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Abstract  

 Tacca tuber (Tacca leontopetaloides) is a neglected and underutilized plant species. Recently, tacca tuber has been 

studied as a food plant source of high-amylose starch, so it has the potential to be developed into resistant starch (RS), 

especially type-3 RS (RS3). RS3 can be prepared through the autoclave-cooling (AC) process, but the RS produced is not 

optimal. Further increase in RS can be obtained through hydrolysis of citric acid (AH). Until now, systematic knowledge 

about the preparation method and characterization of RS3 produced from tacca tuber starch through the AC-AH process 

remains unavailable. This study aims to determine the physicochemical properties and structure of RS3 from tacca tuber 

starch made through the AC-AH process. Tacca tubers were obtained from the Garut coast, Indonesia. They were first 

extracted to obtain starch and then processed using the AC process to make RS3. The acquired RS3 was hydrolyzed using 

AH at various concentrations and hydrolysis times. The results showed that all treatments did not affect the proximate 

composition, except for water content. Significant effects were observed on amylose and RS levels. The swelling power, 

solubility, water holding capacity, oil holding capacity and color profile of RS3 also significantly changed. The 

morphology of RS3 was deformed, accompanied by a change in its crystal structure to a combination of B and V types. 

This alteration was followed by an increase in the relative crystallinity and thermal profile, while the paste profile 

decreased significantly. In conclusion, all preparation methods affected the physicochemical properties and structure of 

RS3 from yam starch, except for the proximate composition. AC-AH treatment with 0.3 M citric acid for 4 h is 

recommended for preparing RS3 because it produces the highest RS content. The acquired RS3 has the potential to be 

applied in products that require good paste stability, and have health benefits. 

 

Keywords: Tacca tuber starch, Resistant starch, Autoclaving-cooling, Acid hydrolysis, Citric acid, Physicochemical 

properties, Structural properties 

 

Introduction 

 Tacca (Tacca leontopetaloides) is a tropical tuber 

plant classified as a neglected and underutilized plant 

species. This plant comes from Southeast Asia, mainly  

 

grows in the wild and can be found on coasts at an 

altitude of up to 300 m above sea level [1]. Starch is the 

main component of tacca tubers, which accounts for 
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32.43 % of fresh tubers or around 83.24 % of their dry 

weight [2]. Currently, the use of tacca tuber starch in the 

industry requires futher improvement. Tacca tuber 

starch has a high amylose content (32.81 - 35.25 %) and 

low crystallinity value (24.22 - 27.03 %), resulting in 

poor thermal properties and swelling properties [3]. 

Therefore, tacca tuber starch readily undergoes 

retrogradation [4].   

 Retrogradation is necessary to produce resistant 

starch (RS), especially type-3 RS (RS3). RS3 has good 

thermal stability. In addition, the RS3 production 

process is controlled, has a low cost, is energy efficient, 

and has a solid resistance to digestive enzyme hydrolysis 

[5,6]. Apart from that, consuming foods rich in RS is 

highly recommended because it offers various health 

benefits. This is because RS produces very few calories 

and is classified as a food with a low glycemic index 

[7,8]. Autoclave-Cooling (AC) is 1 method of making 

RS3. The autoclave process involves heating starch in 

excess water. Hot steam and high-pressure during 

autoclaving cause the starch’s crystalline structure and 

amorphous areas to be damaged until the starch 

undergoes gelatinization. The cooling process causes 

the degraded starch molecules to re-associate to form a 

solid structure stabilized by hydrogen bonds [9,10]. The 

RS3 acquired by the AC method generally increases 

with the number of cycles [11-13]. However, recent 

research concluded that 2 cycles of AC treatment are 

recommended to obtain the highest levels of RS3 from 

tacca tuber starch [14].    

 Besides amylose, the amylopectin component can 

also contribute to the formation of RS through the acid 

hydrolysis (AH) treatment. The AH treatment cleaves 

the branched chains of amylopectin to produce straight-

chain amylodextrin with a shorter chain length and 

lower molecular weight, and the process contributes to 

the increase in RS [15]. Based on existing research, 

amylopectin hydrolysis can be carried out before the AC 

treatment (AH-AC) or after the AC treatment (AC-AH). 

Most studies report that amylopectin hydrolysis using 

the AH-AC method is ineffective. The resulting RS 

content is reduced, even lower than only AC [16-19]. On 

the other hand, hydrolysis of amylopectin by the AC-

AH method has been confirmed to significantly increase 

the RS content of various starches [20-23].    

 In a previous study, RS3 from corn starch was 

prepared using the AC-AH method with various acid 

solutions. It was concluded that hydrolysis with citric 

acid significantly produced the highest RS contents 

compared to hydrochloric acid and acetic acid [22]. 

Several other studies have also reported the 

effectiveness of citric acids, such as an increase in RS 

content in green bean starch by 5.0 % after hydrolysis 

with 0.1 M concentration [20] and an increase in RS 

content of rice starch by 8.5 % after hydrolysis with 0.15 

M concentration [21]. It is likely that RS content will 

increase as the citric acid concentration increases. 

However, another study observed that the RS content of 

corn starch decreased by 1.5 % when the concentration 

was increased from 0.1 to 0.5 M [23]. Furthermore, the 

duration of hydrolysis also affects the content of RS 

produced. It has been observed that there is a significant 

decrease in RS content when the hydrolysis time 

exceeds 12 h [23,24].     

 Each type of starch produces different RS3 

properties [25]. Likewise, each preparation method will 

influence the physicochemical properties and structure 

of the RS3 results. Up to now, RS3 from tacca tuber 

starch prepared with AC-AH using citric acid at various 

concentrations and hydrolysis times has not been 

reported. Therefore, this research aims to determine the 

best method for preparing RS3 from tacca tuber starch 

with AC-AH treatment using citric acid at various 

concentrations and hydrolysis times and analyze the 

physicochemical properties and structure of the 

resulting RS3. This investigation can expand the 

potential application of tacca tuber starch, a plant 

species that has been largely neglected and 

underutilized, as a food source rich in RS. It also seeks 
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to provide a theoretical basis and technical support for 

producing RS3.     

 

Materials and methods 

 Materials 

 Tacca tubers were obtained from the Garut Coast, 

West Java, Indonesia. This study used distillate water 

from Purelizer (Indonesia). The enzymes used were 

pepsin (Sigma P7000, Sigma-Aldrich, St. Louis, 

Missouri, USA), α-amylase (Sigma A3306, Sigma-

Aldrich, St. Louis, Missouri, USA) and 

amyloglucosidase (Sigma-Aldrich, St. Louis, Missouri, 

USA) for measuring RS content. Citric acid and all other 

chemicals and reagents were of analytical grade from 

Sigma Chemical Company (Sigma-Aldrich, St. Louis, 

Missouri, USA). 

 

 Starch extraction 

 Tacca tubers were peeled, washed, crushed and 

extracted with distilled water in a 1:3 (w/v) ratio until a 

homogeneous pulp was obtained. This pulp was then 

filtered using a 60-mesh sieve and squeezed until filtrate 

1 was obtained. The remaining pulp was extracted for a 

second time with distilled water (1:3 w/v) to obtain 

filtrate 2. Filtrates 1 and 2 were mixed and filtered again 

using a 200-mesh sieve. Then, it was left for 12 h, and 

the water was changed every 4 h. Following this, water 

and sediment were separated. The sediment obtained 

was wet starch, which was then dried at 50 °C for 24 h. 

Dried starch was ground to produce a homogeneous 

starch powder [3].     

 

 Preparation of RS3 by AC 

 The starch suspension was made by mixing 75 mL 

of distilled water with 25 g of tacca tuber starch in a 

beaker. The starch suspension was tightly covered using 

aluminum foil, heated in an autoclave at 121 °C for 30 

min, and cooled at 4 °C for 24 h. This procedure was 

repeated over the course of 2 cycles. It was then 

continued with the drying process in an oven at 50 °C 

for 24 h and ground until a homogeneous size was 

obtained [26]. The RS3 obtained was labeled with the 

ACs code.    

 

 Preparation of RS3 by AC-AH 

 Tacca tuber starch was initially prepared using the 

AC method. Then, it was hydrolyzed using citric acid 

(1:3 w/v) at various concentrations and hydrolysis times 

(Table 1). The process was carried out at room 

temperature. Each starch that had been hydrolyzed was 

then neutralized using 0.1 M NaOH and stored at 4 °C 

for 12 h. The liquid part was disposed of, and the solid 

part was dried at 50 °C for 24 h. Then, it was ground 

until a homogeneous size was obtained [20]. 

 

 

Table 1 Hydrolysis conditions and treatment sample codes. 

Concentration of citric acid (M) Hydrolysis time (h) Code 

0.1 

0.1 

0.1 

0.2 

0.2 

0.3 

0.2 

0.3 

0.3 

4 

8 

12 

4 

8 

12 

4 

8 

12 

ACs-AH1 

ACs-AH2 

ACs-AH3 

ACs-AH4 

ACs-AH5 

ACs-AH6 

ACs-AH7 

ACs-AH8 

ACs-AH9 
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 Determination of proximate composition 

 The proximate composition of native and RS3 

starch, including water, ash, fat and protein content, was 

determined according to the standard procedures 

following the AOAC methods [27]. 

 

 Determination of amylose content 

 An amount of 50 mg of sample was prepared in a 

100 mL volumetric flask, and 1 mL of 96 % ethanol and 

9 mL of 1 N NaOH was added. The sample was heated 

in a water bath at 100 °C for 15 min, then cooled. The 

volume was adjusted to 100 mL using distilled water. 

Five mL was pipetted from that volume into a 100 mL 

measuring flask with 1 mL CH3COOH 1 N and 2 mL 

iodine solution, then diluted to 100 mL. Absorbance was 

measured after 20 min at 625 nm [28]. The amylose 

content was measured against a standard curve prepared 

using amylose (Sigma-Aldrich).    

 

 Determination of RS content 

 The enzymatic method was used to determine the 

RS content of native and RS3 starch. Sample (0.5 g) was 

mixed with 9 mL buffer trismaleate 0.1 M pH 6.9. Then, 

it was digested with 1 mL of α-amylase solution (40 mg 

α-amylase in 1 mL buffer trismaleate) for 30 min at 100 

°C using a water bath shaker. The reaction mixture was 

then cooled to room temperature for 30 min and 

centrifuged at 3,000 g for 15 min. The residue was 

collected and washed with distilled water. Then, 6 mL 

of 2 M KOH was added to each residue and stirred for 

30 min at room temperature. The citrate buffer solution 

was added until the neutral pH was adjusted to 4.4 using 

2 M HCl solution. An 80 mL of amyloglucosidase was 

added, and the mixture was heated in a water bath. It was 

shaken at 60 °C for 45 min, then cooled to room 

temperature. Samples were centrifuged (3,000 g, 15 

min), and the supernatant was collected. The residue 

was rewashed with 10 mL of distilled water, and 

centrifugation was repeated. The washing process was 

carried out twice. The supernatants obtained were 

combined and adjusted to a volume of 100 mL using 

distilled water. The sugar solution was prepared with a 

concentration of 10 - 60 ppm. Next, 0.5 mL of distilled 

water, sample and standard were prepared into separate 

test tubes, and 1 mL of glucose kit reagent (GOD-PAP) 

was added. It was then stirred until homogeneous and 

incubated for 30 min at 37 °C using a water bath shaker. 

Absorbance was read at 500 nm, and sugar 

concentration was calculated based on a standard curve. 

The RS content was mg glucose ×0.9 [29].    

 

 Determination of swelling power and solubility 

 The solubility and swelling power of native and 

RS3 starch were determined using previous methods 

with slight modifications [30]. A sample of 0.1 g (W) 

and 10 mL of distilled water were placed in a centrifuge 

tube and then heated for 30 min at a temperature of 95 

°C. After that, the mixture was centrifuged for 30 min at 

a speed of 3,000 g. The sediment obtained was weighed 

(Sd), while the supernatant was dried at 105 °C to 

constant weight and weighed (Su). The solubility and 

swelling power values are determined based on the 

following formula: 

 

Solubility (%) = (Su/W)×100 %      (1) 

 

Swelling power (g/g) = (Sd/W)×(1 − Solubility)   (2)   

 

 Determination of water holding capacity and 

oil holding capacity 

 The water holding capacity (WHC) and oil 

holding capacity (OHC) of native and RS3 starch were 

determined using a centrifugal procedure, which was 

adapted from a previous study [31], with slight 

modifications. A total of 1 g of sample was placed in a 

centrifuge tube (known weight), and distilled water (10 

mL) or olive oil was added (10 mL). The sample was 

mixed using a vortex and centrifuged for 10 min at 3,000 

g. The supernatant was discarded while the sediment 
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was weighed. WHC/OHC was measured as grams of 

water/oil bound by 1 g of dry sample.   

 

 Morphology granules observation 

 Scanning electrons microscopy (SEM) 

instruments from JEOL (JSM-6510LA, Japan) was used 

to observe the morphology of native and RS3 starch. 

The sample was attached to a specimen stub, then coated 

with carbon tape and treated with gold. The analysis was 

carried out in a vacuum with an accelerating voltage of 

10 kV. Native and RS3 starch morphology was observed 

at 300× magnification [3]. 

 

 Determination of crystalline structure 

 This study used an X-ray diffractometer 

instrument (Bruker D2 Phaser, Germany) with CuKa 

radiation nickel filter (λ = 1.542 Å). Samples were 

initially equilibrated in a saturated relative humidity 

chamber for 24 h at room temperature, then scanned at 

a speed of 5 °/min from an area of 5 to 30 °. Amorphous 

and crystalline diffraction areas were determined using 

the trial version of OriginPro software (OriginPro 2023, 

OriginLab Corporation, Northampton, MA, USA). 

Relative crystallinity (%) was calculated by comparing 

the crystal area with the total area under the curve [3].   

 

 Determination of thermal properties 

 Thermal properties of native and RS3 starch were 

determined using the instrument differential scanning 

calorimetry (DSC) from Shimadzu (DSC-60Plus, 

Japan), which was equipped with monitoring software 

(TA-60WS). Samples (4 mg) were prepared in a 

standard aluminum pan, and 9 µL of distilled water was 

added. The container was closed tightly and left for 2 h, 

and the pan was heated at a temperature of 30 - 100 °C 

with a speed of 10 °C/min in a stream of nitrogen [3]. 

The thermal properties of starch measured consist of 

initial temperature (To), peak temperature (Tp), final 

temperature (Tc), gelatinization temperature range (∆T) 

and gelatinization enthalpy (∆H). 

 Determination of pasting properties 

 Pasting properties of native and RS3 starch were 

evaluated using the Rapid Visco instrument Analyzer 

(RVA-4500, Perten instruments, Australia) equipped 

with Thermocline for Windows 3 (TCW3) software. A 

sample of 3.5 g (14 % moisture base) was put into the 

container, and 25 g of distilled water was added. The 

sample mixture was then heated at 50 °C for 1 min, then 

the temperature was increased to 95 °C with a heating 

rate of 5.2 °C/min. The sample was left for 5 min at 95 

°C. It was then cooled to 50 °C at a speed of 5.2 °C and 

held at 50 °C for 2 min. The stirring speed for the first 

10 s was 960 rpm and maintained at 160 rpm for the 

remainder of the experiment [3].    

 

 Statistical analysis 

 The study design was a split plot design, where 

each experiment was conducted in triplicate, and values 

were presented as the mean standard deviation. The data 

were analyzed statistically using ANOVA for the 

difference test. When a significant difference (p < 0.05) 

was identified, further testing was conducted using LSD 

at a 95 % confidence level with the help of SPSS 17.0 

software (SPSS Inc., Chicago, IL, USA).    

 

Results and discussion 

 Proximate composition 

 The proximate composition of native and RS3 

starch is presented in Table 2. The ash content (0.11 - 

0.19 %), protein (0.19 - 0.27 %) and lipid (0.19 - 0.29 

%) between native and RS3 starch were not significantly 

different. Thus, the modification does not affect the 

proximate composition of starch, although its molecular 

structure may have changed. These results are in line 

with those observed for RS3 from corn starch (35), as 

well as acha starch [36]. The low ash, protein, and lipid 

content shows that native and RS3 starch are very high 

in purity. A significant difference was observed in the 

water content of native (10.11 %) and RS3 starch (8.87 

- 9.17 %). This difference can be related to changes in 
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the starch structure after the modification. Amorphous 

areas that trap much water decrease to form dense 

crystalline areas. This reason is supported by most 

studies reporting that modified starch has crystalline 

regions containing less water [35,37,38]. 

 

 Amylose content 

 The amylose content of ACs (37.96 %) increased 

significantly compared to the native starch (35.33 %). 

Increased amylose levels in ACs have been amply 

reported, where the increase in amylose content varied 

considerably and depended on the type of starch used 

[11,12,14,18]. It has been reported that hydrothermal 

processes cause the cleavage of amylopectin chains, 

leading to the formation of amylose chains [35]. High 

pressure and temperature during autoclaving partially 

degrade amylopectin molecules, especially long-chain 

amylopectin. This process results in more linear 

amylose chains [39]. Increased amylose content has also 

been reported in sago starch after AC treatment [40]. In 

addition, a further increase was observed in ACs-AH1 

to ACs-AH9 (41.77 - 51.36 %). This increase was 

caused by the continuous depolymerization of the 

amylopectin fraction during the AH treatment. The 

higher degree of acid hydrolysis, the greater in amylose 

increases [41]. The AH treatment also causes the 

formation of intramolecular bonds between amylose and 

depolymerization of the amylopectin fraction. So that 

increasing the chain length and the ability to form a 

complex with iodine, consequently increasing the 

amylose content [42]. Therefore, this mechanism quite 

logically explains ACs-AH9 having the highest amylose 

content. 

 

 

 

 RS content 

 The RS content of the native and RS3 is presented 

in Table 2. The RS content of the native starch was 5.33 

%, slightly higher than previously reported at 4.25 % 

[14]. Meanwhile, RS content increased significantly in 

ACs (18.02 %) and ACs-AH1 to ACs-AH9 (22.94 - 

32.40 %). Increased RS content with AC treatment was 

also reported in arrowroot starch [16], Job’s tears starch 

[25], cowpea starch [39], corn starch [43,44], rice starch 

[45,46] and black Tartary buckwheat starch [47]. The 

autoclaving process breaks down starch molecules and 

makes extensive structural changes. During the cooling 

process, these molecules combine, resulting in the 

formation of new structures that are resistant to 

enzymatic hydrolysis [19]. The formation of RS in ACs 

is related to the distribution of amylose chains, where 

more linear amylose chains are more easily retrograded, 

consequently increasing the formation of RS [40]. ACs 

consists of crystalline and amorphous regions. Most of 

the retrograded amylopectin structures in the amorphous 

region, which has shorter linear chains and easily 

hydrolyzed by acids [23,48]. During AH, citric acid will 

make the linear chains of amylopectin to be hydrolyzed 

into straight chain amylodextrin with a smaller 

molecular weight [15]. The AH treatment produces 

small fragments that easily crystallize, so that increasing 

the presence of RS [48]. In addition, the stability of 

retrograded starch has been reported to increase with the 

AH treatment, thereby reducing the enzyme 

accessibility [43]. However, excessive hydrolysis also 

reduced RS content, as seen in the ACs-AH8 and ACs-

AH9 (Table 2). The debranching effect of AH treatment 

is not as specific as enzymatic hydrolysis, but it is 

random [23]. Therefore, there is a strong suspicion that 

excessive AH treatment damages the crystalline regions 

and increases enzyme accessibility. 
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Table 2 Proximate composition, amylose and RS contents of native and RS3 starch. 

Samples Moisture (%) 
Ash 

(% db) 

Protein 

(% db) 

Lipid 

(% db) 

Amylose 

(% db) 

RS 

(% db) 

Native 10.11 ± 0.07b 0.19 ± 0.01 0.28 ± 0.06 0.28 ± 0.02 35.33 ± 0.10a 5.33 ± 0.17a 

ACs 8.87 ± 0.11a 0.16 ± 0.01 0.22 ± 0.02 0.28 ± 0.02 37.96 ± 0.40b 18.02 ± 1.03b 

ACs-AH1 8.94 ± 0.04a 0.16 ± 0.02 0.24 ± 0.03 0.25 ± 0.06 41.77 ± 0.89c 22.94 ± 0.80c 

ACs-AH2 8.92 ± 0.08a 0.15 ± 0.01 0.23 ± 0.03 0.26 ± 0.05 42.17 ± 0.58c 24.34 ± 0.89d 

ACs-AH3 9.07 ± 0.10a 0.14 ± 0.01 0.20 ± 0.03 0.21 ± 0.06 44.38 ± 0.55d 26.48 ± 0.38e 

ACs-AH4 9.05 ± 0.15a 0.15 ± 0.01 0.22 ± 0.02 0.23 ± 0.02 44.64 ± 0.33d 26.81 ± 0.40e 

ACs-AH5 9.16 ± 0.03a 0.12 ± 0.02 0.23 ± 0.02 0.26 ± 0.07 46.10 ± 0.73e 27.98 ± 0.40f 

ACs-AH6 9.15 ± 0.06a 0.13 ± 0.02 0.19 ± 0.05 0.24 ± 0.05 48.29 ± 0.83f 29.20 ± 0.70g 

ACs-AH7 9.15 ± 0.09a 0.12 ± 0.03 0.23 ± 0.04 0.19 ± 0.03 49.13 ± 0.58f 32.40 ± 0.38h 

ACs-AH8 9.17 ± 0.09a 0.11 ± 0.02 0.23 ± 0.05 0.23 ± 0.02 50.92 ± 0.23g 31.27 ± 0.41h 

ACs-AH9 9.13 ± 0.06a 0.12 ± 0.01 0.22 ± 0.04 0.21 ± 0.05 51.36 ± 0.27g 29.75 ± 0.42g 

Note: Data represented means ± standard deviations. Values in the same column followed by the same superscript are not significantly 

different (p < 0.05). 

 

 Swelling power and solubility 

 Table 3 shows the swelling power and solubility 

of native and RS3 starch. The swelling power of native 

starch was 11.24 %, decreased significantly in ACs 

(9.65 %). These results align with those observed in AC-

modified Pinellia ternata starch under the same test 

conditions [50]. Swelling power is greatly influenced by 

amylose and amylopectin contained in the starch 

granules. The stable double helix crystal region of 

amylopectin will bind water optimally when heated, 

while amylose will inhibit granule swelling [3,49]. The 

decrease in swelling power of ACs may be affected by 

the reduction of hydrophilic groups exposed in the 

crystalline areas of starch [47]. Apart from that, the 

swelling power of starch also depends on its capacity to 

hold water through hydrogen bonds. It is known that the 

hydrogen bonds between starch molecules are damaged 

and destroyed during the gelatinization process, and 

even the molecular chains become weak and disordered 

[50]. Although the binding interactions of starch 

molecules increase, this condition causes the loss of 

double helix formation in starch molecules, thus limiting 

their swelling power [40,49]. The decrease in swelling 

power of ACs is also associated with increased crystal 

perfection and additional interactions between amylose-

amylopectin chains [45]. Therefore, the decrease in 

swelling power was initiated by structural 

rearrangement and reassociation of starch chains during 

AC treatment. A further decrease was observed in ACs-

AH1 (7.36 %) to ACs-AH9 (4.70 %). The AH treatment 

destroys the hydrogen bonds between starch polymers. 

It causes the decay of amorphous areas, resulting in a 

decrease in swelling strength due to the increase in 

starch crystalline areas [19,51]. Starch granules with 

larger crystal areas have stronger bonds and expand less 

when heated [52]. Therefore, the decrease in the 

swelling power of RS3 may be caused by the 

accumulative effects of the gelatinization, autoclaving 

and acid hydrolysis processes that occurred during 

sample preparation.    

 The solubility of the native starch reached 14.59 

g/g, which decreased significantly in ACs (5.69 g/g). 

This decrease may be due to the rearrangement of the 

starch chain structure after the AC treatment [45]. Apart 

from that, this can also be associated with the release of 

amylose and changes in amylose-amylose and amylose-

amylopectin interactions, which cause an increase in 

crystallinity so that the solubility of ACs decreases [53]. 
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Similar observations were also reported in Pinellia 

ternata starch with AC treatment [50]. However, the 

solubility of RS3 increased from 10.50 to 17.88 g/g after 

hydrolysis with citric acid. Depolymerization occurs 

during the AH process, weakening the structure of 

starch granules and resulting in increased solubility. The 

AH treatment damages the microcrystalline structure of 

starch and makes the intermolecular network structure 

relatively loose due to the leaching of amylose and the 

degradation of the amylopectin component [53,54].  

 

Table 3 Functional properties of native and RS3 starch. 

Samples 
Swelling Power 

(%) 

Solubility 

(g/g) 

WHC 

(g/g) 

OHC 

(g/g) 

Native 11.24 ± 0.31g 14.59 ± 0.60d 0.78 ± 0.02a 0.67 ± 0.01b 

ACs 9.65 ± 0.33f 5.69 ± 0.48a 3.12 ± 0.03g 0.53 ± 0.00a 

ACs-AH1 7.36 ± 0.19e 10.50 ± 0.22b 2.95 ± 0.01f 0.56 ± 0.00a 

ACs-AH2 7.17 ± 0.16e 10.76 ± 0.58b 2.94 ± 0.02ef 0.59 ± 0.01a 

ACs-AH3 6.56 ± 0.15d 11.94 ± 0.65c 2.91 ± 0.01e 0.59 ± 0.00a 

ACs-AH4 5.62 ± 0.34c 14.44 ± 0.61d 2.86 ± 0.01d 0.57 ± 0.01a 

ACs-AH5 5.05 ± 0.15b 16.81 ± 0.11e 2.84 ± 0.01cd 0.59 ± 0.00a 

ACs-AH6 4.89 ± 0.04ab 17.06 ± 0.76ef 2.82 ± 0.01bc 0.60 ± 0.00a 

ACs-AH7 4.87 ± 0.09ab 17.80 ± 0.19f 2.82 ± 0.03bc 0.59 ± 0.01a 

ACs-AH8 4.86 ± 0.06ab 17.86 ± 0.01f 2.80 ± 0.01b 0.60 ± 0.00a 

ACs-AH9 4.70 ± 0.29a 17.88 ± 0.12f 2.81 ± 0.02b 0.61 ± 0.00a 

Note: Data represented means ± standard deviations. Values in the same column followed by the same superscript are not 

significantly different (p < 0.05). 

 

 WHC and OHC 

 The AC treatment significantly increased the 

WHC of ACs (3.12 g/g) compared to native starch (0.78 

g/g). These results are consistent with those reported for 

cowpea and taro starch modified by AC treatment 

[39,55]. WHC is related to hydrogen bonds between 

starch chains. Native starch has more hydrogen bonds 

and covalent bonds between chains, so there are fewer 

sites available for water binding, and therefore the WHC 

of native starch is lower [56]. On the other hand, the 

autoclaving process causes partial degradation of 

amylopectin chains and the breakdown of hydrogen 

bonds, resulting in the formation of lower molecular 

weight starch granules with higher affinity to water 

molecules, so the WHC of ACs increase [39,50]. AC-

AH treatment resulted in a WHC of 2.80 to 2.95 g/g, 

decreasing significantly compared to ACs. The decrease 

in WHC is affected by the reduction of amorphous areas, 

which are responsible for binding water in starch 

granules [19]. In contrast to WHC, the OHC of the 

native starch (0.67 g/g) was higher than that of ACs 

(0.53 g/g) and ACs-AH1 to ACs-AH9 (0.56 - 0.61 g/g). 

On the other hand, OHC between RS3 did not show 

significant differences. OHC is associated with the 

physical trapping of oil through capillary attraction, 

which is related to the presence of pores [37]. The 

increase in the crystalline area due to the modification 

can be attributed to the decrease in the OHC of RS3. In 

addition, the modification process rearranges the linear 

amylose chains in the increasingly dense regions of 

starch crystals and forms a double helix, resulting in 

lower porosity and consequently limiting oil absorption 

[57]. These results are consistent with those reported for 
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modified arrowroot starch [16] and modified acha starch 

[51]. 

 

 Color profile 

 The color profile of the native starch and RS3 are 

presented in Table 4. All color parameters (L*, a*, b* 

and WI values) are influenced by the AC and AC-AH 

treatment. The AC treatment causes a significant 

decrease in the brightness and whiteness index values of 

the ACs. On the other hand, the AH treatment increased 

the brightness value and whiteness index of starch. This 

increase is linear to the level of concentration and 

hydrolysis time. However, the brightness and whiteness 

index values of ACs were lower than those of the native 

starch. It has been widely reported that the combination 

of heat and pressure during the autoclave process has a 

negative influence on the brightness and whiteness 

index values of the modified starch [35,45]. The 

decrease in the brightness and whiteness index values of 

ACs is attributed to the non-enzymatic browning effect 

resulting from the Maillard reaction between reducing 

sugars from heated starch and amino groups in proteins 

during treatment [39,58]. At the same time, the 

hydrolysis effect of the acid solution causes color 

degradation in starch [18]. Thus, the color pigments 

produced during the Maillard reaction in the AC process 

are degraded during the AH process. The phenomenon 

of increasing starch brightness and whiteness index due 

to acid hydrolysis has also been reported for rice berry 

rice starch [19], arrowroot starch [16], acha starch and 

iburu starch [51]. All starch samples had low a* (−0.22 

to 0.61) and b* (1.94 to 3.56) values, so the differences 

were not visually visible. The color change of ACs was 

the greatest compared to the native starch, with an ∆E* 

value of 7.73. The ∆E* value of ACs-AH1 (6.33) to 

ACs-AH9 (2.22) decreased significantly. This means 

AC-AH treatment produces an RS3 color profile close 

to the native starch color. 

 

Table 4 Color profile of native and RS3 starch. 

Samples L* a* b* WI ∆E* 

Native 93.53 ± 0.27h −0.22 ± 0.01a 1.94 ± 0.03a 93.24 ± 0.26i - 

ACs 86.03 ± 0.83a   0.61 ± 0.30b 3.56 ± 0.42e 85.56 ± 0.81a 7.73 ± 0.83h 

ACs-AH1 87.32 ± 0.09b   0.50 ± 0.21b 2.90 ± 0.06d 86.98 ± 0.09b 6.33 ± 0.07g 

ACs-AH2 88.28 ± 0.25c   0.42 ± 0.13b 2.58 ± 0.07c 87.99 ± 0.23c 5.33 ± 0.24f 

ACs-AH3 88.96 ± 0.16d   0.31 ± 0.10b 2.29 ± 0.09b 88.72 ± 0.14d 4.61 ± 0.15e 

ACs-AH4 89.17 ± 0.20d   0.30 ± 0.17b 2.29 ± 0.13b 88.93 ± 0.19e 4.41 ± 0.15e 

ACs-AH5 89.30 ± 0.16d   0.30 ± 0.08b 2.31 ± 0.03b 89.05 ± 0.15e 4.28 ± 0.15e 

ACs-AH6 89.85 ± 0.13e   0.30 ± 0.10b  2.16 ± 0.06ab 89.62 ± 0.13f 3.72 ± 0.14d 

ACs-AH7 90.34 ± 0.34f   0.18 ± 0.16b  2.12 ± 0.19ab 90.11 ± 0.35g 3.22 ± 0.35c 

ACs-AH8 90.88 ± 0.15g   0.16 ± 0.05b 2.09 ± 0.14a 90.65 ± 0.17g 2.68 ± 0.15b 

ACs-AH9 91.36 ± 0.45g   0.22 ± 0.06b 1.99 ± 0.03a 91.13 ± 0.44h 2.22 ± 0.45a 

Note: Data represented means ± standard deviations. Values in the same column followed by the same superscript are not 

significantly different (p < 0.05). 

 

 Granule morphology 

 The morphology of the native and RS3 granules is 

presented in Figure 1. The native starch granules of 

tacca tubers are polygonal, elliptical and oval with a 

smooth surface, according to previous reports [3]. All 

RS3 granules undergo deformation. AC treatment 

changes the shape and surface of ACs granules into a 

more compact structure, irregular, rough surface, many-
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layered lines (arrow 1), a non-homogeneous shape and 

many cracks. Some starch granules aggregated, 

indicating that AC treatment can form a cohesive mass 

of starch granules. The changes in ACs granule 

morphology are caused by the limited water content and 

thermal forces applied to the starch during the treatment. 

Water absorption during heating increases the mobility 

of starch molecules, which causes the molecules to 

expand and promotes morphological changes in the 

granules. Apart from that, it is also caused by the partial 

gelatinization melting process on the surface of the 

starch granules, which is helped by adding water and 

heat [19,35,46]. The rough surface and numerous 

layered lines on the surface of ACs are caused by the 

leaching of amylose from starch, loss of amylopectin 

crystalline regions during heating, and reassociation of 

starch chains in granules [39,50]. The same thing 

happened to all RS3 from AC-AH treatment. In 

addition, the surface of ACs-AH1 to ACs-AH9 appears 

rougher, as if it has been eroded (2 arrows). The 

increasingly rough surface results from the erosion 

process due to AH treatment.  Acid usually acts on the 

internal structure of starch granules; the presence of 

cracks provides access for acid to penetrate the granule 

structure [59]. In addition, these acids prefer attacking 

the granule surface and consequently degrading starch 

molecules, causing fragmentation [60]. The fragments 

formed are usually smaller and crystallize easily. The 

fragments formed increase the proportion of crystalline 

parts, this increase in crystalline structure is mainly 

responsible for the increased resistance to enzymatic 

hydrolysis [48].

 

 

Figure 1 Scanning electron micrograph of native and RS3 starch. 

  

 Crystalline structures 

 The crystallinity of the native and RS3 starch is 

presented in Figure 2. The X-RD pattern of native 

starch has strong peaks at 15, 17 and 23 ° 2θ, then 1 

shoulder peak at 18° 2θ (Figure 2(A)) which indicates a 

CA-type crystal structure. The same pattern was also 

found in arrowroot, cassava and sweet potato starch 

[4,61]. The XRD pattern of RS3 undergoes significant 

changes compared to the native starch. The crystal 

structure of RS3 was transformed into a combination of 
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types B (single peaks: 15, 17 and 22 ° 2θ) and V (weak 

peak around 20 ° 2θ). These findings are consistent with 

those reported previously [25,43,62]. The change in 

crystalline structure from type CA to type B is related to 

the retrogradation process of starch gel at low 

temperatures. At the same time, the V-type starch crystal 

structure is formed under the influence of high 

temperature during the autoclaving process, which 

causes an increase in the stability of the single helical 

chain [39]. Besides that, typical helical crystallites of 

amylose can also form a V-type crystal structure in 

certain types of starch, which is stabilized by adding 

lipophilic compounds [63]. During the AC treatment, 

the fluidity of starch increases, causing structural 

changes in the crystalline regions, causing an increase in 

crystallinity. 

 Although it did not change the XRD pattern, AC-

AH treatment showed a tendency to increase relative 

crystallinity, consistent with previously reported results 

[59]. The autoclaving treatment causes the amylose 

chains to be released, while the AH treatment causes the 

branched amylopectin chains to break. This process 

allows aggregation at low temperatures, where the 

double helix structure can form higher and organize into 

stronger crystalline regions [60]. When acid molecules 

penetrate the crystalline area, the surface layer of the 

crystalline area will be damaged, and an erosion 

phenomenon occurs. This is proven by the 

morphological structure of ACs-AH1 to ACs-AH9 

(Figure 1) showing aggregated and fragmented parts. 

The crystallinity results show that the short chains 

obtained from AH treatment can easily form a double 

helix structure with stronger crystalline areas. However, 

in conditions where AH is too high, excessive 

hydrolysis occurs, causing a weakening of the double 

helix structure in the crystalline area. Although the 

crystal structure does not change, the relative 

crystallinity decreases. A decrease in starch crystallinity 

under conditions of too high AH was also observed in 

sweet potato starch and potato starch [41,64]. The 

crystallinity decrease may be caused by an increase in 

the proportion of disordered short chains [59]. Starch 

crystallinity is closely related to crystal size, the amount 

of crystallinity, the orientation of the double helix, and 

the degree of interaction between the double helices 

[29]. The crystallinity of RS3 has the same pattern as the 

RS content presented in Table 2. 

 

 
Figure 2 X-ray diffraction pattern of (A) native and (B) RS3 starch. 

 

 Thermal properties 

 The thermal properties of starch measured consist 

of initial temperature (To), peak temperature (Tp), final 

temperature (Tc), gelatinization temperature range (∆T) 

and gelatinization enthalpy (∆H). Table 5 summarizes 

the thermal properties of native and RS3 starch. The 
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gelatinization temperature of native starch ranges from 

58.57 to 70.96 °C (Tc), where the Tp of starch is around 

60.56 °C, ∆T is 12.39 °C and ∆H is 3.96 J/g. The AC 

process significantly increased To (133.18 °C), Tp 

(135.6 °C), Tc (142.00 °C) and AH (5.68 Jg) of ACs, 

while ∆T (8.82 °C) decreased significantly. A similar 

increase was also observed in the thermal profile of 

ACs-AH1 to ACs-AH9, with values of To (135.36 - 

143.04 °C), Tp (135.76 - 146.14 °C), Tc (142.00 - 

153.86 °C), ∆T (9.09 - 10.82 °C) and ∆H (6.11 - 15.25 

J/g) increased significantly compared to ACs. 

Increasing the gelatinization temperature shows that AC 

treatment produces ACs that is more stable and more 

resistant to the gelatinization process. The increase in 

To, Tp and Tc of ACs indicates a stronger interaction 

between amylose and the outer branches of amylopectin, 

thus requiring a higher temperature to disrupt the 

crystalline regions [39]. An increase in To is associated 

with forming long-chain double-helix amylose 

crystallites. In contrast, an increase in Tp is associated 

with an increase in the regularity and stability of the 

double helix structure through hydrogen bonds and 

other intermolecular forces [65]. The decrease in ∆T of 

ACs indicates that the AC treatment produces a more 

homogeneous and perfect crystalline structure, which is 

responsible for the better resistance of RS3 [25,45]. On 

the other hand, ∆T from ACs-AH1 to ACs-AH9 tends to 

increase, so it can be assumed that AC-AH treatment 

produces more heterogeneous crystals. 

 

Table 5 Thermal properties of native and RS3 starch. 

Samples To (°C) Tp (°C) Tc (°C) ∆T (°C) ∆H (J/g) 

Native 58.57 ± 0.08a 60.56 ± 0.28a 70.96 ± 0.16a 12.39 ± 0.07d 3.96 ± 0.01a 

ACs 133.18 ± 0.28b 135.76 ± 0.35b 142.00 ± 0.27b 8.82 ± 0.01a 5.68 ± 0.20b 

ACs-AH1 135.36 ± 0.40c 138.25 ± 0.26c 144.45 ± 0.15c 9.09 ± 0.27a 6.11 ± 0.36c 

ACs-AH2 137.39 ± 0.20d 139.93 ± 0.24d 147.26 ± 0.27d 9.86 ± 0.40b 7.21 ± 0.11d 

ACs-AH3 138.61 ± 0.26e 141.29 ± 0.15e 148.49 ± 0.44e 9.87 ± 0.43b 7.55 ± 0.16d 

ACs-AH4 139.50 ± 0.43f 142.20 ± 0.47f 149.44 ± 0.34f 9.94 ± 0.70b 7.68 ± 0.28d 

ACs-AH5 140.11 ± 0.14g 142.72 ± 0.20f 150.19 ± 0.10g 10.07 ± 0.24b 9.31 ± 0.06e 

ACs-AH6 140.89 ± 0.12h 143.81 ± 0.31g 151.00 ± 0.09h 10.11 ± 0.20b 10.18 ± 0.10f 

ACs-AH7 143.04 ± 0.07k 146.14 ± 0.11h 153.86 ± 0.09j 10.82 ± 0.15c 15.25 ± 0.22h 

ACs-AH8 142.12 ± 0.10j 144.31 ± 0.37g 152.55 ± 0.13i 10.43 ± 0.06c 13.61 ± 0.08f 

ACs-AH9 141.04 ± 0.13i 143.96 ± 0.40g 151.17 ± 0.09h 10.13 ± 0.05b 10.37 ± 0.07d 

Note: Data represented means ± standard deviations. Values in the same column followed by the same superscript are not 

significantly different (p < 0.05). 

 

 The ∆H value represents the energy required to 

break the double helix structure during starch 

gelatinization. Native starch has the lowest ∆H, 

associated with a weak starch matrix or network that 

requires less energy to disrupt its molecular 

organization. The increase in ∆H value of ACs confirms 

that during the retrogradation stage there is an increase 

in interaction between amylose and the outer branches 

of amylopectin which results in efficient packing due to 

the formation of a double helix [45]. The amorphous 

areas remaining in the starch granules will form 

fragments that easily crystallize after hydrolysis, as a 

result increasing the energy required for gelatinization 

[48]. ∆H itself is influenced by several things, such as 

the degree of order, the degree of the double helix and 

relative crystallinity [35]. The highest ∆H was observed 
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in ACs-AH7, which had the highest relative crystallinity 

(Figure 2). Thus, the decrease in ∆H in ACs-AH8 and 

ACs-AH9 is closely related to the decrease in relative 

crystallinity. In addition, the weakening of the internal 

network due to the AH treatment can also lead to the 

formation of irregular short chains in starch granules 

[51,59]. In general, the heat resistance of RS3 is better 

than native starch’s. This is related to the crystalline 

structure of RS3 having a high density and stable crystal 

regions [66]. Starch with these characteristics is 

proposed to be more resistant to processing [67]. 

 

 Pasting properties 

 In general, the modification caused significant 

changes in the properties of the starch paste (Table 6). 

Pasting temperature (PT) of ACs (56.53 °C) was lower 

than native starch (72.61). The PT value increased 

significantly from ACs-AH1 (57.82 °C) to ACs-AH9 

(60.08 °C). The low PT in ACs indicates that the RS3 is 

more difficult to swell [39], this is affected by damage 

to the starch granules during autoclaving at high 

temperatures [68]. A reduction in PT with the AC 

treatment was also reported in ACs from taro starch 

[55], elephant foot yam starch [68], arrowroot starch 

[16], Job’s tears starch [25] and cowpea starch [39]. 

However, some studies reported the opposite, such as in 

ACs from rice starch and corn starch which was 

associated with an increase in the relative crystallinity 

of the starch [44,45]. PT of ACs is not only influenced 

by relative crystallinity but also by other factors such as 

amylose-amylose, amylose-amylopectin interactions, 

amylopectin-amylopectin interactions and the formation 

of intermolecular hydrogen bonds [55]. The AC 

treatment also causes a decrease in peak viscosity (PV), 

through viscosity (TV), breakdown viscosity (BV), final 

viscosity (FV) and setback viscosity (SV) of ACs, which 

is effect of exposure to very high heat and pressure 

during autoclaving. As a result, the starch undergoes 

gelatinization, and the granule structure is disturbed, 

causing the paste profile to decrease [69]. The decrease 

in viscosity value is closely related to the level of 

damage to the starch structure by the AC treatment [16]. 

 

Table 6 Pasting properties of native and RS3 starch. 
Samples PT (°C) PV (cP) TV (cP) BV (cP) FV (cP) SV (cP) 

Native 72.61 ± 0.11j 4,822.50 ± 88.39i 1,458.00 ± 32.53i 3,364.50 ± 55.86g 2,856.00 ± 53.74k 1,398.00 ± 21.21i 

ACs 56.53 ± 0.13a 2,743.33 ± 48.56h 1,450.33 ± 27.93i 1,293.00 ± 67.62f 2,658.33 ± 49.52j 1,208.00 ± 75.99h 

ACs-AH1 57.82 ± 0.08b 2,486.67 ± 20.01g 1,476.00 ± 10.15h 1,010.67 ± 10.26e 2,505.33 ± 10.02i 1,029.33 ± 20.03g 

ACs-AH2 58.28 ± 0.16c 1,950.67 ± 10.41f 1,421.67 ± 10.12g 529.00 ± 19.08d 2,121.00 ± 10.54h 699.33 ± 20.26f 

ACs-AH3 58.62 ± 0.10d 1,816.67 ± 10.12e 1,377.33 ± 10.02f 439.33 ± 14.98c 1,962.67 ± 10.02g 585.33 ± 17.90e 

ACs-AH4 58.88 ± 0.06e 1,406.00 ± 10.15d 970.67 ± 20.03e 435.33 ± 10.02c 1,220.67 ± 10.97f 250.00 ± 10.44d 

ACs-AH5 59.03 ± 0.03ef 1,138.67 ± 10.07c 779.33 ± 18.15d 359.33 ± 28.02b 973.67 ± 10.02e 194.33 ± 10.12c 

ACs-AH6 59.17 ± 0.08f 964.67 ± 10.02b 745.00 ± 10.54c 219.67 ± 20.50a 931.00 ± 10.58d 186.00 ± 20.95bc 

ACs-AH7 59.57 ± 0.08g 1,145.67 ± 12.01c 735.00 ± 10.00c 410.67 ± 11.59c 898.67 ± 10.69c 163.67 ± 12.01abc 

ACs-AH8 59.80 ± 0.05h 820.00 ± 19.00a 613.00 ± 10.15b 207.00 ± 10.44a 771.67 ± 10.21b 158.67 ± 19.60ab 

ACs-AH9 60.08 ± 0.03i 806.67 ± 10.41a 579.33 ± 20.13a 227.33 ± 10.03a 723.00 ± 11.27a 143.67 ± 10.41a 

Note: Data represented means ± standard deviations. Values in the same column followed by the same superscript are not significantly different (p < 0.05). PT. 

 

 The AH process clearly reduces the viscosity of 

RS3 due to the disruption of amorphous areas. This 

phenomenon becomes more visible as the concentration 

and hydrolysis time increase. These results are 

consistent with previous findings [54,70]. The AH 

treatment causes partial debranching of the amylopectin 

molecules, and the internal cohesion in the starch matrix 

weakens, resulting in erosion of the granules [51]. 

During heating, the breakdown of starch molecules in 

the amorphous region limits water absorption so that the 

starch granules do not reach maximum swelling 

capacity [54]. If the acid conditions are too high, the 
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viscosity of the paste weakens and can even be ignored 

[71]. The decrease in viscosity due to the AH treatment 

indicates the easy polymerization of starch with this 

treatment [51]. Changes in the structure of amylopectin 

chains due to acid treatment may be associated with a 

decrease in FV. ACs-AH9 had the lowest SV of all 

modified starches, which may be due to the formation of 

short-chain amylose during the AH process and the 

degradation of longer branched-chain amylopectin. 

Interestingly, RS3 with low SV shows good paste 

stability during cooling [70]. Pastes with these 

properties produce more fluid gels so that they can be 

applied to various types of food products. In general, the 

higher RS content, the lower viscosity and water 

absorption capacity. The result in this study indicates 

that RS3 is resistant to granule swelling. The AH 

process can affect the arrangement of starch granules, 

but the RS produced does not melt during the heating 

process [64]. This proves that apart from being 

beneficial for health, the RS3 produced can also be 

applied to food products that require high gel stability. 

 

Conclusions 

 AC and AC-AH treatments generally affected 

tacca tuber starch’s physicochemical properties and RS3 

structure. The addition of citric acid concentration and 

hydrolysis time in the AC-AH treatment did not affect 

the proximate composition (except for moisture 

content). However, there has been an increase in 

amylose content, RS content, solubility, OHC, color 

profile, relative crystallinity, thermal profile and pasting 

temperature. This increase was also accompanied by 

changes in the crystalline structure and morphology of 

RS3, as well as a decrease in swelling power, WHC and 

paste profile. ACs-AH7 is recommended because it 

contains the highest levels of RS and few impurities. 

The amylose content of ACs-AH7 reaches 49.13 %, so 

it has limited swelling power with low of solubility, 

WHC and OHC. The brightness value and whiteness 

index of ACs-AH7 are very high, close to native starch. 

ACs-AH7 has an irregular morphology with a very 

rough and lumpy surface. The crystal structure of ACs-

AH7 is a mixture of types B and V, with a relative 

crystallinity of 45.94 %, so it has a good thermal and a 

paste profile with high gel stability, so it does not 

thicken during cooling. RS3 tuber starch has the 

potential to be applied to food products that require good 

paste stability, such as porridge and ice cream. 
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