is a staple food in Southeast Asia and Africa.
(Garedew et al., 2017; Maneenoon et al., 2008) that contains a variety of
nutritional and chemical ingredients, such as polysaccharides, proteins,
polyphenols, flavonoids, saponins and diosgenin (Lebot et al., 2018; Narkhede
et al., 2013), which some of those were identified in the mucilage (Alves et al.,
2002; Fortuna et al., 2020). Recent studies reported that the mucilage extracted
from Dioscorea sp. has natural antioxidant properties (Zhi et al., 2019),
antimutagenic activity (Zhang et al., 2016), anti-inflammatory activity (Li et al.,
2016) and antitumor activity (Liu et al., 2016). The mucilage comprises mostly
water-soluble polysaccharides, in which the main monosaccharides composition
are glucose (49.50%), galactose (10.90%), and mannose (33.40%) (Ma et al.,
2017a; Zhi et al., 2019). The mucilage of Dioscorea sp. is potential for various
food applications such as a food thickener (Ma et al., 2017b), a stabilizer (Lozano
et al., 2022), an edible film (Wang et al., 2020; Li et al., 2021), a food binder and
an emulsifier (Ma et al., 2020). Nevertheless, the yield of mucilage extraction from
Dioscorea sp. turns to be a challenge for further utilization. The mucilage yield of
various Dioscorea sp. was reported in the range of 1.58 - 8.00% (Nagai et al.,
2014; Ma et al., 2017c; Zhi et al., 2019; Fortuna et al., 2020), which is considered
as low.

Solvent extraction is commonly used to extract mucilage from Dioscorea sp.
(Misaki et al., 1972; Fu et al., 2004; Hong-rui et al., 2010; Huang et al., 2020;
Lozano et al., 2022), the solid sample is immersed in the solvent, and the extract
is collected after the equilibrium extraction is reached (Chan et al., 2014). Solvent
extraction is a widely employed method in plant extraction procedures because it
can facilitate the extraction of pure and concentrated mucilage (Waghmare et al.,
2022). According to Zhao et al. (2017), extraction of Dioscorea hemsleyi mucilage
(DHM) using hot and warm water extraction (11.54 — 12.39%) with ethanol
precipitation had the highest yield than ultrasound-assisted extraction (4.34%).
Coldwater extraction with ethanol precipitation can be considered an effective and
cost-effective technique to obtain high-quality mucilage with suitable industrial
applications. In contrast, the ultrasonication method is more expensive but results
in a higher amount of mucilage than other emerging techniques (Tosif et al.,
2022). Furthermore, solvent extraction is employed to modernize traditional
equipment, aligning it with the current demands of the market (Garcia-Vaquero
et al., 2020).

Many factors affect extraction process of D. alata mucilage (DAM) such as
extraction time, temperature, water to tuber ratio, pH, salt concentration and
centrifugation (Berk, 2018; Fortuna et al., 2020; Hong-rui et al., 2010; Zhang and
Wang, 2017). Mistry et al. (1992) stated that extraction must consider the
maximum vyield and the minimum use of energy and time. According to Huang
et al. (2011), higher extraction temperature and longer time of extraction time
will increase mass transfer rate of mucilage, hence its solubility. Extraction
temperature affects the extraction rate, yield, molecular weight, mucilage activity,
and starch gelatinization (Hong-rui et al. 2010; Zhao et al. 2017). The extraction
rate and mucilage yield would decrease if the extraction temperature is above
70°C because Dioscoreae starch gelatinizes (Hong-rui et al., 2010). According to
Zhao et al. (2017), hot water extraction (80°C, 90 minutes) of DHM produced a
yield of 12.39% and a molecular weight of 1,004.2 kDa. These were higher than
cold water extraction (25°C, 90 minutes) which resulted in a yield of 3.85% and
a molecular weight of 36.5 kDa. The extraction time must be considered because
the mucilage molecules need time to diffuse out of its matrix. According to Hong-
rui et al. (2010), three hours extraction resulted in the highest yield, i.e., 14.6%;
however, prolonged extraction time would increase the yield of dissolved starch.
Huang et al. (2020) stated that high temperatures and long-time extraction would
cause starch to gelatinize, thereby affecting extraction efficiency. Mucilage during
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the extraction process usually traps small starch granules, and centrifugation is
required to separate them. Centrifugation can break down soluble carbohydrate-
protein complexes, and further separate starch and mucilage, whereas
centrifugation speed can increase mucilage purity (Fu et al., 2004). Some studies
that have been conducted to optimize extraction process of mucilage from
Dioscorea sp. resulted in diverse process parameters and yields. According to Luo
(2012), the optimum extraction of Dioscorea nipponica Makino mucilage with a
water-tuber ratio of 33:1, extraction time of 134 minutes, and extraction
temperature of 95°C produced a mucilage yield of 3.82%. Optimal conditions for
mucilage extraction of Dioscorea sp. were at 100°C for 140 min at a water:tuber
ratio of 3:1, which resulted in a maximum yield of 1.56% (Huang et al., 2011).
Another research showed a maximum yield of 3.37% with extraction temperature
of 40°C for 2h at pH 4.5 with 2% cellulose enzyme (Yuan-yuan et al., 2015).
Hong-rui et al. (2010) showed that the use of water:tuber ratio of 8:1, pH 8.0,
and extraction temperature of 60°C for 3 h increase the yield of mucilage to
15.1%.

Adopting the above-described studies for extracting mucilage from D. alata
to obtain the optimum yield would make numerous combinations of experimental
conditions to be tested, which are time-consuming and costly. Therefore,
Response Surface Methodology (RSM) was considered in this research to minimize
time and optimize cost. RSM is an optimization technique adopted to optimize
several process and formulation variables and is systematically evaluated against
influential process parameters and product quality (Saepang et al., 2024). RSM is
often reported for optimizing extraction process of valuable compounds from
agricultural produce, such as polysaccharide from Dioscorea sp. (Hong-rui et al.,
2010; Zhang and Wang, 2017); protein from rice bran (Jongjareonrak et al.,
2015); patchouli leaves oil (Kusuma and Mahfud, 2017); pectin from citrus peels
(Chien et al., 2022); or bioactive extract from Napier grass (Thaisungnoen et al.,
2024). RSM analyses multiple variables and their interactions with minimum
number of experiments to obtain statistically acceptable results (Montgomery,
2013). Two common RSM approaches, central composite design (CCD) and Box
Behnken Design (BBD), have been frequently utilized for the extraction
optimization of mucilage (Luo, 2012; Han et al., 2016; L. Zhang and Wang, 2017;
Bukhari et al., 2022). According to Stamenkovic et al., (2018), the CCD-RSM was
recommended for optimization of solid-liquid extraction processes. Kusuma et al.,
(2015) stated modelling RSM from extraction parameters of natural dye from
Swietenia mahagoni with microwave-assisted extraction method, which evaluated
by CCD better prediction than BBD. These methods were statistically compared by
root mean square error (RMSE) and absolute average deviation (AAD).

RSM-CCD was used due to its high flexibility and minimizing the waste of
resources. The CCD has the axial points (—a, a) as characteristic parameters.
These points are beyond the minimum and maximum limits of the factors,
guaranteeing the curvature of the response surface and enabling optimal
conditions. The evaluation of the principal, interaction, and quadratic effects
enables do independently, interpreting results easier (Leyva-Jiménez et al., 2022).
This research proposed the application of RSM by employing CCD to optimize the
extraction yield of DAM, using water-based extraction followed by alcohol
precipitation (Fortuna et al., 2020). The objective of this research was to optimize
DAM extraction using RSM and to investigate the physicochemical properties of
the dried mucilage. The novelty of this research lies in the application of RSM to
optimize extraction parameters of D. alata mucilage for achieving the maximum
yield of extract and the functional properties of the optimized product.

Independent variables that were evaluated in this study were extraction
temperature, extraction time and centrifugal speed of separation. We
hypothesized that a model derived from RSM-CCD would be able to specify a
relationship between the mucilage yield and the independent variables, whereas
regression coefficients can describe the size (value) and direction of the
relationship between an independent variable and the mucilage vyield, either
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positive or negative relationship. Mucilage structures and its physicochemical
properties, obtained from the most optimum combination of variables applied in
the extraction process, were also analysed.

MATERIAL AND METHODS

Materials

D. alata with yellow tuber was planted in the Research Farms in IPB
University, East Java, Indonesia, and the tubers were harvested approximately
12 months after planting, and the moisture content was 70.86% db. All chemicals
used in this study i.e., were ethanol absolute, CaCl2, (NH4)2S04, H3BOs3,
Bromocresol green, H2S04, NaOH, SeO2, CuSO045H20, methyl red indicator,
phenolphthlein, HCI were of analytical grades obtained from Merck, Germany.
Corn oil was obtained from Nutrifood, Indonesia, and bi-distilled water were used
for analysis.

Extraction of D. alata mucilage (DAM)

Extraction procedure of DAM followed the methods of our previous study
(Fortuna et al., 2020) with few adaptations for optimization. Yield of DAM was
expressed as a ratio between weight of DAM powder (mpawm) to the weight of peeled
tubers (my), as shown in the following equation:

_ Mpam (9)
B mtp (g)

. w
DAM yield (%;) x 100 (1)

Experimental design and statistical analysis

RSM using a CCD was used to optimize the effects of extraction
temperatures, x1; extraction times, x2, and centrifugal speeds, x3 on DAM yield
(Y). Table 1 presents the range of independent variables and their levels.

The whole design consisted of twenty experimental points in random order.
The experimental data were fitted to a regression model, with the response
function (Y) was the DAM yield (%) as shown in Equation (2).

Y = Bo+ Xioq Bixi + Nioy Buxi® + Xy X34 Bijxixj + € (2)

Coefficients of the model were represented by Bo as a constant coefficient,
Bi as linear effects, Bii as quadratic effects, and Bj as interactions effects.

RSM was applied to the experimental data using Minitab (v. 17, Minitab LLC,
USA). Response surface plots were also generated with the same software to
visualize the effects of the individual and cumulative test variables on the
response. An extra step by assigning distance-based optimality had to be
performed to get model maximization if the RSM outcome was model minimization
(Montgomery, 2013). Validation of the model was performed with experiments
(n=3) using the optimal conditions indicated by the model that resulted in the
maximum DAM vyield.
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Table 1. Response surface central composite design of the independent variables (actual and
coded levels) for D. alata mucilage extraction.

Run Independent variables
Actual level Coded level
Extraction Extraction Centrifugal Extraction Extraction Centrifugal
temperature Time speed temperature time speed
X1 (°C) X2 (h) X3 (%g) X1 (°C) x2(h) Xx3(%g)
1 49 6 5,500 +1 -1 -1
2 32 15 12,000 0 0 0
3 32 15 12,000 0 0 0
4 15 24 18,500 -1 +1 +1
5 15 6 5,500 -1 -1 -1
6 15 6 18,500 -1 -1 +1
7 49 24 5,500 +1 +1 =il
8 32 15 12,000 0 0 0
9 49 24 18,500 +1 +1 +1
10 32 15 12,000 0 0 0
11 49 6 18,500 +1 -1 +1
12 15 24 5,500 -1 +1 -1
13 60 15 12,000 +1.633 0 0
14 32 15 12,000 0 0 0
15 32 0 12,000 0 -1.633 0
16 32 15 22,615 0 0 +1.633
17 32 15 1,386 0 0 -1.633
18 32 30 12,000 0 +1.633 0
19 4 15 12,000 -1.633 0 0
20 32 15 12,000 0 0 0

Fourier Transform Infrared (FT-IR) analysis

Functional groups of DAM were analysed using a Fourier Transform Infrared
(FT-IR) spectrophotometer (Alpha II, Bruker, Germany). The DAM powder was
placed on the crystal of the attenuated total reflection (ATR) accessory. The
spectra were recorded at the absorbance mode with a wavelength region from
4,000 cm™ ! to 400 cm™.

Scanning Electron Microscopy (SEM)

Morphology of DAM powder was observed using FEI Quanta 650
environmental scanning electron microscope (ESEM) (FEI Company, Hillsboro,
Oregon, USA). The scanning was operated in a slow vacuum mode at 60 Pa using
a large field detector (LFD) at a voltage of 10 kV, and 10 mm distance. The images
were captured at a magnification of 500x and 3,000x.

Physicochemical Properties

Whiteness index

Whiteness index was measured using a WSB-1 digital whiteness meter
(Shanghai Jingke Scientific Instrument Co., Ltd., Shanghai, China). The result was
expressed as a whiteness index.
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pH
pH of DAM dispersion (10% w/w) was recorded by a hand-held pH meter
D-51E (Horiba, Ltd, Kyoto, Japan).

Protein Content
Protein content was determined using Kjeldahl method using a nitrogen
conversion factor of 6.5.

Water and oil holding capacity

Water holding capacity (WHC) of DAM powder was measured using a
centrifugation method developed by Suzuki et al. (1996) with some adjustments.
200 mg of powder was placed in a centrifuge tube, to which 20 mL of bi-distilled
water was added. The tubes were left in a shaking water bath for 24 h at room
temperature to allow complete hydration of the powder. The fully hydrated powder
was centrifuged at 2,500xg for 60 min after which the supernatant was carefully
decanted, and the pellet was collected. The wet pellet was weighed (wetp) prior
to drying the pellet using an air dryer at 120°C for 2 h (dryp). The WHC was
calculated by the following equation:

wet, (mg)—dry,(mg)
200 mg

WHC =

(3)

Oil holding capacity (OHC) was determined using a similar procedure as WHC
determination. Two grams (md) of DAM was mixed with 20 mL of corn oil in a
centrifuge tube. The mixture was vortexed for 10 s every 5 min for 30 min. The
mixture was let to rest at room temperature (30 £ 2°C) for 30 min and then
centrifuged at 2,500xg for 30 min. The supernatant was decanted, and the
precipitate was collected. The precipitate was placed on a filter paper to remove
excess oil prior to weighing (mw). The OHC was calculated using Equation (4):

_ my (g)-mq (g)
OHC = S (4)

Emulsion activity

Emulsion activity of the DAM powder was measured using the method of
Yasumatsu et al. (1972) with some modifications. One gram of DAM powder was
suspended in 12.5 mL bi-distilled water and then 12.5 mL of corn oil was added
to it. The mixture was homogenized at 12,000 rpm for 1 min using WTW Disper
D-8 (Xylem Analytics Germany Sales GmbH and Co. KG, Wilhelm, Germany). The
emulsion was allowed to rest for 30 min after which two phases were observed,
i.e., the emulsified layer at the top and water layer at the bottom. The emulsion
activity (EA) was expressed as the percentage ratio between the height of emulsified
layer (He) and the height of the whole layer in the centrifugal tube (Hr).

EA (%) =Z—jx 100 (5)

Statistical analysis

All analysis was performed in triplicate and the results were presented as the
mean values and their standard deviations.
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RESULTS

Model fitting and optimization

Effects of the process variables, i.e., extraction temperature (x1), extraction
time (x2), and centrifugal speed (x3) on the extraction yield obtained from the
experiments were analysed through RSM-CCD. The model suggested that the
optimal model to predict DAM yield using RSM-CCD gave a minimum response,
whereas the optimization using RSM in this study aimed to maximize the yield.
An extra step using distance-based optimality design was performed using Minitab
software. The software generated selected design points to come up with the
maximum responses. The selected design points consisted of twelve experimental-
sets used for calculating the variance, which led to the following second-order
polynomial equation.

Y = —6.63 + 0.2364x; + 0.4396x, + 0.000798x;" — 0.004140x,x;, — 0.01366x,x, +
0.000704x,x," + 0.000004x, x5 + 0.000008x,x; (6)

Based on ANOVA, from which the summary is shown in Table 2, Equation (6)
can be used to predict the experimental data designed in Table 1, with a high
significance (P < 0.05). The F-value obtained indicates that the model can describe
variations of the responses.

Table 2. Analysis of variance of the fitted model obtained from distance-based
optimality design to maximize the DAM vyield.

Sources Degree of Sum of Mean of F-Value P-Value
freedom Squares Squares
Model 9 3.72 0.41 53.48 0.018
Error 2 0.02 0.01
Total 11 3.74

Figure 1 represents the standardized Pareto chart for CCD for yield as
response variables from the data of Table 1. A Pareto chart, which orders the
factors according to their significance, the sequence of effective variables and their
interactions for yield were x1>X2>X2X3>X1X3>X3X3>X1X1>X2X2>X1X2>X3.

Term
[ H | Factor Name

Xy extraction temperature

X3 extraction time

X3 centrifugal speed

X1

Xz

XpX3

X1X3

X1X1

XaX2

X1X2

0 3 10 15 20
Standardized Effect

Figure 1. Pareto chart showing the order of significance of factors with
yield as the response variable; a = 0.05
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Surface plot analysis of DAM yield

Graphical representations of the regression model that was summarized in
Table 2 are depicted as surface plots (Figure 2A-C). Two independent variables
were continuously set in the plots, whereas the other variable was kept constant
at their respective centre of the test ranges. The constant variable was set as
zero level in terms of coded factors. Through these plots, the optimal combination
of the independent variables to maximize the response can be identified.

Hold Values
RCF 12000,5

Yield (%)

]
p 5
/ 10 Extraction time () 0
5 0
6

Extraction temperature (C) Extraction temperature (C)

(A) (B) ()

Figure 2. Surface plots of DAM yield as functions of extraction temperature, time,
and centrifugal speed. (A) The effects of extraction temperature, °C, (x1) and time
(x2) on the DAM vyield (Y) with centrifugal speed (x3) set at 12,000.5xg; (B) the
effects of extraction temperature, °C, (x1) and centrifugal speed (x3) on the yield
(Y) with extraction time (x2) set at 15 h; (C) the effects of extraction time (x2) and
centrifugal speed (x3) on the yield (Y) with extraction temperature (x1) set at 32°C.

The 3D response surface plot showing the combined effect of extraction
temperature (x1) and time (x2) on the yield of DAM at a constant centrifugal speed
of 12,000.5 xg is presented in Figure 2(A). As the extraction temperature and
time increased, the yield of DAM also increased and reached a maximum of
5.461% at an extraction temperature of 35.48°C and an extraction time of 13.36
h. However, after these threshold values, the yield of DAM decreased to 4.51% at
an extraction temperature of 50.96°C and an extraction time of 14.37 h.

The combined effect of extraction temperature (x1) and centrifugal speed (x3)
on the yield of DAM is shown in Figure 2(B) at an extraction time (x2) set at 15 h.
The yield of DAM increased from 0.05 - 5.43% by increasing extraction temperature
from 7.15 - 36.13°C and centrifugal speed from 2,621.93 - 12,089.5 xg.

At a set extraction temperature (x1) of 32°C, the effect of extraction time
(x2) and centrifugal speed (x3) on the yield of DAM is shown in Figure 2(C). At an
extraction time of 2.57 h and centrifugal speed of 2,806.56 xg, the yield of DAM
is meager, only 0.07%. However, by increasing extraction time and centrifugal
speed, the DAM yield increased significantly and reached a maximum of 5.40% at
extraction time 13.62 h and centrifugal speed 11,955.5 xg.

Model validation

Based on the model obtained from the distance-based optimality design,
experiments were performed with the optimal conditions set at 36.2°C, 13.3 h,
and 12,322xg to validate the predicted response. Figure 3(A) illustrates ethanol
separation of DAM in which DAM was located at the top layer and Figure 3(B)
shows the top view of the DAM during ethanol separation.
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(A) (B)

Figure 3. Ethanol separation of DAM in which DAM was located at the top
layer (A) and the top vies of the DAM during ethanol separation (B).

The result showed that the maximum extraction yield for DAM was 5.89 +
0.50 (%) (n=3), which closely agreed with the predicted response of the model,
i.e., 5.47%. The validation showed insignificant difference between the
experimental and predicted values. The DAM powder obtained from the optimal
conditions, i.e., 36.2°C, 13.3 h, and 12,322xg, were further analyzed in terms of
their structures and physicochemical properties as follows.

FTIR analysis

Figure 4 shows FTIR spectra of DAM powder with the main spectra observed
at 3307, 2925, 1640, 1366, 1150, 1078, 1019, 933, 848, and 760 cm™*.

Transmittance [%]

1018.85

3500 3000 2500 2000 1500 1000 500

Wavenumber (cml)

Figure 4. Fourier Transform infrared spectra of DAM powder, which shows
some dominant functional groups.

SEM
Figure 5 shows morphology of DAM powder taken with SEM at magnification

of 500x (A) and 3000x (B). The shape of DAM was irregular and rough with
different sizes (~11.87- 43.12 ym) and porosity.
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w (B)

Figure 5. Scanning electron micrographs of microstructures DAM powder
observed at magnification of (A) 500x and (B) 3000x.

Physicochemical properties

Whiteness index, pH, protein content, WHC, OHC, and EA of the DAM powder
are summarized in Table 3.

Table 3. Physicochemical properties of DAM powder.

Physicochemical Properties Values

Whiteness index 90.77 £ 0.02
pH 6.70 £ 0.01
Protein content (%) 0.37 £ 0.57
WHC (g water/g sample) 8.43 £ 0.32
OHC (g oil/g sample) 5.08 £ 0.13
EA (%) 35.61 = 0.45

DISCUSSION

The optimum condition of DAM mucilage was successfully predicted using
RSM-CCD followed by distance-based optimality design, which resulted in the
second-order polynomial regression model (Equation 6). There are individual
effects of each process variable, which are represented in the linear coefficients
(x1, x2, and x3), and the interactions between process variables, which are
represented in the interaction coefficients (xix2, x2x3, and x2x3). Equation (6)
shows that the linear and interaction coefficients are positive, while the quadratic
coefficients of x1 and x2 are negative. These mean that the higher DAM yield would
be obtained if the independent variables with positive coefficients are increased.
Nevertheless, the quadratic effects of the variables should also be considered
because they cause reduction of the yield. In addition, the effects of centrifugal
speed (x3) and the interaction between temperature (x1) and time (x2) to the DAM
yield are not significant as indicated by the asterisk sign. The ANOVA analysis of
the model and the experimental data showed R? of 99.59%, which means that
99.59% of the total variations in the results were attributed to the variables
investigated. The adj-R? was 97.72% that indicates high correlation between the
experimental and predicted values. The standard deviation (SD) value of 0.088
indicates that the distance between the data values and the predicted values is
small, which means the experimental response can be well-described by the
model.
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The surface plot depicted correlation between extraction temperature and
time (Figure 2(A)) show that the DAM vyield increased with the extraction
temperature up to 50°C and time up to 20 h, beyond which the yield decreased.
Decreasing the DAM yield with higher temperature than 50°C might be attributed
by starch gelatinization, which makes the mucilage adheres to the starch granules.
Gelatinization of D. opposita starch started to increase at 57.5°C and reached its
peak at 67.7°C (Li et al., 2015). Short extraction time and high extraction
temperature might be better to give desirable extraction yield (Luo, 2012).
Centrifugal speed as a linear term exhibited a poor effect (P > 0.05) on the yield,
but its interaction with extraction temperature had a significant synergistic effect
(P < 0.05) (Figure 2(B)). Based on these two independent variables, the predicted
maximum vyield of DAM would be achieved when the extraction temperature is
around 35°C and the centrifugal speed is around 6,000 ug. The surface plots
depicted the correlation between extraction time and centrifugal speed
(Figure 2(C)) show that the extraction time has a more positive effect on the DAM
yield than the centrifugal speed. The mutual interaction between the extraction
time and centrifugal speed would result in the maximum yield at around 15 h and
12,000 pg. Result of the model validation at the optimal conditions indicates that
designing the experiments using RSM-CCD, and further deriving a model of
optimization from the experimental results was proven to be an effective tool to
maximize the DAM yield with a smaller number of experiments rather than trying
all combinations of variables.

DAM powder, produced using the optimal conditions predicted by the model,
is a complex material because the FTIR spectra (Figure 4) consist of more than
five spectrum bands (Nandiyanto et al., 2019). The broad band at 3,307 cm™
indicates the existence of hydroxyl group in the form of -hydrogen-bonded
O-H stretch. Similar band was observed in konjac glucomannan with the band
located at 3,391.59 cm™ (Widjanarko et al., 2011). Bands in the range of 3,000 -
4,000 cm™ are usually related to -OH oscillations in water molecules (Nawrocka
et al., 2018). A small spectra is observed at 2,925 cm™, which represents CH
stretching, and it may arise from methyl units (Hui et al., 2019). The remarkable
feature of the DAM spectra is the presence of peaks correspond to the protein
bands, i.e., 1639.80 cm™, which can be assigned to C=0 stretch vibration and
1366.17 cm™, which can be assigned to asymmetric stretching of -COO- (Masum
et al., 2020), and indicative of the presence of carboxylic acid (Kusuma et al.,
2021). This is supported by another study that proteins are known to contribute
to FTIR spectra bands primarily found at 1,650 cm™ to 1,665 cm™, 1,550 cm,
and 1,310 cm™ to 1,200 cm™ (Mabwa et al., 2021). The peak band at 1640 cm!
is known as the protein amide groups (-CONH-) due to the carbonyl (C=C)
stretching vibration of the peptide groups, which may indicate the occurrence of
B-1, 4 linked glucose, and mannose of DAM. The glucose: mannose ratio of DAM
has been reported to be 1:41 (Fu et al., 2004). The FTIR spectra in the region of
1,700-600 cm! provides information about main polysaccharides that present in
complex polysaccharide mixtures, which mainly are dominated by C-O, C-C
stretching vibrations, ring structures, and deformation vibrations of the CH2 group
(Huang et al., 2011). The FTIR spectra of the DAM at 1,150, 1,078, and 1,019
cm! may be assigned to C-O-C stretching modes from ether groups in the
pyranose rings (Chua et al., 2012). In additions, the bands at 933 and 760 cm!
were also confirmed as pyranose forms (Ma et al., 2017a). The spectrum at
847.95 cm™ indicates the presence of B-1, 4 glucosidic and B-1, 4 mannosidic
linkages characteristic of DAM that is assigned to C-O-C stretching. A research
pointed out that a peak at 800 cm™ indicates the presence of mannose from
mucopolysaccharide of cassava roots (Charles et al., 2008), whereas mannose
and glucose units of konjac glucomannan were assigned to B pyranose form
(808.12 and 875.62 cm!) (Widjanarko et al., 2011). Furthermore, six bands are
observed in the region between 1200 and 800 cm™?, which is generally known as
the "fingerprint" area for carbohydrates (Behbahani et al., 2017). Overall, the FTIR
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results qualitatively suggest that DAM mainly containing polysaccharides as f-
pyranose forms of glucose and mannose.

DAM powder has irregular shape with rough surface (Figure 5), which might
be attributed by mechanical forces that broke the granular structures during the
extraction process. Nevertheless, the morphology of DAM powder was similar to
the morphology of konjac glucomannan (Yanuriati et al., 2017). The porosity of
DAM provides an opportunity for rapid diffusion of other small molecules into DAM
structures and forming gel. The porous surface might be attributed by the
presence of polysaccharide and protein, which was confirmed by the FTIR results.
However, starch granules might not be present in the DAM because the starch was
removed by ethanol precipitation during extraction (Andrade et al., 2020).

DAM powder was quite white, which indicated by the whiteness index of
90.77. The whiteness index found in this study is similar to the value reported for
purified konjac glucomannan, i.e., 91.34 (Yanuriati et al., 2017), but it is higher
than the value of commercial konjac glucomannan, i.e., 88.03 (Tatirat and
Charoenrein, 2011). Relatively white DAM granules may be attributed to the
dissolution of pigment in ethanol, which was then discarded during filtration, and
browning inactivation through steam blanching during extraction process of the
mucilage. Colour of DAM powder is an important parameter that will affect its
application in food products.

Dissolving DAM powder in bi-distilled water at 10% w/v resulted in a thick
suspension with pH of 6.7. This was higher than pH of the freeze-dried yam
mucilage, i.e., 6.30 (Tavares et al., 2011), and taro mucilage, i.e., 6.32 (Nagata
et al., 2015). This result may be favourable for further applications of DAM powder
in foods, which mostly require a neutral pH.

DAM powder had protein content of 0.37% w/w, which was similar to protein
content of D. opposita mucilage powder, i.e., 0.21% (Ma et al., 2017c), but it was
much lower than the protein content of taro mucilage, i.e., 3.18% (Nagata et al.,
2015). The protein content can be related to emulsifying capacity of DAM, which
has been reported for mucilage D. opposita mucilage (Ma et al., 2017a; Liu et al.,
2019) and D. rotundata mucilage (Lozano et al., 2020). This capacity would
involve ability of DAM to bind at oil-water interface. Therefore, WHC, OHC, and
then emulsifying activity of the DAM were measured.

The WHC of DAM powder was 8.43 g water/g sample, which was much higher
than that of mung bean mucilage powder (4.80 g water/g) (Song et al., 2019),
tamarind seed mucilage powder (0.18-1.07 g water/g) (Alpizar-Reyes et al.,
2017), and Rosa roxburghii Tratt fruit mucilage powder (0.25 g water/g) (Wang
et al., 2018). The WHC represents the amount of water held and absorbed by one
gram of dry polysaccharides. It is a sum of bound water, hydrodynamic water, and
physically trapped water. WHC can be used to predict stability, texture, sensory,
and rheology of many processed foods and interactions between components
(Ghribi et al., 2015; Bayar et al., 2016). Based on the results, WHC of different
mucilage powder varies, which may be attributed to different species,
concentrations, types, content of proteins and polysaccharides. Particle size and
density also affect WHC, with large particles but low density, meaning ample void
in the particle, would trap significant amount of water (Boulos et al., 2000). OHC
value of DAM powder was 5.08 g oil/g sample, which was much higher than
D. esculenta mucilage powder, i.e., 1.57 g oil/g sample (Herlina, 2015) and
D. opposita mucilage powder, i.e., 2.02 g oil/g sample (Lozano et al., 2018). The
difference in OHC between mucilage of Dioscorea sp. may be attributed to
chemical composition, ratio, and position of hydrophobic to hydrophilic groups
present in particles, pore size, and analysis methods. High OHC may allow
stabilization of high-fat food products and emulsions. Further, OHC plays an
important role to retain flavour and increase mouthfeel of food products.

Emulsifying activity (EA) of DAM powder was 35.61%, which was similar as
that of D. rotundata mucilage powder (33.07%) (Lozano et al., 2018) and taro
mucilage powder (34.85%) (Andrade et al., 2020). EA can also be defined as
emulsion stability because EA is calculated based on the ratio between the
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remaining emulsion layer and the water phase layer after 30 min. Looking at the
values, it seems that DAM, as well as other mucilages, poorly stabilized the
emulsions because phase separation took place within a short period of time.
D. rotundata mucilage was reported to give fat stability and retention of air
bubbles in ice cream, considering its low emulsion stability (Lozano et al., 2022).
Nevertheless, further study on physicochemical properties of DAM is necessary to
unlock and elucidate further potency of DAM in food applications.

CONCLUSION

The RSM-CCD, followed by distance-optimality design, is an effective tool for
the optimization of extraction conditions to get the highest yield of DAM from
D. alata tuber. A second-order quadratic model was obtained to predict the
extraction yield of DAM. The RSM-CCD exhibited a high value of R? (0.9959) and
a non-significant lack of fit. The optimal extraction conditions to obtain the
maximum DAM vyield of 5.89% were acquired at an extraction temperature of
36.2°C, extraction time of 13.3 h, and centrifugal speed of 12,322xg which is very
close to the experimental vyield, i.e., 11.25%, under the same extraction
conditions. The FTIR spectra showed that the DAM extracted under the optimum
conditions mainly contained polysaccharides with the presence of glucomannan
and protein, albeit with a low content, i.e., 0.37%. DAM powder seemed to be
superior for its WHC and OHC, but its emulsifying activity was low.
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	Dioscorea alata (D. alata) is a staple food in Southeast Asia and Africa.  (Garedew et al., 2017; Maneenoon et al., 2008) that contains a variety of nutritional and chemical ingredients, such as polysaccharides, proteins, polyphenols, flavonoids, sapo...
	Solvent extraction is commonly used to extract mucilage from Dioscorea sp. (Misaki et al., 1972; Fu et al., 2004; Hong-rui et al., 2010; Huang et al., 2020; Lozano et al., 2022), the solid sample is immersed in the solvent, and the extract is collecte...
	Many factors affect extraction process of D. alata mucilage (DAM) such as extraction time, temperature, water to tuber ratio, pH, salt concentration and centrifugation (Berk, 2018; Fortuna et al., 2020; Hong-rui et al., 2010; Zhang and Wang, 2017). Mi...
	Adopting the above-described studies for extracting mucilage from D. alata to obtain the optimum yield would make numerous combinations of experimental conditions to be tested, which are time-consuming and costly. Therefore, Response Surface Methodolo...
	RSM-CCD was used due to its high flexibility and minimizing the waste of resources. The CCD has the axial points (−α, α) as characteristic parameters. These points are beyond the minimum and maximum limits of the factors, guaranteeing the curvature of...
	Independent variables that were evaluated in this study were extraction temperature, extraction time and centrifugal speed of separation. We hypothesized that a model derived from RSM-CCD would be able to specify a relationship between the mucilage y...
	MATERIAL AND METHODS
	Materials
	D. alata with yellow tuber was planted in the Research Farms in IPB University, East Java, Indonesia, and the tubers were harvested approximately  12 months after planting, and the moisture content was 70.86% db. All chemicals used in this study i.e.,...
	Extraction of D. alata mucilage (DAM)
	Extraction procedure of DAM followed the methods of our previous study (Fortuna et al., 2020) with few adaptations for optimization. Yield of DAM was expressed as a ratio between weight of DAM powder (mDAM) to the weight of peeled tubers (mtp), as sho...
	𝐷𝐴𝑀 𝑦𝑖𝑒𝑙𝑑 ,%,𝑤-𝑤..=,,𝑚-𝐷𝐴𝑀. ,𝑔.-,𝑚-𝑡𝑝. ,𝑔..×100     (1)
	Figure 1. Pareto chart showing the order of significance of factors with yield as the response variable; α = 0.05
	Surface plot analysis of DAM yield
	Graphical representations of the regression model that was summarized in Table 2 are depicted as surface plots (Figure 2A-C). Two independent variables were continuously set in the plots, whereas the other variable was kept constant at their respectiv...
	(A)                                      (B)                                           (C)
	Figure 3. Ethanol separation of DAM in which DAM was located at the top layer (A) and the top vies of the DAM during ethanol separation (B).
	The result showed that the maximum extraction yield for DAM was 5.89 ± 0.50 (%) (n=3), which closely agreed with the predicted response of the model, i.e., 5.47%. The validation showed insignificant difference between the experimental and predicted va...
	FTIR analysis
	Figure 4 shows FTIR spectra of DAM powder with the main spectra observed at 3307, 2925, 1640, 1366, 1150, 1078, 1019, 933, 848, and 760 cm-1.
	Figure 4. Fourier Transform infrared spectra of DAM powder, which shows some dominant functional groups.
	SEM
	Figure 5 shows morphology of DAM powder taken with SEM at magnification of 500x (A) and 3000x (B). The shape of DAM was irregular and rough with different sizes (~11.87- 43.12 µm) and porosity.
	Figure 5. Scanning electron micrographs of microstructures DAM powder observed at magnification of (A) 500× and (B) 3000×.
	Physicochemical properties
	Whiteness index, pH, protein content, WHC, OHC, and EA of the DAM powder are summarized in Table 3.
	Table 3. Physicochemical properties of DAM powder.
	DISCUSSION
	The optimum condition of DAM mucilage was successfully predicted using RSM-CCD followed by distance-based optimality design, which resulted in the second-order polynomial regression model (Equation 6). There are individual effects of each process vari...
	The surface plot depicted correlation between extraction temperature and time (Figure 2(A)) show that the DAM yield increased with the extraction temperature up to 50 C and time up to 20 h, beyond which the yield decreased. Decreasing the DAM yield wi...
	DAM powder, produced using the optimal conditions predicted by the model, is a complex material because the FTIR spectra (Figure 4) consist of more than five spectrum bands (Nandiyanto et al., 2019). The broad band at 3,307 cm-1 indicates the existenc...
	DAM powder has irregular shape with rough surface (Figure 5), which might be attributed by mechanical forces that broke the granular structures during the extraction process. Nevertheless, the morphology of DAM powder was similar to the morphology of ...
	DAM powder was quite white, which indicated by the whiteness index of 90.77. The whiteness index found in this study is similar to the value reported for purified konjac glucomannan, i.e., 91.34 (Yanuriati et al., 2017), but it is higher than the valu...
	Dissolving DAM powder in bi-distilled water at 10% w/v resulted in a thick suspension with pH of 6.7. This was higher than pH of the freeze-dried yam mucilage, i.e., 6.30 (Tavares et al., 2011), and taro mucilage, i.e., 6.32 (Nagata et al., 2015). Thi...
	DAM powder had protein content of 0.37% w/w, which was similar to protein content of D. opposita mucilage powder, i.e., 0.21% (Ma et al., 2017c), but it was much lower than the protein content of taro mucilage, i.e., 3.18% (Nagata et al., 2015). The p...
	The WHC of DAM powder was 8.43 g water/g sample, which was much higher than that of mung bean mucilage powder (4.80 g water/g) (Song et al., 2019), tamarind seed mucilage powder (0.18-1.07 g water/g) (Alpizar-Reyes et al., 2017), and Rosa roxburghii T...
	Emulsifying activity (EA) of DAM powder was 35.61%, which was similar as that of D. rotundata mucilage powder (33.07%) (Lozano et al., 2018) and taro mucilage powder (34.85%) (Andrade et al., 2020). EA can also be defined as emulsion stability because...
	CONCLUSION
	The RSM-CCD, followed by distance-optimality design, is an effective tool for the optimization of extraction conditions to get the highest yield of DAM from  D. alata tuber. A second-order quadratic model was obtained to predict the extraction yield o...
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