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Abstract: Starch is widely applied in various industrial sectors, including the food industry. Starch is used
as a thickener, stabilizer, or emulsifier. However, arrowroot starch generally has weaknesses, such as unstable
under heating and acidic conditions, which are generally applied to processing in the food industry. Modifica-
tions were applied to improve the characteristics of native arrowroot starch. In this study, arrowroot starch was
modified by heat-moisture treatment (HMT), octenylsuccinylation (OSA), and dual modification between OSA
and HMT in a different sequence, namely HMT followed by OSA, and OSA followed by HMT. This study aims
to determine the effect of different modification methods on the physicochemical and functional properties of
native arrowroot starch. The result shows that both single HMT and dual modification caused damage to native
starch granules, such as the formation of cracks and roughness. Especially for single OSA treatment, there is no
significant change in granule morphology after modification. All modification treatments did not change the
crystalline type of starch but reduced the RC of native starch. Both single HMT and dual modifications (HMT-
OSA, OSA-HMT) increased pasting temperature and setback, conversely decreasing the peak and breakdown
viscosity of native starch. Whereas, single OSA has the opposite trend compared with the other modifications.
HMT played a greater role in increasing the thermal stability and retrogradation ability of arrowroot starch. Both
single modifications (HMT and OSA) increase the hardness and gumminess of native starch, conversely for dual
modifications. HMT has a greater effect on color characteristics, where decreased the lightness and whiteness
index of native arrowroot starch. Single OSA modification increased swelling volume higher than dual modifi-
cation. Both single HMT and dual modifications increase water absorption capacity and decrease the oil absorp-
tion capacity of native arrowroot starch.

Keywords: arrowroot starch; heat-moisture treatment; octenylsuccinilation; dual-modification;
physicochemical properties; functional properties

1. Introduction

Arrowroot (Maranta arundinacea L.) is a tuber plant with a rhizome root elongated like an arrow.
Arrowroot tubers have been considered inferior commodities and have not been utilized optimally.
Arrowroot tuber is one of the commodity sources of carbohydrates which can be processed into starch
or flour. Starch can be used as a food thickener, stabilizer, and emulsifier [1]. Starches commonly
found in the market are corn starch (maize) and cassava starch (tapioca), even though many other
starch sources have the potential to be developed, one of which is arrowroot starch.

Native arrowroot starch has several limitations, such as low thermal stability and susceptibility
to acidic conditions, which are generally used in processing in the food industry [2]. To improve the
characteristic of native arrowroot starch, modifications were applied. A modification method that
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can be used to enhance thermal stability is the heat-moisture treatment (HMT) method [3, 4]. How-
ever, several studies have shown that HMT increases starch syneresis [5, 6]. Dual modification tech-
nology is an alternative to overcome the weakness of HMT starch by combining HMT modification
treatment with other modification treatments, for example, chemical modification. This study com-
bined both modified treatments using heat-moisture treatment and octenylsuccinilation using oc-
tenyl-succinic anhydride (OSA). Modification of OSA has advantages because it can increase the hy-
drophobicity of starch [7, 8]. OSA starch can be applied as an emulsifier or used as a fat replacer in
high-fat products resulting in decreased fat products [8-10].

Information regarding the modification of arrowroot starch modified by two methods, HMT
and OSA is still limited. This current study aimed to determine the physicochemical and pasting
properties of native and modified starches, both single and dual modifications using HMT and OSA
in the reverse sequence. HMT and OSA-modified starch is expected to be an ingredient in the manu-
facture of a functional food because each single modification treatment has advantages from a health
perspective, namely HMT-modified starch has highly slowly digestible starch making it suitable for
diabetics [11], while single OSA modification can produce starch which can replace the role of fat, to
produce low-fat products [8].

2. Materials and Methods

2.1. Materials

The raw material used in this research is arrowroot tubers (Maranta arundinacea L.) cultivated in
Pangandaran, West Java, Indonesia. All chemicals used for the modification process were 2-octen-1-
ylsuccinic anhydride (OSA) (Sigma-Aldrich, USA), hydrochloric acid, sodium hydroxide, ethanol
95%, acetic acid, isopropanol, AgNOs, and phenolphthalein, with specification analytical grade.

2.2. Arrowroot Starch Isolation

Arrowroot starch isolation method was followed according to Marta, et al. [11] with a slight
modification. The tubers were peeled and cut into small pieces, then soaked in water with a tuber/wa-
ter ratio of 1:5. The tubers were crushed to form a pulp using a blender (Sharp EM-121-BK, Japan) for
2 minutes. The resulting slurry is squeezed using a muslin cloth. The slurry was allowed to precipi-
tate for 18 hours. Then decanted until the grey layer was removed with a spatula, and the starch was
washed and re-precipitated by centrifugation (SL 16 Centrifuge, Thermo Scientific, USA) at 5000 rpm
for 2-3 minutes. This process was repeated 3-4 times until the starch was completely clean, indicated
by the absence of a grey layer. Then starch was dried in a drying oven at 50 °C for 24 hours. The dry
starch was then ground and sieved with a 100-mesh sieve.

2.3. Heat-Moisture Treated (HMT) Starch Preparation

Preparation of HMT-starch refers to Marta, et al. [12]. The moisture content of arrowroot starch
was adjusted to 30% (+2%) by adding distilled water. Then it was equilibrated at 4 °C for 24 hours in
the refrigerator. The starch was transferred to a tightly closed Teflon and heated at 100 °C for 8 hours.
The modified starch was dried in a drying oven at 50 °C for 24 hours, and then was ground and sieved
(sieve no. 100 mesh).

2.4 Octenylsuccinilated (OSA) Starch Preparation

Preparation of OSA-starch refers to Marta, et al. [13] with a slight modification. Starch was dis-
solved in distilled water to form a starch suspension of 30% (w/w). The pH of the starch suspension
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was adjusted to pH 8 using 1 M NaOH. When the pH was reached, 3% OSA (w/w) was added, and
OSA was carried out slowly. The suspension was stirred for 3 hours. During the modification process,
the pH of the suspension was adjusted and maintained in the range of 8.0-8.5 using 1 M NaOH and
1 M HCI. After the reaction, the starch suspension was neutralized to pH 6.5 using 1 M HCI. Starch
was centrifuged at 5000 rpm for 2-3 minutes. The precipitated starch was washed using distilled wa-
ter and then centrifuged again, and this process was repeated 2-3 times. Then the starch was dried in
a drying oven at 50 °C for 24 hours. The dried modified starch was ground and sieved (No. 100 mesh
sieve).

2.5. Dual Modification by HMT followed by OSA (HMT-OSA)

The native starch of arrowroot was modified by HMT, as mentioned in section 2.3 then followed
by OSA modification, as mentioned in section 2.4, and the obtained starch was named HMT-OSA
starch.

2.6. Dual Modification by OSA followed by HMT (OSA-HMT)

The native starch of arrowroot was modified by OSA, as mentioned in section 2.4, then followed
by HMT modification, as mentioned in section 2.3, and the obtained starch was named OSA-HMT
starch.

2.7. Granule Morphology Observation using Scanning Electron Microscopy (SEM)

Granular morphology was determined using scanning electron microscopy (SEM), a JEOL JSM-
6360 LA at 15 kV. Mounted starch samples were coated with gold/palladium at 8-10 mA for 10-15
min under low pressure (less than 10 tors). Representative digital images of native and modified starch
granules were obtained at 5000 and 10000 magnifications.

2.8. Starch Crystallinity using X-Ray Diffractometer (XRD)

The crystallinity of native and modified arrowroot starch was measured using PAN Analytical
X'Pert PRO series PW3040/x0 (X-ray diffraction) that operated using Cu-K alpha radiation with a
wavelength of 1.540 nm as an X-ray source at 30 mA and 40 kV. The diffraction angle (20) scanning
was from 3.0° to 50.0° with a scanning rate time of 2.9 s. Crystallinity was calculated using OriginLab
Program.

2.9. Thermal Properties Determination using Differential Scanning Calorimetry (DSC)

Thermal properties of starch were measured using differential scanning calorimetry (DSC-Q100,
TA Instruments). The parameters observed were To (onset temperature), Tp (peak temperature), Te
(conclusion temperature), and AH (enthalpy of gelatinization). Starch was made into a slurry, with
the ratio of water and starch being 3:1. The slurry was then hermetically sealed using a DuPont en-
capsulation press before weighing. Then the sample was heated at a rate of 5 °C/min from 20 to 100
°C.

2.10. Pasting Properties Determination using Rapid Visco Analyzer (RVA)

The pasting properties of arrowroot starch were determined using a Rapid Visco Analyzer (RVA
StarchMaster 2, Parten Instruments). 3 g of starch samples were added with 25 mL of distilled water
in the RVA canister tube and stirred in an RVA canister at 960 rpm for 10 seconds. RVA was set with
a temperature profile, initially held at 50 °C for 1 minute, the heating from 50 to 95 °C for 3.7 minutes,
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the temperature was held at 95 °C for 2.5 minutes, then cooling to 50 °C in 3.8 minutes and kept at 50
°C for 2 minutes. The gel was then maintained at 50 °C for 2 minutes with constant paddle rotational
speed (160 rpm) used throughout the analysis, and the total analysis time was 12 minutes. The pasting
properties included the following parameters: pasting temperature (PT), peak viscosity (PV), hold
viscosity (HV), final viscosity (FV), breakdown (BD), and setback (SB).

2.11. Texture Profile Analysis Evaluation using Texture Analyzer (TA)

Texture properties of RVA gels were evaluated on a Texture Analyzer TA-XT express enhanced
(Stable Micro System, Surrey, UK) and exponent lite express software for data collection and calcu-
lation. The gelatinized starch in the canister after the RVA measurement was poured into cylindrical
plastic tubes (20 mm diameter, 40 mm deep) and then kept at 4 °C for 24 hours to form a solid gel.
Each gel sample in the tube was penetrated with a cylindrical probe (P36/R) at a speed of 5 mm/s to
a distance of 10 mm for two penetration cycles. The texture profile curves were used to calculate
hardness, adhesiveness, springiness, cohesiveness, and gumminess.

2.12. Functional Properties

Swelling volume and solubility in arrowroot starch were measured refers to Marta, et al. [13]. The
sample's 0.35 g (d.b) was mixed with 10 mL distilled water and put into a centrifuge tube. Then it
was mixed using a vortex mixer for 20 seconds. Then the sample was heated in a water bath for 30
minutes at a temperature of 92.5 °C and stirred regularly. The sample was cooled for 1 minute in ice
water and centrifuged at 3500 rpm for 15 minutes, then, the supernatant was separated, and the vol-
ume was measured. Swelling volume was calculated using the equation:

total volume-supernatant volume

Swelling volume (ml/g) = wreight of sample (4b)

After being separated, the supernatant was dried in a drying oven for 24 hours. Solubility was calcu-
lated using the equation:

weight of dried supernatant

o o/ _
SOIUblhty ( A)) - weight of sample (d.b)

Water absorption capacity (WAC) and oil absorption capacity (OAC) were measured using the
method Marta, et al. [13]. One gram (d.b) of the starch sample was added with 10 mL of distilled
water or oil into a centrifuge tube, then mixed using a vortex for 20 seconds. Samples were stored at
room temperature for 1 hour and then centrifuged at 3500 rpm for 30 minutes. The volume of the
supernatant (water or oil) was measured and separated. WAC and OAC are calculated using the
following equation:

volume of water absorbed

WAC (g/g) N weight sample (d.b)

volume of oil absorbed

OAC (8/8) = ~ gt sample (@)

Freeze-thaw stability or syneresis was determined by a previous method [12] with a slight modi-
fication. An aqueous starch suspension (5%) was prepared and heated at 95 °C for 30 minutes with
constant light stirring, then cooled to room temperature in an ice water bath. Then 20 g aliquots of
the paste were taken and put into a centrifuge tube, and then a freeze-thaw cycle was carried out
with storage at 4 °C for 24 hours, then frozen at -15 °C for 48 hours and thawed at 25 °C for 3 hours.
Then the samples were centrifuged at 3500 rpm for 15 minutes. After centrifugation, the supernatant
removed from the gel was weighed, and the syneresis was calculated using the following equation:

Syneresis (%) = S PUNCANAL 4000 i (Eq. 5)

w starch paste
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2.13. Color analysis using CM-5 Spectrophotometer

The starch color was measured using a CM-5 Spectrophotometer (Konica Minolta Co., Osaka,
Japan) with Spectra Magic Software. The samples were placed in a glass cell and above the light
source. After that, measurements were taken at room temperature. The parameters measured were
CIE-lab, namely the L*, a* and b* values in each sample. L* value indicates the lightness (white-
ness/darkness), representing dark (0) to light (100); a* value indicates the degree of red-green color
((+) redness/(-) greenness); and b* value indicates the degree of the yellow-blue color ((+) yellow-
ness/(-) blueness). The following equation was used to calculate the total color differences between
starch samples [14]:

AE = \/ (L-L) (@052 (b7ba) oo (Eq. 6)

L*, a* b* were parameters for modified starch and L3, a,, b;, were parameters for native starch.

The values for whiteness were determined using the following equation [15]:

Whiteness Index = 100- \/ (100 -L*)2+ a2+b? (Eq.7)

2.14. Statistical Analysis

Data are presented as the mean + SD of triplicate experiments. All data were analyzed by one-
way analysis of variance (ANOVA) with a further Duncan test to compare the sample mean at a
significance level of 5% (p < 0.05). All data were analyzed using Statistical Software Program (IBM
SPSS Statistics version 25).

3. Results
3.1. Granule Morphology

The Granule morphology of native and modified arrowroot starches is presented in Figure 1.
The granules of arrowroot starch are spherical, and ellipsoid to oval-shaped. There was no damage
on the surface of starch granules after OSA. In HMT-modified starch, both single and dual modifica-
tions (HMT, HMT-OSA, and OSA-HMT), the damage occurred on the surface of the granules, where
the surface became rougher due to the formation of fine cracks.

do0i:10.20944/preprints202306.0939.v1
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Figure 1. Granule morphology of native and modified arrowroot starches.

3.2. Starch Crystallinity

Native arrowroot starch has an A-type crystalline pattern which was indicated by several dif-
fraction peaks at 15°, 17°, 18°, 23°, and 26° 20 (Figure 2). All modification treatments did not alter the
crystallinity pattern whereas change the relative crystallinity (RC) of native arrowroot starch. All
modified starches have a lower relative crystallinity than native starch. In HMT-modified starch, both
single and dual modifications (HMT, HMT-OSA, and OSA-HMT) have a greater effect on RC than
single OSA modification.

% RC OSA-HMT
26.94 %
HMT-0SA
2488 % HMT
28.26 % 0SA
Native

30.25 %

30.96 %

0 5 10 15 20 25 30 35 40
Difraction Angle (26)

Figure 2. X-Ray diffractograms of native and modified arrowroot starches

3.3. Thermal Properties

DSC is used for thermal analysis to determine the transition of starch crystallinity caused by
heating. The native of starch gelatinization is determined by the following parameters: (1) To or tem-
perature onset, which is the temperature at which gelatinization begins, also defined as the melting
temperature of the weakest crystals in starch granules; (2) Tp or peak temperature which represents
the endothermic peak on the DSC thermogram; (3) Tc or conclusion temperature is the final
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temperature at which the sample is wholly gelatinized or crystalline melting temperature (high-per-
fection crystalline); and (4) AH or enthalpy (J/g) calculated based on the DSC endotherm, expressing
the energy required to break the double helix structure during starch gelatinization [12, 16].

The thermal properties of native and modified arrowroot starches are presented in Table 1. All
modified starch has a lower To and T than native, except for OSA-HMT starch. The temperature
range (TeTo) of modified starches increased whereas enthalpy decreased after modification from
45.83 °C to 47.80 - 67.50 °C and 528.54 (J/g) to 67.11 — 198.33 (J/g), respectively.

Table 1. Thermal properties of native and modified arrowroot starches

Treatment To (°C) Tp (°O) T (°C) Tc-To (°C) AH (J/g)
Native 28.88 +12.71 62.44 +2.41 7471 £12.21 45.83 +£24.93 528.54 +357.21
OSA 20.05+0.16 56.85 +12.35 87.44 +3.01 67.40 £2.85 198.33 +161.82
HMT 22.61+3.40 45.58 +0.21 73.38 £0.06 50.78 £ 3.34 82.86 + 69.03
HMT-OSA 23.46 +0.65 49.25+2.42 78.85+1.74 55.39 +1.09 67.11 £ 20.81
OSA-HMT 33.12 +4.30 66.27 £ 6.70 80.92 +4.78 47.80 +9.08 165.64 + 94.94

3.4. Pasting Properties

The viscoamylograph and pasting properties parameters of native and modified arrowroot
starches are presented in Figure 3 and Table 2, respectively. Both single HMT and dual modifications
(HMT-OSA, OSA-HMT) increased PT and SB of native, conversely, decreased PV and BD viscosity
of native starch. Whereas, single OSA has the opposite trend compared with the other modification

treatments.
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Figure 3. Viscoamylograph of native and modified arrowroot starches
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Table 2. Pasting properties of native and modified arrowroot starches.

Pasting Peak Hold Final
. . . ) . ] Break- Setback
Treatment Tempera- Viscosity Viscosity Viscosity down (cP) (P)
ture (°C) (cP) (cP) (cP)
Native 2119 + 3087 + 2738 +
a d a
75.74 +0.26 4857 + 42 .52 37 58be 41,15 7 004 967 +15.50
OSA 3033 + 3956 + 3060 + 923 +
73.02£008  6094£6086° ., oo 167.62¢ 216.75¢ 316.740
HMT 1486 + 2860 +
c a a b
86.91 + 0.42 1604 + 57.50 60.000 61.49 118 +3.61 1373 £ 9.50
HMT-OSA 86.78 + 0.46¢ 3111 + 2261 + 4081 + 850 + 1787 +
263.28¢ 79.00¢ 221.72¢ 188.80¢ 122.11¢
OSA-HMT 2063 + 3621 + 1557 +
b b b
83.21 +4.03> 2544 + 63.58 9900 242 315 481 + 35.59 166.08b¢

Means marked with different letters are significantly different (p <0.05). OSA = octenyl-succinic anhydride treat-
ment, HMT = heat-moisture treatment, HMT-OSA = HMT followed by OSA treatment, OSA-HMT = OSA fol-
lowed by HMT treatment.

3.5. Texture Properties

Texture properties parameters of native and modified arrowroot starches are presented in Table
3. Both single modifications, OSA and HMT alone, increased the gel hardness of native arrowroot
starch, conversely affect on the dual modifications. All modified starches have higher adhesiveness
and lower springiness and cohesiveness than native starch. Both dual modifications, HMT-OSA and
OSA-HMT, decreased the gumminess of native arrowroot starch from 208.95 to 29.21 — 59.60.

Table 3. Texture profile of native and modified arrowroot starches

Adhesive-

Treatment  Hardness (gF) ness Springiness = Cohesiveness =~ Gumminess
Native 24451 +36.93> -3.10+2.74¢ 1.58 £1.022 0.86 + 0.02¢ 208.95 +27.82b
OSA 485.03 +35.65¢  -34.20 +0.85P 0.90 +0.012 0.76 £0.01>  368.29 +21.104
HMT 406.78 + 36.95¢ -47.50 + 0.90 £ 0.042 0.68 £ 0.052 274.39 +21.43¢

24710
HMT-OSA 43.68 +5.892  -54.14 + 6.61° 0.83 +0.002 0.60 + 0.022 29.21 + 3.492
OSA-HMT 76.95 + 14.882 -103.14 + 0.86 + 0.022 0.64 + 0.062 59.59 +10.382
6.122

Means marked with different letters are significantly different (p <0.05). OSA = octenyl-succinic anhydride treat-
ment, HMT = heat-moisture treatment, HMT-OSA = HMT followed by OSA treatment, OSA-HMT = OSA fol-
lowed by HMT treatment.

3.6. Functional Properties

OSA modification, both single OSA and dual HMT-OSA significantly increased SV of native
starch, but conversely trend for OSA-HMT. All modified starch has lower solubility and higher syn-
eresis than native starch. HMT starch, both single HMT and dual modifications (HMT-OSA, OSA-
HMT) increased water absorption capacity (WAC) and decrease oil absorption capacity (OAC) of
native starch. All modification treatments increased the syneresis of native starch.
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WAC describes the amount of water available for gelatinization [12]. WAC of native and modi-
fied arrowroot starches ranges from 0.83 — 1.60 g/g (d.b). The WAC of native arrowroot starch is 1.13
g/g db, which is smaller than the previous study, 1.81 g/g db [17]. OAC shows the ability of starch to
absorb oil, and this is an indication of the emulsifying potential of starch [18]. The OAC of native and
modified arrowroot starches ranges from 2.15 — 2.33 g/g db. All modification methods, except for
OSA decreased the OAC of native starch from 2.33 g/g db to 2.15-2.21 g/g db.

Table 4. Functional properties of native and modified arrowroot starches

Swelling Vol- Solubilit WAC ( Syneresis
Treatment ume (ml%g db) %) y db)g/g OAC (g/g db) y (%)
Native 16.27 +0.12¢ 9.33 +0.14¢ 1.13 +£0.20° 2.33 +0.03b 7.02 +0.062
OSA 25.84 + 0.56¢ 9.13+0.21° 0.83 +0.102 2.31 £ 0.07° 18.71 + 0.96P
HMT 11.46 + 0.54= 8.92 +0.14 1.35 £ 0.05¢ 2.15+0.12 38.76 £ 0.49¢
HMT-OSA 17.66 +0.174 9.08 + 0.09> 1.41 £ 0.07¢ 2.21 +0.092 59.06 + 2.274
OSA-HMT 14.31 + 0.34b 8.90 £ 0.04a 1.60 + 0.064 2.20 £0.04 65.80 + 3.54¢

Means marked with different letters are significantly different (p <0.05). OSA = octenyl-succinic anhydride treat-
ment, HMT = heat-moisture treatment, HMT-OSA = HMT followed by OSA treatment, OSA-HMT = OSA fol-
lowed by HMT treatment.

3.7. Color Characteristics

The color parameters of native and modified arrowroot starches are presented in Table 5. HMT
modification, both single HMT and dual modifications (HMT-OSA and OSA-HMT) significantly de-
creased the L* value of native arrowroot starch. Single OSA did not alter a* value, whereas HMT
modification both single and dual give a different effect on a* value of native arrowroot starch. Native
and OSA-modified arrowroot starches have a negative value of a* which indicated the color tends to
greenness, whereas all HMT modifications have a positive value of a* which was indicated the color
tends to redness.

Table 5. Color’s parameter of native and modified arrowroot starches

Treatment L* a* b* Whiteness Index AE
Native 96.26 +0.03¢ -0.25+0.01= 3.18 £ 0.03¢ 95.09 + 0.014 -
OSA 96.39 £0.19¢ -0.29+0.01= 2.13.+0.102 95.80 +0.11¢ 1.08 £0.11
HMT 9496 +0.12a  0.09 +0.00> 4.07 +0.01¢ 93.52 +0.092 1.61 +0.09
HMT-OSA 9544 +0.24> 0.05+0.03> 3.07 +0.23bc 94.51 + 0.33b 0.92+0.13
OSA-HMT 95.80+0.09¢ 0.07 +£0.07> 2.97 +0.25b 94.86 + (0.22¢ 0.64 +0.09

Means marked with different letters are significantly different (p <0.05). OSA = octenyl-succinic anhydride treat-
ment, HMT = heat-moisture treatment, HMT-OSA = HMT followed by OSA treatment, OSA-HMT = OSA fol-
lowed by HMT treatment.
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Figure 3. The color of arrowroot starch (a) native, (b) OSA, (c) HMT, (d) HMT-OSA, and (e) OSA-HMT. The
color image was captured from Spectrophotometer CM-5.

4. Discussion

4.1. Granule morphology

Native arrowroot starch has a round, oval shape with a granular surface that is slightly textured
without cracks. The morphology of OSA starch granules did not show significant changes compared
to native starch granules. Whereas, the HMT caused damage to the starch granules, where cracks
formed, and the surface of the granules became rougher. This was due to the thermal strength, which
changes the morphology of arrowroot starch [11]. Both dual-modified starch granules (OSA-HMT
and HMT-OSA) showed similar surface characteristics to HMT starch. The surface of the granules
becomes rougher, and there were indentations. This indicated that thermal treatment significantly
dominates the alteration of granule morphology of dual-modified arrowroot starch.

4.2, Crystallinity

X-Ray Diffraction (XRD) is the method for assessing and quantifying long-range crystalline or-
der in starch [19]. Figure 2 shows that native and modified starches have a similar crystallinity pattern
that was an A-type crystalline pattern as indicated by several diffraction peaks at 20 15°, 17°, 18°, 23°,
and 26° [20], which indicated that all modification treatment did not significantly affect the crystalline
type of native arrowroot starch. Several studies have reported that native arrowroot starch has an A-
type crystalline pattern [1, 21]. However, this result was not in agreement with another study by
Nogueira, et al. [22] which reported that arrowroot starch has a C-type crystalline pattern, indicating
a mixture of polymorphs type A and B. The HMT showed no change in the crystalline pattern, similar
to the study of Marta, et al. [11] on banana starch and a similar trend on OSA-sago starch [13].

Relative crystallinity (RC) was calculated based on the ratio of the diffraction peak area (crystal-
line area) to the total diffraction area [23]. All modification treatments decreased the RC of native
starch. Arrowroot native starch has an RC of 30.96%, which was in range with the other studies that
of 52,84% [24] and 28,8-30,2% [25]. Several studies have reported that HMT decreased the RC, such
as in sago starch [13]; banana starch [11] [13]; mango kernel starch [26]; breadfruit starch [6]; rice,
cassava, and pinhao starches [27]. Decreased RC in hydrothermally modified starches, both single
HMT and dual modifications (HMT, HMT-OSA, and OSA-HMT) can be associated with changes in
the crystalline phase (amylopectin) of starch, where dehydration and double helix movements can
disrupt starch crystallinities and change crystal orientation of the semi-crystalline fraction to the
amorphous phase [28-30] or possibly partial gelatinization [4, 31]. The RC of OSA starches, both sin-
gle and dual modified starches (OSA, OSA-HMT, and HMT-OSA) was smaller than its native starch,
which was in line with some previous studies [13, 32, 33]. These results indicated that OSA esterifi-
cation occurs in the amorphous region of starch granules and slightly changes the starch crystal struc-
ture.
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4.3. Thermal Properties

Esterification using OSA on arrowroot starch causes a decrease in To, Tp, and AH compared to
native starch which was in agreement with some previous studies [34, 35]. The decrease in tempera-
ture and gelatinization enthalpy was caused by the disruption of the crystal structure of the starch
granules because OSA molecules tend to weaken the interactions between starch macromolecules,
which allows the granules to swell and melt at lower temperatures [7]. The decrease in To, Tp, Tc, and
AH values in HMT starch might be due to the weak interactions between amylose-amylose, amylose-
amylopectin, and amylose-lipid, which caused imperfect crystal formation. Some previous studies
reported that HMT-modified starch showed higher gelatinization parameters (To, Tp, Tc) than native
starch [12, 28, 36, 37]. Dual HMT-OSA starch tends to have thermal profile characteristics that are
almost similar to single modified both OSA and HMT starches, but OSA-HMT starch gives an entirely
different thermal profile than other modified starches, where there is an increase in To, Tp, and Te.

4.4. Pasting Properties

The increase in PT and decrease PV on HMT starch, both single HMT and dual modifications
(HMT-OSA and OSA-HMT) could be due to the partial breakage of the ordered chain structure and
the rearranging of the broken molecules, facilitated by the high temperature (100 °C) and limited
moisture content (30%) during HMT. As a result, the forces of the intra-granular bonds would be
augmented, and the linkages between starch chains would be strengthened. The HMT-treated starch
samples needed greater heat for structural breakdown and paste production, resulting in a lower
paste viscosity. On the other hand, an increase in PV was observed in single OSA-treated starch.
According to Bajaj, et al. [8], substituting bulky octenyl groups could decrease the inter and intramo-
lecular bond between starch granules, resulting in limited incorporation of water into starch mole-
cules. When OSA groups are substituted, the starch granule is destroyed, which enhances swelling
and raises PV. The hydrophobic properties of OSA also increased the viscosity of starch. This char-
acteristic was discovered advantageous for making mayonnaise with improved emulsion stability
[8].

The significant difference in PV between HMT-OSA and OSA-HMT-treated starch is because
HMT facilitated this OSA particle to attack more -OH group in starch. According to Park, et al. [38],
HMT before cross-linking could increase the phosphate content of the starch, showing that the HMT
facilitates the incorporation of the cross-linking agent to react more with starch granules. This similar
occurred in the octenyl group as well. The OSA modification increased the BD which was in line with
some previous studies [8, 39], whereas the other modifications significantly decreased the BD of the
native starches. The lower BD indicated the higher thermal stability of starch. All HMT modifications,
both single and dual modifications have a higher SB than native and single OSA starch, which indi-
cated that HMT increases the ability of starch to retrograde.

4.5. Texture Properties

Texture parameters in starch have an important role because starch is a texturizer agent such as
a thickening and gelling agent. TPA (texture profile analysis) is used to observe texture parameters
such as hardness, adhesiveness, springiness, cohesiveness, and gumminess [40]. Gel hardness or
hardness is related to the strength of the gel network, and changes in hardness are related to the effect
of swelling granules and amylose content [40, 41], hardness increases with increasing amylose con-
tent. The gel network structure depends on the quantity and intensity of hydrogen bonds formed
between the amylose chains [42]. The increased hardness of both single HMT and OSA starch com-
pared to native starch is thought to be related to the starch's ability to swell because decreased swell-
ing makes the granules stiffer. Furthermore, reduced amylose leaching also reduces the amount of
water in the gel network. Therefore the gel structure will be more compact, and the hardness will
increase [40]. The hardness of dual-modified starch (OSA-HMT and HMT-OSA starch) decreased
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very sharply compared to native starch and single-modified starch. The adhesiveness of native starch
was higher than all modified starch, which was in line with the other studies [43, 44]. All modification
treatments did not significantly affect the springiness of starch gel, whereas decreased the cohesive-
ness which might be due to the degradation of starch molecules, resulting in a weaker starch network
structure. Gumminess is the elasticity of a semi-solid product, and this parameter depends on the
level of hardness and cohesiveness of the product [45]. Dual-modified starches tend to have low
value, especially HMT-OSA starches. The low level of elasticity in this dual-modified starch is influ-
enced by its low hardness and small cohesive strength compared to single-modified starch (OSA and
HMT).

4.6. Functional Properties

Swelling volume (SV) measures the hydration capacity of starch molecules due to the presence
of water trapped in granules [46]. SV is related to amylose leaching or the solubility of starch [47].
Due to the solubility is the result of leaching out of amylose, which dissociates and diffuses out of the
starch granules during the gelatinization process, which causes swelling in the starch [10].

The SV of HMT starch decreased when compared to native, which was in line with other studies
[2, 12, 48]. Furthermore, the decrease might be due to the rearrangement of starch molecules, in-
creased intramolecular forces [48], and amylose-amylose, amylopectin-amylose, amylopectin-amylo-
pectin interactions which become stronger where the starch granules become more rigid [11]. Among
other modified starches, OSA starch has the highest SV. Furthermore, Park, et al. [47] reported that
the SV of OSA arrowroot starch was significantly higher than its native starch. This increase in swell-
ing strength is associated with an increase in the ability of water to percolate into starch granules [49].
HMT-OSA-modified starch had a higher SV than OSA-HMT starch. It was presumed that the HMT
process resulted in cracks and porous starch granules. When the OSA treatment was applied, the
presence of succinate groups could weaken the internal bonds in the starch granules and increase the
percolation of water so that the SV of HMT-OSA starch became higher [49, 50].

All modified starches have lower solubility than native starch, which was caused by amylose
leaching during the starch gelatinization process. Amylose is in the crystalline region and relatively
small in size and linear shape, making it easier to leach out from the starch granules [25]. However,
another study [24] has reported that HMT on corn starch increased its solubility which was influ-
enced by the treatment time; the longer the treatment time, the more solubility [2].

Among the modified starches, OSA-starch has the lowest WAC (0.83 g/g d.b). The reduced WAC
on OSA starch was due to the presence of a hydrophobic substituent group from OSA that replaces
the hydroxyl group on starch granules which causes an increase in the hydrophobicity of starch [51].
Whereas HMT starch increased WAC (1.35 g/g db), which was in agreement with some previous
studies [47, 52]. The increased WAC of HMT-starch was caused by the breaking of hydrogen bonds
in the crystalline and amorphous regions resulting in the expansion of the amorphous areas, which
increased the hydrophilic properties of starch [18, 53]. The presence of pores on the surface of starch
granules can also increase WAC because it will be easier for water to diffuse into the granules [12].
The increased WAC in dual-modified starch (HMT-OSA and OSA-HMT) was significantly influ-
enced by the second modification treatment applied because HMT-OSA starch showed a lower WAC
than OSA-HMT starch. OSA treatment after HMT was suspected to reduce starch hydrophilicity and
increase its hydrophobicity due to the presence of OSA groups so decreased WAC.

The esterification process with OSA increased starch's hydrophobicity, thereby increasing the
OAC [7]. On the other hand, the OAC is related to the degree of substitution (DS), where the absorp-
tion capacity of oil increases with the degree of substitution of OSA [54].

Freeze-thaw stability was determined as syneresis (%). Syneresis releases water from gel or
starch paste during cooling, storage, and freeze-thawing [55]. High syneresis indicates low stability
at low-temperature storage [12]. Native arrowroot starch has the lowest syneresis among other
starches, which was in agreement with some previous studies on arrowroot starch [56, 57]. All mod-
ification applied in this study tends to increase syneresis. However, when compared among modified
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starches, OSA starch has higher stability, which indicated that OSA starch is more stable at low-tem-
perature storage conditions. A previous study reported that the modification of starch into succinate
derivatives (OSA starch) can improve the freeze-thaw stability (FTS) of corn and amaranth starch
[46]. This is associated with a steric effect on the OSA group, which can prevent starch chain align-
ment when stored at low temperatures [7], whereas in this study OSA modification can not improve
FTS of native arrowroot starch. Increased syneresis in HMT starch might be due to the resulting ran-
dom interactions reducing the water-holding capacity of the starch gel [58]. The intensity of syneresis
depends on various factors, such as the composition of the amylose fraction, the length of the amylo-
pectin chains, and the degree of polymerization of amylose and amylopectin [53].

4.7. Color Analysis

Color is a characteristic that has an important role in determining the quality and level of con-
sumer acceptance in selecting a product. In flour or starch products, consumers generally prefer prod-
ucts that are white or bright in color. Color testing of products, mainly arrowroot starch, can be car-
ried out using a spectrophotometer (Spectrophotometer CM-5) to determine the color intensity (L*,
a*, and b¥) of native and modified starches.

The highest lightness (L*) was shown by OSA starch (96.39), while HMT starch showed the low-
est lightness (94.96). There was a significant difference in lightness, especially for HMT-modified
starch. This is presumably because thermal treatment can cause the degradation of color pigments in
starch. The redness (a*) in arrowroot starch with a negative value is indicated by both native and
OSA starches, which indicated a tendency to be green in color. Meanwhile, the positive values for
HMT starches, both single HMT and dual modified starches (HMT-OSA and OSA-HMT starches)
indicated that these starches tended to be red. The color shift to red was caused by the application of
thermal treatment. The level of yellowness (b*) in all arrowroot starch (native and modified) has a
positive value indicating that all starch leads to a yellow color. The highest b* value was shown by
HMT starch (4.07), while the lowest was indicated by OSA starch (2.13). It means that HMT starch is
more yellow than OSA starch (Figure 3).

The whiteness index (W1I) is based on a scale of 0-100, with the highest value described as the
highest level of lightness. The WI value is positively correlated with the L* value; the higher the W1,
the higher the L* value. HMT-modified starch, both single HMT and dual-modified starches had low
WL The HMT modification process that was carried out reduced the lightness level of starch. Total
color difference (AE) is a parameter used to assess how much change or difference in the Lab* value
results in ingredients or food after specific treatments [59]. Dual modification, especially OSA-HMT
starch, has the smallest AE value which indicated that the color produced between native and OSA-
HMT starch was not much different. Whereas HMT starch showed the highest AE value, in which
there was a significant difference/change in starch color compared to native starch.

5. Conclusions

All modification treatments, both single and dual modifications had significant effects on gran-
ule morphology, crystallinity, thermal, pasting, and functional properties, texture, and color charac-
teristics of native arrowroot starch. The granules of arrowroot starch are spherical, and ellipsoid to
oval-shaped. There was no damage on the surface of starch granules after OSA. In HMT-modified
starch, both single and dual modifications (HMT, HMT-OSA, and OSA-HMT), the damage occurred
on the surface of the granules. Native and modified starches have a similar crystallinity pattern that
was an A-type crystalline pattern. All modification treatments decreased the RC of native starch,
where HMT has a greater effect on RC than OSA. Both single HMT and dual modification (HMT-
OSA, OSA-HMT) increased PT and SB, conversely, decreased PV and BD viscosity of native starch.
All HMT treatments, both single and dual modifications can improve the thermal stability of native
starch, especially HMT single treatment. Whereas OSA single treatment has the opposite trend com-
pared with the other modification treatments. OSA starch has a firm texture characteristic which was
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indicated by the high value of hardness and gumminess. Both single OSA treatment and HMT-OSA
significantly increased SV of native starch, but conversely trend for OSA-HMT. All modified starches
have lower solubility and higher syneresis than native starch. Both single HMT modification and
dual modifications (HMT-OSA, OSA-HMT) increase WAC and decrease the OAC of native starch.
HMT starch both single and dual modifications have low L* and W1 values, while OSA starch has the
brightest color among other starches.
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