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A B S T R A C T   

Solid-liquid thermo-reversibility, lacking in raw starch is an important property for gels allowing repeated 
thermal processing in food. In this work, the Thermoproteus uzoniensis 4-α-glucanotransferase (TuαGT) was used 
to modify five different starches from potato, corn, rice, wheat, and pea and the thermo-reversibility of the 
modified starch gels was evaluated by rheological assay. Only modified potato starch (MPS) exhibited thermo- 
reversibility, which prompted us to perform detailed analyses of the structural and gel properties of this product. 
The enzymatic modification resulted in a marked decrease in amylopectin side chains with a degree of poly-
merization (DP) < 23, while the contents of side chains with DP 23–43 increased. These data indicated that 
TuαGT preferentially extended the outer chains of amylopectin using amylose as a donor, which resulted in 17% 
increase in the amylopectin molecular weight to 3.0 × 107 g/mol. Notably, MPS displayed a delayed retrogra-
dation and improved stability in four freeze-thaw cycles (− 70 ◦C and 25 ◦C) as compared to the native starch. 
These analyses supported a model to explain the TuαGT catalyzed conversion of potato starch to a thermo- 
reversible product. Importantly, the MPS thermo-reversible 6% (w/v) gel showed comparable rheological 
properties to a 1.5% (w/v) κ-carrageenan hydrocolloid, highlighting the potential of MPS as a substitute to 
κ-carrageenan and other hydrocolloids of emerging health concerns. This work offers a starch based thermo- 
reversible gel and a methodological framework to broadens the use of starch into novel application as a food 
ingredient.   

1. Introduction 

Starch gels (SGs) are prepared during cooling of gelatinized starch 
pastes, and are considered as eco-friendly food hydrocolloids 
(Richardson, Kidman, Langton, & Hermansson, 2004). The nutritional 
resemblance to dietary starches distinguishes SGs from other food hy-
drocolloids and lowers the risk of adverse effects, such as flatulence and 
nephrotoxicity, which broadens the application market of SGs (J.-M. Li 
& Nie, 2016). For example, human digestive enzymes are able to 

degrade the α-1,4-glucosidic linkages in SGs and the degradation prod-
ucts are subsequently absorbed in the gastrointestinal tract similarly to 
starch. By contrast, the α-1,6-glucosyl branches in starch and SGs are 
resistant to digestion by human digestive enzymes. Thus, the branched 
limit dextrin from SGs degradation are likely to confer prebiotic prop-
erties by supporting the growth of distinct beneficial human gut 
microbiota members (Møller et al., 2017). A less appealing feature that 
limits a broader application of natural SGs is the powdery feeling due to 
starch retrogradation (Park & Kim, 2021). The thermal irreversibility of 
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gel-formation is another key drawback of natural SGs, as it precludes the 
solubilization of the gel during reheating once the gels is formed. This 
limits the use of natural SGs in applications that require repeated ther-
mal processing (Banerjee & Bhattacharya, 2012). Therefore, endowing 
SGs with thermo-reversible properties by controlled and delayed retro-
gradation sets the stage for the application of such engineered SGs in a 
broader pallet of food products. 

Many factors affect the retrogradation and the gelatinization prop-
erties of SGs, such as the content of non-starch polysaccharides and 
lipids in starch (Chang, Zheng, Zhang, & Zeng, 2021). However, the 
amylose-amylopectin ratio (Kokawa et al., 2017) and the amylopectin 
size (Syahariza, Sar, Hasjim, Tizzotti, & Gilbert, 2013) are considered as 
the prime determinants of retrogradation and gelatinization behavior. 
Therefore, modifications of starch composition and/or structure are 
attractive approaches to introduce or improve new gelation properties 
(Syahariza et al., 2013). Chemical modification of starch has been the 
most common method to obtain suitable properties for use of SGs as 
thickeners or stabilizers in food, e.g. sodium carboxymethyl starch 
(Kaczmarska et al., 2018) and hydroxypropyl distarch phosphate (Shi-
motoyodome, Suzuki, Kameo, & Hase, 2011). Recently, distinct chem-
ically modified food additives, such as carboxy methyl cellulose (CMC) 
have been reported to promote metabolic syndrome and obesity, which 
was attributed to their negative effects on the integrity of the gut barrier 
and on the gut microbiota (Chassaing et al., 2015). These safety con-
cerns have increased the consumers’ interest in more natural ingredients 
and the search for “clean-label” products is trending to gradually replace 
chemically modified food additives. Enzymatic modification is a 
recognized approach to produce clean-label ingredients in food 
manufacturing (Park et al., 2021). 

Amylomaltase or 4-α-glucanotransferase (4αGT, EC 2.4.1.25), which 
belongs to glycoside hydrolase (GH) family 77 (http://www.CAZy.org), 
uses starch as a substrate to catalyze four different reactions: cyclization, 
coupling, hydrolysis, and disproportionation (Kaewpathomsri et al., 
2015; Takaha, Yanase, Okada, & Smith, 1993). The disproportionation 
is attractive as it allows the transfer of malto-oligosaccharides to suitable 
α-1,4-glucan acceptors (Feller, Bonneau, & Da Lage, 2021). Using 
amylose and amylopectin as substrates, 4αGT catalyzed the transfer of 
amylose fragments to the non-reducing end of amylopectin (Kaper et al., 
2005). The resulting modified starches are likely to have different pro-
cessing and application properties as compared to the starting material. 
Indeed, SGs with improved texture were obtained by reducing the 
amount of amylose and elongating the sidechain length of amylopectin 
with 4αGT (Kaper et al., 2005). Interestingly, the modification of potato 
and rice starches with three thermostable4αGT has been reported to 
produce thermo-reversible SGs (Lee, Kim, Park, & Lee, 2006; Van Der 
Maarel et al., 2005). To date, the details of the modification of starch by 
4αGT for forming thermo-reversible gels with specific properties re-
mains largely unexplored. 

We have previously shown that the 4αGT from the thermophilic 
archaeon Thermoproteus uzoniensis (TuαGT) possesses high dispropor-
tionation activity on starch (Wang et al., 2020). Capitalizing on the 
unique and documented ability of 4αGTs to generate thermos-reversible 
gels from starch, here we use TuαGT as a model enzyme to transform five 
starches from potato, corn, rice, wheat, and pea into modified starch gels 
and evaluate the thermo-reversibility as well as the application prop-
erties such as rheological properties and freeze-thaw stability. Our data 
reveal that TuαGT elicited striking changes in the structure of potato 
starch and resulted in a SG product with notably high 
thermo-reversibility as compared to the other starches. This study, 
which reports the most comprehensive analysis of the enzymatic 
modification of starch by 4-α-glucanotransferase to date, provides novel 
mechanistic insight into the structural changes underpinning the 
improved rheological properties and thermos-reversibility of modified 
starches. Our work offers a methodological framework for engineering 
starch-based thermo-reversible gels with tailor-made properties as po-
tential hydrophilic colloid novel food ingredients. 

2. Materials and methods 

2.1. Materials 

Potato starch, corn starch, rice starch, wheat starch, and pea starch 
were kindly provided by STARPRO Co. Ltd (Hangzhou, China). TuαGT 
was produced as previously reported (Wang et al., 2020). Isoamylase 
(from Pseudomonas sp., EC 3.2.1.68, activity 500 U/mL) was purchased 
from Megazyme Co. Ltd (Wicklow, Ireland). Dextran standards with 
molecular masses of 6.7 × 105, 2.7 × 105, 5 × 104, 2.5 × 104, and 5 ×
103 Da (polydispersity 1.047) were purchased from Aladdin Co. Ltd 
(Shanghai, China). All other chemicals were of reagent grade and pur-
chased from China National Pharmaceutical Group Corporation (Bei-
jing, China). 

2.2. Effects of starch modification conditions 

Starch substrates (6%, w/v) were prepared by suspending 1.2 g 
starch powder in 20 mL of 20 mM sodium citrate buffer (pH 6.0), fol-
lowed by gelatinization at 121 ◦C for 30 min while stirring. The modi-
fication reactions were carried out by incubating the starch substrates 
with different doses of TuαGT (0.5, 1, 2, 4, 8, 10, 15, and 20 U/g starch) 
at 75 ◦C for 8 h to determine the optimum enzyme dose. The modifi-
cation reaction was performed with optimum dose of TuαGT for 
different reaction times (0.5, 1, 2, 4, 8, and 12 h) to determine the op-
timum modification time. Each reaction was terminated by heating at 
100 ◦C for 30 min. The modified starch was precipitated overnight by 
adding 60 mL ethanol, followed by centrifugation at 5000×g for 10 min. 
Finally, the samples were dried at 40 ◦C for 8 h, milled into powder and 
saved until further analysis. 

2.3. Amylose content assay 

The progress of the starch modification reaction was monitored by 
measuring the amylose content with the Megazyme K-AMYL kit method. 
Amylopectin was precipitated by forming a complex with Concanavalin 
A. Then a glucoamylase/α-amylase mixture was used to hydrolyze the 
amylose and amylopectin fractions, and glucose was quantified enzy-
matically using the GOPOD method. The amylose content was obtained 
by calculating the percentage of the converted glucose in each fraction. 

2.4. Rheological properties 

Starch samples (6%, w/v) for determination of rheological properties 
were prepared by suspending the starch powder in MilliQ water, fol-
lowed by heating at 90 ◦C for 30 min with stirring until complete 
gelatinization. Then the obtained starch solutions were saved at 4 ◦C for 
24 h to conduct the dynamic rheological tests. Dynamic rheological data 
of each sample were collected using a Rheometer (TA Instruments, 
Waters LLC, USA) equipped with a parallel-plate system (40 mm 
diameter) at a gap of 1000 μm. Each starch sample was transferred to the 
rheometer plate and excess sample was removed with spatula. The linear 
viscoelastic range was obtained by determining the oscillation ampli-
tude at an oscillation strain range of 0.1%–100% at 25 ◦C. The effect of 
temperature (5–90 ◦C) on storage modulus (G′) and loss modulus (G′′) 
was determined at a heating rate of 10 ◦C/min (Nickzare, 
Zohuriaan-Mehr, Yousefi, & Ershad-Langroudi, 2009). 

2.5. Retrogradation properties 

Retrogradation properties of native and modified starches were 
examined using a DSC7000 calorimeter (HITACHI, Japan) to determine 
the melting onset temperature (To), peak temperature (Tp), conclusion 
temperature (Tc), and the melting enthalpy (ΔH) (Abd Karim, Norziah, 
& Seow, 2000). Each sample of ~3 mg mixed with ~6 μL MilliQ water 
was hermetically sealed in an aluminum cell. Samples were firstly 
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gelatinized in the temperature range of 20–100 ◦C at a scanning rate of 
10 ◦C/min and then stored at 4 ◦C overnight. All samples were taken out 
from fridge and analyzed by DSC using same protocol as above. An 
empty aluminum cell was used as reference for every assay. The melting 
enthalpy (ΔH, J/g) was calculated as the area of the main endothermic 
peak using the equipment software after subtraction of the reference 
trace. 

2.6. Thermo-reversible stability 

Thermo-reversible stability of modified starches was determined 
according to the method of Lee et al. with minor modifications using a 
Rheometer (TA Instruments, Waters LLC, USA) (Lee et al., 2006). Sam-
ples (6%, w/v) for determination of rheological properties were pre-
pared by suspending the starch in MilliQ water, followed by heating at 
90 ◦C for 30 min with stirring until complete gelatinization. Starch so-
lutions were transferred to a Petri dish with a diameter of 40 mm and 
covered with a plastic lid. After storage at 4 ◦C for gelation, each sample 
was transferred to the rheometer plate and excess sample was wiped off 
with a surplus. The storage modulus (G′) of modified starch was deter-
mined at a steady heating rate of 10 ◦C/min from 4 to 90 ◦C. After the 
first rheological test was done, the sample was heated similarly to above 
and stored at 4 ◦C for re-gelation. The new SG obtained after the cooling 
step was loaded on a Rheometer to re-determine G’ in a similar fashion, 
defining a thermo-reversible cycle. Each sample was analyzed for four 
thermo-reversible cycles. 

2.7. Freeze-thaw stability 

Freeze-thaw stability of SGs was determined with the method of 
Jobling (Jobling, Westcott, Tayal, Jeffcoat, & Schwall, 2002). Each 
starch solution of 20 mL (6%, w/v) as added into a 50 mL centrifuge tube 
and the tube was subsequently weighted. Next, the starch containing 
tubes were stored at − 70 ◦C for 12 h and thereafter incubated at 25 ◦C 
for 1 h to thaw, before centrifugation at 8000×g for 10 min at 25 ◦C. 
After removing the free water, the remaining gel was weighted to 
calculate the syneresis using the following formula: 

Syneresis (%)=
winitial gel − wultimate gel

winitial gel
× 100%  

2.8. Chain length distributions 

Chain length distributions (CLDs) of each starch sample was deter-
mined using a high performance anion exchange chromatography in-
strument equipped with a pulsed amperometric detection (HPAEC-PAD, 
ICS-5000+, Thermo Fisher Scientific, USA) and a guard column as well 
as an analytical CarboPac PA-100 ion-exchange column (C. Li et al., 
2020). Starch samples of 2 mg/mL were suspended in 50 mM sodium 
acetate buffer (pH 4.5) and heated to 100 ◦C for 30 min until complete 
gelatinization. The gelatinized starch solution was debranched with 
isoamylase (2 U/mg starch) at 42 ◦C for 24 h. The obtained reaction 
mixtures were diluted 10 times and samples of 20 μL were injected onto 
the column at a flow rate of 0.6 mL/min. The buffer system for this assay 
was 120 mM sodium hydroxide and 120 mM sodium hydroxide with 
400 mM sodium acetate (C. Li, Hu, & Li, 2021). 

Glucose, maltose, maltotriose, maltotetraose, maltopentaose, mal-
tohexaose, and maltoheptaose at concentrations of 0.02 mg/mL were 
used as standards to assign the degree of polymerization (DP) of the 
debranched products. The content of each DP fraction was shown as the 
percentage of each peak area to total peak area (C. Li et al., 2021). 

2.9. Molecular size 

The molecular size of selected starch samples was determined using a 
Size Exclusion Chromatography-Multi-Angle Laser Light Scattering- 

Refractive Index Detector (SEC-MALLS-RI) as previously described 
(Wang et al., 2020). Dextran standards of 1 mg/mL with molecular 
masses of 8.53 × 106, 8.53 × 105, 6.7 × 105, 5 × 104, and 2.5 × 104 Da 
(polydispersity 1.047, Aladdin) were used to calibrate the instrument. 
Starch samples were suspended to 5 mg/mL in a DMSO: MilliQ water 
(9:1, v/v) mixture. Then, these suspensions were boiled for 1 h to 
completely gelatinize starches, and thereafter shaken every 10 min until 
the solutions became clear. Next, the gelatinized starch was incubated in 
an orbital shaker (250 rpm) at 30 ◦C for 48 h to disperse the samples. 
Then, each sample was boiled again and filtered through a 0.45 μm filter 
(MAISINUO, China). Each sample of 100 μL was loaded on a tandem 
column (Ohpak SB-804 HQ, Ohpak SB-806 HQ) with 0.1 M NaNO3 (with 
0.02% NaN3) as mobile phase at a flow rate and column temperature of 
0.6 mL/min and 50 ◦C, respectively. Data collected from the MALLS and 
RI detectors were analyzed by the ASTRA software version 5.3.4 (Wyatt 
Technologies). 

2.10. Statistical analysis 

The data reported in this paper are means of three measurements of 
the same sample with standard deviations. The statistical significance 
was analyzed using SPSS 20.0 (SPSS Inc., Chicago, USA) with a one-way 
analysis of variance (ANOVA) at p < 0.05 considered to be statistically 
significant. 

3. Results and discussion 

3.1. Modified potato starch uniquely results in a thermo-reversible starch 
gel 

Changes in the storage modulus (G′) and loss modulus (G′′) of the 
native and modified starches were determined during heating from 4 ◦C 
to 90 ◦C to investigate which substrate (potato, corn, rice, wheat, and 
pea starches) was the most suitable to prepare a thermo-reversible SG 
(Fig. 1). First, we evaluated strain dependence of G′ and G′′ for all 
samples, which allowed us to select a strain for the measurements at 1% 
to be within a linear viscoelastic range (data not shown). The G′ and G′′

values are important parameters in rheological analysis of thermo- 
reversible starch gels. For example, solid-like response (G’ > G′′) can 
be observed in the rheological tests for gels, while a higher value of G′′

(G′′ > G′) corresponds to a viscous liquid-like polymer solution, which is 
referred to as a “true polymer solution” (Tashiro, Hasegawa, Kohyama, 
Kumagai, & Kumagai, 2010). The time or temperature when the value of 
G′ is equal to that of G′′ is defined as the “flow point’’ (Yousefi & Razavi, 
2015), which represents the transition from a solid-like gel to a 
liquid-like gel. A higher value of G′ than G′′ was observed in all native 
starches within the temperature range (Fig. 1), indicating that solid-like 
gels were formed with native starches. Further, a similar trend was 
observed for the four modified starches including modified potato 
(MPS), corn (MCS), rice (MRS), and pea (MPeaS) starches in the low 
temperature range. For the modified wheat starch (MWS), the values of 
G′ and G′′ were similar, which indicated a much weaker gel than 
modified starch (Fig. 1D) as compared to the other modified starch 
types. Another interesting observation was that a “flow point’’ was 
uniquely observed for the MPS gel at 80 ◦C, as opposed to the other 
modified SGs. At temperatures beyond 80 ◦C, a slightly higher value of 
G′′ than G′ was observed for the MPS gels, indicating a transition from 
solid-like gel to a liquid-like solution. Interestingly, among the five used 
starches only the modified potato gel exhibited thermo-reversibility. In 
our previous work, modified tapioca starch by TuαGT also showed 
thermo-reversibility (Wang et al., 2020). Rice starch was determined not 
to be the suitable substrate for TuαGT to prepare thermo-reversible gels 
while a rice starch gel with thermo-reversibility and freeze-thaw sta-
bility was obtained by Thermus scotoductus α-glucanotransferase modi-
fication (Lee et al., 2006). The substrate specificity of enzymes form 
difference sources may determine the differences on reactivity to 
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different starch substrate and structure of products. 

3.2. The modified potato starch results in a substantial and preferential 
elongation of distinct amylopectin side chains 

We wanted to explore the possible structural changes underpinning 
the observed behavior of the modified potato SG. Therefore, we 
analyzed the chain length distributions (CLDs) of native and modified 
starches and compared their difference profile values (Fig. 2). The 
chains in amylopectin are defined as A, B and C-chains (Ao et al., 2007). 
The C-chain possesses the only reducing end of the molecule and consists 
of a >60 glucose residue main chain, while the B-chains are side chains 
linked to the C-chain via α-1,6-bonds, classified as B1-, B2-, and B3-chains 
with lengths of 13–24, 25–36, and >37 glucose units, respectively (Witt, 
Doutch, Gilbert, & Gilbert, 2012). Certain B-chains are further branched 
via α-1,6-bonds with A-chains, which have 6–12 glucose units. The 
modification of potato starch by TuαGT generated the largest relative 
differences in CLDs compared to native starch (Fig. 2). The content of 
MPS chains with a degree of polymerization (DP) < 23 decreased 
(A-chains and B1-chains), and chains with DP > 23 exhibited a variable 
increase in length. The content of chains of DP 23–43 (B2-chains and 
B3-chains) also increased. These data indicate that the shorter accessible 
chains of amylopectin from potato starch were elongated, producing a 
new structure which correlates to the thermo-reversible gel formation 
based on the rheological parameters (Van Der Maarel et al., 2005). By 

comparison, the thermo-reversible rice starch gels that were produced 
by the Pyrobaculum aerophilum amylomaltase (Kaper et al., 2005), 
showed changes in CLDs with an increase in the content of side chains 
with DP < 6 and DP 35–50 in modified rice starch. The corresponding 
changes in modified potato starch by Thermus thermophilus amylo-
maltase (Van Der Maarel et al., 2005) involved an increase in the content 
of chains with a DP 2–5 and DP > 30. In summary, the details of the 
changes in amylopectin structure appear to be dependent on the specific 
enzyme-starch interactions, most notably the substrate binding subsite 
map and the molecular recognition of the enzyme. Nonetheless, the 
prolongation of outer chains (B2- and B3-chains) in amylopectin appears 
to be a common feature that contributes to reversible retrogradation. 
Indeed, for the four non-thermo-reversible starches, only slight changes 
were observed in CLDs data (Fig. S1), indicating that they are not suit-
able substrates for TuαGT. By contrast, both potato and tapioca starch 
that were successfully converted by TuαGT to attain thermo-reversibility 
possessed longer side chains (B3-chains), which is consistent with these 
starches serving as good substrates for TuαGT modification. Based on the 
initial rheological evaluation and the CLD profiles, potato starch was 
selected as the best substrate for further analyses. 

3.3. Optimizing the reaction time and enzyme dose for the potato starch 
modification reaction 

4αGT catalyzes disproportionation reactions that involve cleavage of 

Fig. 1. Temperature-dependence of the storage modules (G′) and loss modules (G′′) for native starch (6%, w/v) and TuαGT modified starch (6%, w/v). (A) Potato 
starch, (B) Corn starch, (C) Rice starch, (D) Wheat starch, (E) Pea starch. G′ values for native starch and modified starch are shown as a black solid square and a red 
solid triangle, respectively. G′′ values for native starch and modified starch are shown as a black open square and a red open triangle, respectively. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the amylose donor into shorter fragments that are in part transferred to 
elongate the non-reducing ends of short and accessible amylopectin 
chains (Do et al., 2012). Accordingly, the depletion of amylose can be 
monitored to analyze the modification process. Different doses of TuαGT 
(0, 1, 2, 3, 4, 8, 10, 15, and 20 U/g starch) were added to the gelatinized 

starch (6%, w/v) to investigate the effects of enzyme dose on the 
modification process and on the residual amylose content at the end of 
the reaction (after 8 h) (Fig. 3A). Increased TuαGT dose from 0 to 10 U/g 
starch caused a large (from 33.4% to 8.8%) decrease in amylose content, 
whereas the effect of further enzyme dose increase on the amylose 

Fig. 2. The HPAEC-PAD analysis of the chain length distribution in starches before and after TuαGT treatment. (A) Potato starch, (B) corn starch, (C) rice starch, (D) 
wheat starch, (E) pea starch. Bars above zero indicate a decrease of the content of chains with this DP in the modified starch as compared to the native starch, the bars 
below zero indicate an increase of the content of chains with this DP in the modified starch compared with native starch. 

Fig. 3. Changes of amylose content in potato starch during modification with TuαGT. (A) Effect of TuαGT dose (0.5, 1.0, 2.0, 4.0, 8.0, 10.0, 15.0, and 20.0 U/g 
starch) on amylose content in gelatinized starch (6%, w/v (after 8 h incubation), (B) Effect of TuαGT reaction time (0–12 h) on amylose content (at a TuαGT dose of 
10 U/g starch). 
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content was modest. The optimum dose of TuαGT was assigned to 10 
U/g starch at the used starch concentration (6%, w/v). Next, the 
amylose content was monitored as a function of modification reaction 
time at the optimal enzyme dose and the same starch concentration 
(Fig. 3B). A noticeable decrease of amylose content was observed with 
progression of the reaction until 4 h, with only modest changes occur-
ring at longer reaction times and with a residual amylose content of 
8.9% after 8 h. Hence, it can be concluded that the optimum reaction 
time was 4 h under the given conditions. 

3.4. The accessible chains of amylopectin are markedly elongated during 
the enzymatic modification of potato starch 

The chain length distributions (CLDs) of native and modified potato 
starch at 1, 2, 4, and 8 h were measured to investigate the structural 
changes that take place during the TuαGT modification. As shown in 
Fig. 4A, the CLDs of potato starch revealed dramatic changes with the 
progression in time of the modification reaction. The side chains in the 
MPS were elongated by TuαGT, as judged on the decreased content in 
chains with DP 3–23 and a correspond increase of content of chains with 
DP > 23. Hence, it can be concluded that TuαGT has a preference to act 
on the chains of DP 3–23 (A and B1 chains). This preference of TuαGT is 
also evident from the comparison of the difference profile values that 
reflect a similar tendency of CLDs change with reaction time (Fig. 4B). In 
addition, the rate of change, especially for DP 3–23, gradually decreased 
indicating that TuαGT preferentially accommodates amylopectin chains 
of a specific length that resembles the outer shorter chains. 

3.5. The modified potato starch shows a considerable increase in the 
amylopectin molecular size at the expense of the depletion of amylose 

Since the time course of the modification reaction revealed that the 
major changes occurred within the first 4 h of the reaction (Fig. 3B), 
therefore we performed an analysis of the average molecular mass 
changes during this timeframe. Two typical peaks were observed in the 
SEC-MALLS-RI chromatogram of native potato starch (NPS), and the 
first eluting peak was assigned based on its larger size as amylopectin 
(peak 1), whereas the second peak of smaller molecular size was 
assigned as amylose (peak 2), respectively (Fig. 5) (Lee, Han, & Lim, 
2009). As the reaction progressed, the peak corresponding to amylose 
(peak 2) gradually diminished and virtually disappeared after 4 h, which 
is consistent with the considerable decrease in the amylose content. The 
decrease of amylose was concomitant with an apparent increase in the 
molecular size of the amylopectin peak (peak 1) based on a decrease in 
elution volume (from 13.2 to 12.7 mL). No additional peaks appeared in 

time. The Mw of amylopectin (Peak 1) and amylose (Peak 2) were 
calculated using the ASTRA software (Table 1). These data show about a 
17% increase in the Mw of amylopectin (peak 1) as compared to about 
9.6 fold decrease in the Mw of amylose (peak 1). The Mw for total potato 
starch decreased by about 18%, which may be caused by the competing 
cyclization reaction by TuαGT that converts some of the amylose to 
large-ring cyclodextrin (Srisimarat et al., 2011). Altogether, these data 
reveal the formation of a broader amylopectin cluster with higher Mw 

Fig. 4. (A) The HPAEC-PAD analysis of chains length distribution with different size (DP) in potato starch (6%, w/v) before (black circle) and after modification by 
10 U/g TuαGT for 1 h (blue square), 2 h (green triangle), 4 h (purple inverted triangle), and 8 h (red diamond). (B) Changes in chain length distribution of DP 3–43 
for NPS (6%, w/v) and MPS (6%, w/v) after modification by 10 U/g TuαGT for 1 h (black), 2 h (blue), 4 h (red), and 8 h (green). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. The SEC-MALLS-RI chromatograms depict the changes in size and 
amylopectin/amylose distribution of potato starch before (black) and after 
modification by 10 U/g TuαGT for 1 h (red), 2 h (blue), and 4 h (purple). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
The weight-average molecular weight of potato starch during the TuαGT (10U/ 
g) catalyzed modification reaction.1.  

Sample Mw × 107 (g/mol) 

Peak 1 (Amylopectin) Peak 2 (Amylose) Total starch 

Native - 0 h 2.59 ± 0.19d 1.84 ± 0.12a 3.00 ± 0.20a 

Modified - 1 h 2.75 ± 0.15bc 1.63 ± 0.14b 2.72 ± 0.19b 

Modified - 2 h 2.85 ± 0.16ab 1.48 ± 0.15b 2.55 ± 0.18bc 

Modified - 4 h 3.01 ± 0.22a 0.19 ± 0.09c 2.45 ± 0.12c 

1Values are presented as the mean of three measurements with their standard 
deviations. Means with different superscript letters within the same column are 
significantly different (p < 0.05). 
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due to TuαGT-catalyzed modification. These findings are consistent with 
previous studies that have revealed an increase in the amylopectin Mw in 
potato and tapioca thermo-reversible starch gels generated using Ther-
mus thermophilus amylomaltase (Van Der Maarel et al., 2005) and TuαGT 
(Wang et al., 2020), respectively. 

3.6. The enzymatic modification renders potato starch more resistant to 
retrogradation 

The retrogradation properties of NPS and MPS were measured by 
DSC (Table 2). In this analysis, the To values reflect the stability and 
tightness of recrystallized structures (Ward, Hoseney, & Seib, 1994). 
With prolonged storage time, the To of NPS and MPS decreased by 6.6% 
and 7.5%, respectively, indicating that less well packed crystalline 
structures were formed during the retrogradation process, and more so 
in the MPS than in NPS. The ΔH of both the NPS and MPS increased 
significantly with storage time, but the final ΔH of the MPS was about 
25.1% lower as compared NPS. Generally, starch with a higher amylose 
content, less branching, and longer chains has been suggested to be more 
easy to retrograde, and the content as well as the length of amylose were 
thought to play a key role in the short-term retrogradation (Miles, 
Morris, Orford, & Ring, 1985). The modification of potato starch led to a 
42.7% decrease in ΔH relative to the native material, when the samples 
were stored for 1 d, while the corresponding decrease in ΔH was 25.1% 
after 21 d. These data support the notion that the amylose content of the 
native starch was largely converted by TuαGT (Fig. 3) to create less 
ordered regions in the modified starch as compared with the native 
material. Importantly, the results demonstrate that the modification of 
potato starch impedes the long-term retrogradation of the SG, under-
scoring the potential use of the modified material in foods with longer 
shelf-life. Importantly, the modified potato starch has smaller ΔH than 
that of modified tapioca starch prepared in previous work (Wang et al., 
2020), which correlates with a lower thermodynamic barrier for 
unfolding and double-helix formation, and thereby the better resistance 
to retrogradation. 

3.7. The modified potato starch displays high thermo-reversible gel 
stability 

Thermo-reversible gels are characterized by being able to transition 
from a solid-like gel to liquid-like solution upon heating. The gel sta-
bility during these transitions is of great significance in their applica-
tions of thermo-reversible gels (Lee et al., 2006; Rosell, Yokoyama, & 
Shoemaker, 2011). The thermo-reversibility of MPS gels at 4 ◦C and 
85 ◦C was tested with a rheometer. During four thermo-reversible cycles, 
only an 8% (from 2400 Pa to ~2200 Pa) decrease in G′ was observed at 

4 ◦C (Fig. 6A), which is supportive for the high stability of the SG during 
successive thermo-reversible cycles. Also the syneresis of the gel during 
freeze-thaw cycles was determined, as another parameter for gel sta-
bility. After the first freeze-thaw cycles, a higher syneresis value was 
observed in the NPS (11.2%) than in the MPS (7.2%) gel (Fig. 6B). 
Strikingly, after five freeze-thaw cycles, the syneresis value of NPS gel 
increased dramatically from 11.2% to 34.3%. By contrast, the syneresis 
value of the MPS gels remained stable at ~10%, which is similar to the 
syneresis of the previously reported thermo-reversible rice starch gel 
(Lee et al., 2006). The finding are consistent with previous report sug-
gesting that starch with a higher amylose content, had a high propensity 
to release moisture during such freeze-thaw cycles (Hong, Zeng, 
Buckow, & Han, 2018). In conclusion, the modification of potato starch 
by TuαGT enhanced its thermo-reversibility as well as its freeze-thaw 
stability. 

3.8. The modified potato starch displays comparable thermo-reversible gel 
properties to κ-carrageenan 

The low price and thick taste of SGs qualify them as attractive sub-
stitutes for colloids. κ-Carrageenan extracted from marine red algae is a 
thermo-reversible gel commonly used as food ingredient (Chan, Mir-
hosseini, Taip, Ling, & Tan, 2013). Recent data, however, have raised 
safety concerns regarding this material and other food colloids with 
regards to the potential negative impact on the gut microbiota and the 
integrity of the gut barrier (Naimi, Viennois, Gewirtz, & Chassaing, 
2021). In this work, κ-carrageenan was chosen for the comparative ex-
periments with MPS gel as a potential κ-carrageenan substitute. The 
rheological properties of MPS gel in comparison to κ-carrageenan were 
tested within a linear viscoelastic range (data not shown). When 
increasing the κ-carrageenan concentration (1%–2%), a marked increase 
(from 773.76 Pa (1%) to 4885.03 Pa (2%)) of its G′ value was observed 
(Fig. 7A). The G′ and G′′ values of MPS with different concentration were 
also tested (Fig. S2), which revealed that the flow point can only be 
observed when the concentration of starch was higher than 1%. An in-
crease of flow point temperature was also determined for 2% (64.3 ◦C), 
3% (70.1 ◦C) and 6% (76.5 ◦C) of MPS gel. Next, the G′ and G′′ values of 
the two materials were compared (Fig. 7B). The G′′ of 6% MPS gel was 
much higher than that of 1.5% κ-carrageenan, indicating that higher 
energy was required for the viscous response of macromolecules in the 
MPS gel (Prut, Kuznetsova, Karger-Kocsis, & Solomatin, 2012). A 3% 
MPS had an flow point as 1.5% κ-carrageenan (70.2 ◦C), while the 
corresponding value for a 6% MPS gel was much higher (76.5 ◦C). 
Despite the significant differences between MPS and between MPS 
starch and κ-carrageenan, in regard to structure and physico-chemcial 
properties (especially the charged nature of κ-carrageenan), our data 
showed that a 6% MPS gel could maintain a solid-like behavior at higher 
temperature as compared to algal hydrocolloid. In summary, the com-
parable rheological properties of MPS support its potential use as a 
substitute for κ-carrageenan. 

3.9. A model for the TuαGT catalyzed conversion of potato starch to a 
thermo-reversible starch gel 

A possible reaction model for the potato starch modification by 
TuαGT to form a thermo-reversible SG is shown in Fig. 8. Gelation is a 
process that occurs during short-term retrogradation (Miles et al., 1985). 
The action of TuαGT uses the amylose as a donor to transfer maltodex-
trin fragments to the short and accessible side chains of amylopectin, 
which are elongated as the amylose content is reduced (Fig. 8A–C). In 
the process of starch gelation, the higher content of amylose in NPS is 
expected to promote the formation of a higher proportion of amylose 
and amylose-amylopectin double helices as compared to the MPS 
(Fig. 8D–E). In MPS, the shorted amylose and the extended side chains in 
amylopectin is likely to result in an aberrant packing and weaker double 
helices, as evident from the calorimetric analysis (Table 2). When the 

Table 2 
Retrogradation parameters of native (NPS) and TuαGT modified (MPS) potato 
starches determined by DSC.1.  

Time of 
retrogradation 

To (◦C) Tp (◦C) Tc (◦C) ΔH (J/g) 

NPS-1 d 46.73 ±
0.78a 

52.41 ±
0.54c 

61.77 ±
1.21d 

1.24 ±
0.18e 

MPS-1 d 45.14 ±
0.41b 

51.23 ±
0.95c 

60.35 ±
1.08d 

0.71 ±
0.14f 

NPS-7 d 44.21 ±
0.44bc 

55.92 ±
0.87b 

68.29 ±
0.17b 

2.81 ±
0.37c 

MPS-7 d 43.74 ±
0.85c 

54.37 ±
0.94b 

65.27 ±
0.18c 

1.76 ±
0.18d 

NPS-21 d 43.84 ±
0.85c 

58.64 ±
1.26a 

71.95 ±
1.51a 

4.59 ±
0.42a 

MPS-21 d 41.98 ±
0.49d 

54.18 ±
1.09b 

67.17 ±
1.06b 

3.44 ±
0.15b 

1Values are presented as the mean of three measurements with their standard 
deviations. Means with different superscript letters within the same column are 
significantly different (p < 0.05). 
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Fig. 6. (A) Changes in the storage modulus (G′, 1 Hz, 1% strain; 5 ◦C) with four freeze-thaw cycles for 4 times. (B) The percentage syneresis is shown after each 
freeze-thaw cycle, and gels are put in tube to centrifugation and shown in right of figure. The white and black squares represent the syneresis from MPS and NPS 
sample after each freeze-thaw cycle. 

Fig. 7. (A) Comparison of the storage module (G′) of 1%, 1.5%, and 2% carrageenan, and 6% (w/v) MPS. (B) Temperature-dependence of G′ and G′′ values for 1.5% 
carrageenan and 6% MPS. 

Fig. 8. Reaction model of the TuαGT action on starch to yield a thermo-reversible starch gel. Amylose chains are shown in green, amylopectin in blue, and the 
elongated segments in amylopectin are in red. The enzyme TuαGT is shown as a blue cloud. The native potato starch (NPS) (A) is modified by TuαGT (B), which 
results in a decrease of the size of amylose, which is used as a donor to elongate accessible amylopectin chains (C). Following retrogradation, highly stable amylose 
double helices are formed in the native material in addition to amylose-amylopectin double helices (D). The amylose double helices are highly resistant to thermal 
unfolding upon reheating, which affect the thermos-reversibility and the rheological properties of the material (F). By contrast, the shorter residual amylose chains in 
the modified material form shorter and less stable double helices in the modified material (E), which can be readily unfolded upon reheating (G). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

X. Li et al.                                                                                                                                                                                                                                        



Food Hydrocolloids 134 (2023) 108026

9

native starch gel is re-heated, amylose double helices are likely to be 
more resistant to thermal unfolding (Fig. 8F), as compared to the shorter 
residual amylose double helices in the MPS gel, which are expected to 
uncoil at a lower energetic input. Similarly, shorter 
amylose-amylopectin double helices as well as the less well-packed 
extended amylopectin double helices are expected to be readily 
unfolded as compared to the better packed counterparts in the native 
material (Roman et al., 2020), which may explain the improved 
thermo-reversibility of MPS gel (Fig. 8G). The balance between forma-
tion and unfolding of double helices structure is paramount for the 
thermo-reversibility of SGs. 

4. Conclusion 

In this study, thermo-reversible starch gels were prepared from po-
tato starch by modification with TuαGT at optimized reaction conditions 
as follows: 6% (w/v) starch, 10 U of TuαGT/g starch, and a reaction time 
of 8 h. The mechanism of formation of the thermo-reversible gels was 
proposed to involve changes in the molecular structure of specifically 
potato starch, but not the other tested starch, which highlighted the 
specificity of the enzyme to the specific starch-structural details, such as 
the amylopectin chain length distribution. Most notably, the decrease in 
amylose content and the extension of amylopectin side chains, allowed 
the modified starch gel to maintain a solid-like gel structure upon 
cooling, while a liquid-like solution was obtained when the material was 
re-heated. The thermo-reversible potato starch gel displayed very good 
freeze-thaw stability and favorable rheological properties, which qual-
ified this material to be used as an optical low-price thermo-reversible 
gel in foods. Further studies are require to discern the molecular basis of 
the interaction of this enzyme with its starch substrates to promote a 
mechanistic understanding of the conversion of starch by TuαGT and to 
set the stage for the design of novel thermo-reversible gels with 
improved properties from various starch types. 
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