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Heterogeneous (interfacial) enzyme catalyzed hydrolysis of starch granules occurs in various biological systems,
including plants, animal/human digestion, and microorganisms. Factors such as granular size, surface area,
pores, and smoothness play crucial roles in influencing this process. However, limited understanding persists
regarding the high enzymatic resistance of starch granules with smooth surfaces. In this study, we investigated
the hydrolysis mechanism of glucoamylase (GA) on three different types of starch granules with smooth surfaces,
extracted from Curcuma zedoaria (zedoary) rhizomes, Solanum tuberosum (potato) tubers, and Manihot esculenta
(tapioca or cassava) roots. We compared the Langmuir adsorption, interfacial kinetics, and the multi-level
structure of the three starches. Our data demonstrate that the lower enzymatic resistance observed in tapioca
starch stems from the higher density of enzymatic attack sites ") recognized by GA on tapioca starch (1.0
nmol/g) compared to potato (0.6 nmol/g) and zedoary (0.3 nmol/g) starch granules. The high XTI, for tapioca
starch was significantly influenced by its relatively lower B-type crystallinity, which is disrupted by the presence
of short fa chains (degree of polymerization (DP) < 12) and long amylose chains. Furthermore, the relatively
higher proportion of longer chains (fb; and fb, chains) on the surface of tapioca starch also contributed to higher
kinp o for GA, resulting in lower enzymatic resistance. These findings enhance our understanding of how the
structure of starch granules affects enzymatic catalysis, particularly in granular starches with smooth surfaces
devoid of pores. Such insights are crucial for elucidating the digestion and utilization of starch granules.

1. Introduction interest in harnessing raw starch granules, guiding in novel applications,

such as preparation of new RSII by modifying the surface structure,

Starch, an abundant and renewable polysaccharide ubiquitous in
plants, plays indispensable roles across various domains, notably in food
production. However, its versatility extends beyond the culinary realm,
with applications spanning biodegradable polymers, wastewater treat-
ment, functional nanomaterials, and as a nutritional constituent in food
formulations (Chi et al., 2021; Fang et al., 2022; Franca et al., 2022; Ren
et al., 2020). Traditionally, starch undergoes gelatinization through
cooking and heat-moisture processes, facilitating its utilization in
diverse applications (Liu et al., 2020; Zhong et al., 2022). Yet, the
escalating focus on sustainability and energy efficiency is driving
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developing starch-based delivery systems for dietary supplements, and
improving the digestibility of raw starch in animal feed through enzy-
matic treatment, which can enhance the nutritional value and energy
efficiency for livestock (Liu et al., 2020, 2024; Situ et al., 2014; Zhong
et al., 2021a; Zhong et al., 2021b; Zhu et al., 2016, 2024). To impart
starch with novel functionalities and enhance its beneficial properties,
there is a growing exploration of employing various hydrolases or
transglycosylases to modify granular starches (Guo et al., 2019; Miao &
BeMiller, 2023; Zhong et al., 2022). Of special nutritional interest is,
that granular starch is categorized as so-called type II resistant starch
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(RSID), typical from green banana, low-moisture bakery foods like muesli
and biscuits, which generally retains its granular structure, as well as
high amylose starches that do not gelatinize efficiently (Kulp et al.,
1991; Rosado et al., 2020; Wang et al., 2022). Novel very-high amylose
starch types are now developed, such as the amylose-only barley starch
having gelatinization temperature well above 100 °C (Carciofi et al.,
2012). RSII has garnered increasing importance in managing glycemic
levels and addressing associated lifestyle-related concerns, primarily as
an effect of the low enzyme accessibility limited by the semi-crystalline
structures (Lee et al., 2018; Pinhero et al., 2016; Zhang et al., 2015).
However, only recently, the mechanisms behind enzymatic digestion of
granular starches in foods was started to be explored (Tian, Wang, Liu,
et al., 2023).

Starch displays specific features at different levels: At the molecular
level, it is characterized by the linear a-1,4-glucan known as amylose
(AM) and the branched a-1,4; a-1,6 glucan termed amylopectin (AP). At
a higher level of molecular order, X-ray diffraction reveals crystalline
and amorphous lamellae of about 8-11 nm. At yet a higher level,
alternating layers of amorphous and semi-crystalline growth rings
appear at around 0.1-0.4 pm thickness. Starch granular size ranges from
1 to 100 pm, as influenced by its botanical source (Pérez & Bertoft,
2010). However, our understanding of the molecular-level interactions
between digestive enzymes and starch granules (Baldwin et al., 2015) is
limited due to the lack of knowledge about the surface structures of the
granules at the molecular and higher levels. For instance, the “blocklet”
structure, observed through AFM, varies in size and organization across
different starches, yet quantifying its influence on enzymatic resistance
remains a subject of study (Baldwin et al., 2015). Additionally, the
extent to as how flexible chains protruding from solvent-exposed sur-
faces interact with hydrolytic enzymes, such as a-amylase, presents
challenges in terms of their molecular structure like chain length and
branching (Baldwin et al., 2015). However, appropriate protocols to
precisely determine the amounts, densities and structures of these
flexible glucan chains and how these chains feature influence on enzyme
binding and catalysis remains to be solved. While some studies have
highlighted the importance of surface structural features in starch
granule digestion (Li et al., 2018; Shrestha et al., 2012), determining
these features and their relationship with enzyme reactions is complex
and requires further research.

The digestion of starch granules in the human digestive tract entails
the action of several hydrolases. These include salivary and pancreatic
a-amylases (Glycoside Hydrolase family 13 (GH13)), as well as the in-
testinal brush border a-glucosidase, maltase-glucoamylase, and sucrase-
isomaltase from GH31 (Cerqueira et al., 2020; Sim et al., 2008, 2010).
Porcine pancreatic a-amylase and glucoamylase (GA, GH15) from
Aspergillus niger (with the commercial name amyloglucosidase) are
commonly used to mimic in vitro starch digestibility. Despite the similar
exo-acting mode of GA and a-glucosidases, they operate differently. GA
features an (a/a)g barrel catalytic domain and is an inverting enzyme
releasing f-p-glucose, while the a-glucosidases have a (B/a)g barrel
catalytic domain and use a retaining mechanism, yielding o-p-glucose
(Okuyama, 2011; Sierks et al., 1990).

Enzymatic catalysis on starch can be classified into two distinct sit-
uations: homogeneous catalysis, which involves gelatinized starch
where both the substrate and enzyme are in solution, and heterogeneous
(interfacial) catalysis, which pertains to insoluble starch granules (Tian,
Wang, Zhong, et al., 2023; Wang et al., 2024). The interfacial catalysis
poses a unique challenge as the molar concentration of the substrate
cannot be precisely defined, given the insoluble nature of the granules
(Kari et al., 2017). Tsatsumi et al. analyzed the hydrolysis kinetics of raw
starch granules by glucoamylase using conventional and inverse kinetics
separately (Tatsumi & Katano, 2005). Recently, as inspired by heter-
ogenous catalysis of cellulases acting on cellulose, we analyzed the
interfacial catalysis by combining conventional Michaelis-Menten ki-
netics, where substrate is in excess, with an inverse kinetics approach
having the enzyme in excess, and with Langmuir adsorption isotherms to

Food Bioscience 60 (2024) 104448

extract densities of enzyme attack- and binding sites on the surface of
per gram of starch granules (Tian, Wang, Zhong, et al., 2023; Wang,
Tian, et al., 2023). Our results showed that the lower enzymatic resis-
tance of A-type crystalline polymorphic waxy (high amylopectin) and
normal maize starch granules than B-type high-amylose maize starch
granules stems from the higher density of attack sites (Tian, Wang, Liu,
et al., 2023).

The starch granule surface functions as the primary substrate for
starch-active enzymes, and the various granule surface features are
crucial for the heterogeneous catalytic process. These features include
surface area (Warren et al., 2011), the presence of pores, the smoothness
of the surface (Chen et al., 2016; Haiteng Li, Hemar, & Zhu, 2021;
Shrestha et al., 2012), the number of flexible glucan chains on the
granule surface, and the “local polymer organization” (Baldwin et al.,
2015; Dhital et al., 2014). Our previous study proposed that minimal
presence of pores and cracks on the granular surface, as observed in, for
example, high amylose starches and potato starch, is a key factor
contributing to their high enzymatic resistance. Particularly, for normal
potato starch granules, its notably smooth surface acts as an effective
barrier against enzyme access to the granule interior, resulting in the
lowest enzymatic degradation percentage found (Blennow et al., 2003;
Jung et al., 2013; Tian et al., 2024). However, whether the smooth
surface solely dictates enzymatic resistance remains uncertain. Several
natural starches, such as sweet potato-, banana-, zedoary-, and tapioca
starch granules, exhibit smooth surfaces similar to potato starch (Abe-
gunde et al., 2013; Jane et al., 1994; Pokharel et al., 2023; Xiao et al.,
2018). In spite of this shared smooth granular surface feature without
noticeable pores and cracks, apart from the smooth surface, the struc-
tural features influencing the enzymatic resistance of these starch
granules remains to be identified.

In this study, we collected three common starch varieties known for
their smooth surfaces from Curcuma zedoaria (zedoary) rhizomes, Sola-
num tuberosum (potato) tubers, and Manihot esculenta (tapioca or cas-
sava) roots. Using an interfacial kinetics approach, we quantified the
productive and unproductive binding sites of Aspergillus niger glucoa-
mylase (GA) on these distinct surfaces. Combining with the structural
analysis, our goal is to offer a thorough understanding of the enzymatic
resistance mechanisms for granular starches featuring smooth surfaces.

2. Materials and methods
2.1. Starch and enzyme sources

Three different starch granular types were isolated from Curcuma
zedoaria (zedoary) rhizomes, Solanum tuberosum (potato) tubers, and
Manihot esculenta (tapioca or cassava) roots. (Blennow et al., 2005;
Vamadevan et al., 2018). Glucoamylase (GA) from Aspergillus niger
(A7095) and pancreatin from porcine pancreas (P7545) were purchased
from Sigma-Aldrich (USA), and the molecular weight (M,,) of GA was 75
kDa. Pullulanase M2 from Bacillus licheniformis (E-PULBL, 900 U/mL)
was purchased from Megazyme Co. Ltd (Wicklow, Ireland).

2.1.1. Scanning electron microscopy (SEM)

The granule morphology and surface topography was determined by
affixing the starch granules to carbon tapes on aluminum SEM stubs
followed by coating with 6 nm of gold using a Leica EM ACE200 gold
coater (Leica Microsystems, Wetzlar, Germany). The samples were
scanned with a field emission scanning electron microscope (FE-SEM) on
an FEI Quanta 200 microscope at magnifications of 5000 x , following
established protocols.

2.2. Size-exclusion chromatography (SEC)
The chain length distributions (CLDs) of starch granules post-

pullulanase debranching were analyzed using a Size Exclusion
Chromatography-Triple Detector Array (SEC-TDA) system equipped



Y. Wang et al.

with a GRAM pre-column and GRAM1000 connected to a TDA302
detection array (Viscotek, Malvern, UK). Differential refractive index
(DRI) signals were recorded using a refractive index detector (PN3140,
PostNova Analytics, Landsberg, Germany), and data were analyzed
using PSS WinGPC Unity software (Polymer Standard Services, Mainz,
Germany) (Tian et al., 2024).

For native starch analysis, 5 mg samples were dissolved in 1 mL
DMSO/LiBr (0.5% w/w) at 80 °C overnight, and injected into the SEC
system, without filtering before injection to avoid shear degradation
(Cave et al., 2009; Xu et al., 2024; Zhang et al., 2021). Elution was
carried out with DMSO/LiBr at 0.5 mL/min and 65 °C. Pullulanase
debranched samples were prepared by heating starch dispersion in
DMSO/LiBr, followed by centrifugation (4000 g, 10 min), ethanol pre-
cipitation, and freeze-drying. The freeze-dried sample (50 mg) was
suspended in 1 mL sodium acetate buffer (10 mM, pH 4.0), gelatinized
(99 °C, 30 min) and debranched by adding pullulanase (final concen-
tration: 50 nM) and incubated at 40 °C for 3 h. The resulting debranched
samples were dissolved in DMSO/LiBr for analysis (Li et al., 2016).

2.3. High-performance anion exchange chromatography-pulsed
amperometric detection (HPAEC-PAD)

For CLD analysis on the granular surface, starch granules (50 mg/mL,
w/V), resuspended in 50 mM sodium acetate pH 5.5, was debranched by
50 nM (final concentration) pullulanase (25 °C, 30 min), followed by
centrifugation (10,000 g, 5 min) (Wang et al., 2024). For CLD analysis of
gelatinized starches, starch (5 mg/mL), resuspended in 50 mM sodium
acetate pH 5.5, was gelatinized (99 °C, 30 min) and then debranched by
50 nM pullulanase (40 °C, 3 h). Subsequently, the debranched starch
(40 pL, 5 mg/mL) was injected onto a CarboPac PA-200 column con-
nected to an HPAEC-PAD system (Dionex, Sunnyvale, CA, USA). Col-
umns were initially rinsed with 100 mM NaOH at a flow rate of 0.4
mL/min for 20 min. Elution utilized three solvents: MilliQ water (eluent
A), 1 M NaOH (eluent B), and 1 M NaOH enriched with 25 mM NaAc
(eluent C). The elution gradient proceeded as follows: an initial phase
from 0 to 5 min (15% eluent A and 85% eluent C), followed by 5-130
min (linear increase of eluent B to 40% and linear decrease of eluent C to
45%), 130-135 min (80% eluent A and 20% eluent C), and finally,
135-145 min (returning to the original eluent mixture). Peak integration
and detector response were conducted as previously described (Blennow
et al., 1998).

2.4. Wide-angle X-ray scattering (WAXS)

Starch granules were exposed in a closed container containing a
saturated aqueous solution of NaCl for 2 weeks before analyzing crys-
talline allomorphs and relative crystallinity. The analysis utilized a
Nano-inXider instrument (Xenocs SAS, Grenoble, France) with a Cu-Ka
radiation. Radially averaged intensity (I) was plotted against scattering
angle (20) between 5 and 40° using a wavelength of 0.1542 nm. Relative
crystallinity was calculated following established methods by using the
PeakFit software (version 4.12) (Briickner, 2000).

2.5. Particle size analysis

The particle size and surface area of starches were assessed using the
Mastersizer 3000 laser particle size analyzer (Malvern Instruments Ltd,
Worcestershire, U.K). The average particle size was expressed by the
volume mean diameter (D (4,3)). The specific surface area (SSA) per unit
weight of the particles was calculated by assuming a specific gravity of
1.5 (Warren et al., 2011).

2.6. Fourier transform infrared-attenuated total reflectance (FTIR-ATR)
spectroscopy

Starch samples were equilibrated to around 50% relative humidity
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(RH) before analysis. Spectral data were acquired using a Bomem
MB100 FTIR spectrometer (ABB-Bomem, Quebec, Canada) equipped
with a Golden gate attenuated total reflectance (ATR) accessory. Spectra
for each sample were combined by co-adding at a resolution of 4 cm ™},
with a background spectrum collected through 128 co-added scans. A
Lorentzian line shape with a half-width of 19 em™! and a resolution
enhancement factor of 1.9 was assumed. Following baseline correction
and deconvolution, IR absorbance values at 1022 cm™! and 1045 cm ™!
were extracted from the spectra using OMNIC software (Capron et al.,
2007).

2.7. Invitro digestibility

The starch granules were subjected to in vitro digestion (Tian et al.,
2021). Starch granules (20 mg) were suspended in 2 mL of 50 mM so-
dium acetate, 5 mM CaCl, at pH 5.5, preheated (37 °C, 10 min) and
incubated with pancreatin (2 mg/mL, final concentration) and glucoa-
mylase (3.6 pM, final concentration) at 37 °C, 1100 rpm for 2 h. Aliquots
(50 pL) were withdrawn at 0, 10, 20, 30, 40, 60, 90, 120, and 180 min,
mixed with 95% ethanol (500 pL), and centrifuged (10,000 g, 5 min).
Glucose in the supernatant was quantified using the GOPOD assay
(p-Glucose Assay Kit, Megazyme), with glucose as a standard (Huggett,
1957). Resistant starch (RS) was defined as the percent weight of starch
remaining residue after 120 min.

2.8. Langmuir adsorption of starch granules

The binding capacities were assessed at 37 °C using 0.1 mg/mL of
acarbose (A8980, Sigma-Aldrich, Milano, Italy) to inhibit GA activity,
thus ensuring no alteration of the starch granule surface during testing
(Tian, Wang, Liu, et al., 2023). A consistent starch granule load of 15
mg/mL was employed, while the enzyme concentration ranged from 6.8
to 1370 nM. Following a 10 min incubation period (37 °C, 1100 rpm),
the mixtures were centrifuged (10,000 g, 5 min), and 100 pL of super-
natant was mixed with 100 pL of 2.5-fold diluted Protein Assay Dye
Reagent (Bio-Rad). Enzyme concentration in solution (Efee) was deter-
mined by measuring absorbance ratios at 590 nm and 450 nm, using
Bovine Serum Albumin (BSA, Sigma) as standards. The data were
analyzed using GraphPad Prism 6 (GraphPad Software Inc) and fitted to
the Langmuir isotherm (eq. (1)), where Ky represents the dissociation
constant and 29T ‘max denotes the (apparent) saturation coverage (Kari
et al., 2017).

ads
r max ® Efree

@
Kd + Efree

=

2.9. Interfacial kinetics analysis on granular starch

Two complementary methods, conventional and inverse Michaelis-
Menten (MM) analyses, were employed to characterize the kinetics of
granular starch hydrolysis. For the conventional MM analysis, starch
granules (135 pL, 15-150 mg/mL) were pre-incubated (37 °C, 10 min,
1100 rpm) and the reaction was initiated by addition of GA (15 pL, final
concentration 0.7 nM), followed by further incubation (37 °C, 1100 rpm,
10 min). In the case of inverse MM kinetics analysis, starch granules
(135 pL, 15 mg/mL) were mixed with 20 pL of seven GA concentrations
(0.7-171 nVj, final concentrations). After 30 min, aliquots (100 pL) were
transferred to new tubes, mixed with 20 pL of 1.8 M NayCOg to terminate
the reaction, centrifuged (10,000 g, 5 min), and the concentration of
reducing sugar in the supernatant was determined using the PAHBAH
method (Lever et al., 1973).

Conventional MM data were analyzed using eq. (2) for non-linear
regression analyses where SJ'* is the substrate mass load and K2 (in
g-L’l) is the mass load at substrate half-saturation and Vi, (in M-s Dis
the maximum rate for conventional kinetics (Kari et al., 2017).
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The inverse experiments we analyzed using the inverse MM equation
(eq. (3)) by nonlinear regression analysis where Eo is the enzyme load
and ™Ky (in M) is the enzyme concentration at enzyme half-saturation
and "™ Vpax (in g-L’1~s’1) is the maximum rate for inverse kinetics.

n Vmax 'EO
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The attack site density (ki“Fmax) was calculated by eq. (4) using Viax
(eq. (2)) and "™ Viay (eq. (3)) (Kari et al., 2017).
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2.10. Statistical analysis

Interfacial kinetics was analyzed in duplicate and all other experi-
ments in triplicate. The statistical significance was assessed with one-
way analysis of variance (ANOVA) using SPSS 20.0 (SPSS Inc., Chi-
cago, USA). p values of <0.05 were considered statistically significant
throughout the study. The correlations were analyzed using Pearson
correlation through the “cor” function and visualized using the R
package “corrplot” (Wei et al., 2017).

3. Result and discussion
3.1. Granular morphology

The granule shape of zedoary starch appeared to be a flaky oval or
elliptic (Braga et al., 2006; Policegoudra & Aradhya, 2008) and potato
granules showed regular and spherical granules (Fig. 1) (Blennow et al.,
2003; Hua Li, Hemar, & Zhu, 2021). The granules of tapioca starch were
sphere-shaped or ellipsoid-shape with one or more spherical truncations
(Prompiputtanapon et al., 2020). Even though the SEM images revealed
significant variations in shape and size between zedoary, potato, and
tapioca starches, all these three showed a smooth surface without pores
and cracks.

3.2. Chain length distributions (CLDs) as analyzed by SEC

The size distribution profiles of raw starches, analyzed by SEC,
revealed two distinct populations: population I (Hydrodynamic radius
(Rh) > 66 nm), identified as the amylopectin (AP) fraction, and popu-
lation IT (Rh < 66 nm), known as the amylose (AM) fraction (Tian et al.,
2024; Vilaplana & Gilbert, 2010). Zedoary and potato starches exhibited
a significant peak around 115 nm in population I, whereas tapioca starch
displayed a major peak at 100 nm, indicating a smaller AP molecule size
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compared to zedoary (114.8 nm) and potato (116.3 nm) starches.
Concerning the AM fractions, potato starch (13.9 nm) demonstrated a
smaller AM molecule size compared to zedoary (15.7 nm) and tapioca
(16.2 nm) starches (Fig. 2 and Table 1).

The compositional length distribution profiles of debranched
starches, analyzed by SEC, displayed three populations: population I (DP
6-30), population II (DP 31-200), and population III (DP > 200),
categorized as short AP chains (AP1), long AP chains (AP2), and AM
chains, respectively (Tian et al., 2024; Yu et al., 2019). The AP chains,
including AP1 and AP2, were predominant in all three starches. Spe-
cifically, the AP1 population dominated in zedoary and tapioca starches,
while the AP2 population dominated in potato starch. Among the three
starches, the potato starch exhibited the highest AM content (RCge-am)
and tapioca starch showed the longest ACL ge-am.

3.3. Chain length distributions (CLDs) as analyzed by HPAEC-PAD

The CLD profiles of gelatinized starches as monitored by HPAEC-PAD
analysis (Fig. 3 and Table 2) primarily depicted detailed variations in AP
structure and AM short-chain decorations. To distinguish these differ-
ences clearly, the chains were divided into four subfractions: fa (DP
6-12), by (DP 13-24), by (DP 25-36), and fby (DP > 36) (Bertoft,
2017). The data revealed that: (i) across all three starches, tapioca starch
exhibited higher amounts of short fa chains (DP 6-12) and lower
amounts of long chains (fbp and fb3 chain) compared to the other
starches; (ii) Potato starch displayed a slightly lower content of fb;
chains (DP 13-24) and higher amounts of fbs chains (DP > 36) (Table 2).
Considering both the Rhy,.op (Table 1) and CLD (Table 2), the higher
proportion of short chains and lower proportion of long chains in tapioca
starch resulted in a smaller AP molecule size compared to the other two
starches.

In our previous study, pullulanase was used to hydrolyze branches on
the surface of starch granules. The condition for the CLD analysis of the
surface of starch granules, such as the starch and enzyme concentration,
and reaction time is based on Michaelis-Menten kinetics principles.
Under this circumstance, the surface-debranching of starch granule by
BIPul was within the linear time and enzyme concentrations range
necessary for the Michaelis-Menten steady state assumption (Kari et al.,
2020; Schnell, 2014). To secure robustness of the method, we chose
different conditions for the CLD analysis within the linear range of MM
kinetics, and we constantly got similar CLD patterns. Besides, the SEM
images demonstrated that no pores or cracks were generated by BIPul on
the surface of starch granules under the test conditions, confirming that
the hydrolysis of starch granules by BIPul only took place on the surface
(Wang et al., 2024). Consequently, the products generated by pul-
lulanase hydrolysis from starch granules can serve as an estimation of
the CLD on the surface of starch granules. Hence, the chain length of the
starch granules surface was also analyzed (Fig. 3B-D, and F, and
Table 2). Zedoary and potato starches showed a higher proportion of
short chain (fa chains, DP 6-12) and less long chains (fb; and fby chain)

Fig. 1. SEM images of three starch granules. (A) zedoary starch, (B) potato starch, and (C) tapioca starch. Magnification is 5000 x.
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Fig. 2. SEC weight distributions of whole (fully branched) starch molecules (left) and chain length distribution obtained by SEC analysis of debranched starch
molecules (right) of zedoary starch (blue), potato starch (red), and tapioca starch (yellow).

Table 1
The changes of average chain lengths (ACL) of debranched AP and AM fractions
of three starches.

Starch Zedoary Potato Tapioca
RCleap1 (%) 48.7 + 23208 37.4 £ 0.3 59.2 + 0.4°
RCge-ap2 (%) 31.9 +2.3° 40.8 + 0.1 23.5 + 0.2°
RCye-am (%) 19.3 +0.1° 21.8 + 0.4 17.2 + 0.6°
ACL de.ap1 12.7 + 0.9°° 14.3 + 0.1° 10.8 + 0.4°
ACL ge.ap2 63.7 + 0.8° 68.8 + 0.1 54.7 + 0.7°
ACL geam 1140 + 40° 1450 + 20° 2020 + 120*
Rh3,.ape (nm) 114.8 + 3.8% 116.3 + 3.2° 100.0 + 5.8°
Rhpaam (nm) 15.7 + 1.0° 13.9 + 0.5° 16.2 + 2.0°
RCSap (%) 65.1 + 3.2% 55.4 + 0.4 59.1 + 2.2°
RChaam (%) 34.9 + 3.2% 44.6 + 0.4° 40.9 + 2.2°

1 RCde-X: relative amount of fraction X of debranched sample.

2 Values are means =+ standard deviation.

3 Values with different letters in the same row are significantly different at p <
0.05.

4 ACLde-X: the average chain length (DP) of the fraction X of debranched
sample.

5 Rhna-X: hydrodynamic radius of fraction X of native sample.

6 RCna-X: relative amount of fraction X of native sample.

on the surface compared to tapioca starches.

3.4. Multi-scale structures

Crystalline structure. The crystalline polymorphs as deduced from
WAXS data (Fig. 4) showed that zedoary and potato starches displayed a
typical B-type crystalline polymorph with signature peaks at 5.6°, 22.0°,
and 24.0° 260. However, minor differences were detected, e.g., the
double peak at 22° and 24° 26 was sharper for the zedoary starch
granules. Conversely, tapioca starches showed a mixture of A- and B-
crystalline polymorph by showing a typical peak at 15° 26 and a single
peak at 23° 20 significative for the A-type crystal, and a single peak at
17° and a characteristic peak at 5.6° 26 for B-type crystal (Cai & Shi,
2014; Vamadevan et al., 2018; Zhang et al., 2018). The crystallinities of
potato and cassava starch fractions (Table 3) show that the Zedoary
starch (28.6%) had significantly higher crystallinity than potato starch
(20.3%) and tapioca starch (16.6%). For tapioca starch, the A- and
B-type crystallinities were 6.8% and 9.8%, respectively.

Surface order degree. The FTIR-ATR spectra of the three starch gran-
ules in the range of 800-1300 cm ™}, which corresponds to C-O and C-C
stretching vibrations, provide insights into polymer conformation at the
surface (~2 pm) of starch granules. The presence of ordered and
amorphous regions is indicated by the observed bands at 1045 cm ™! and
1022 cm !, respectively. The ratio of 1045 cm~1/1022 cm™! is
commonly employed to evaluate the degree of surface order in starch.
The 1045 cm™!/1022 cm™! was found not related to the CLD on the

surface of starch granules. Among the three starches studied here,
tapioca starch exhibited the lowest degree of surface order (0.75)
(Table 3).

Particle size and specific surface area. The volume-weighted mean
diameter (D4,3) and specific surface areas (SSA) are provided for three
starches. Potato and tapioca starch exhibited larger D (4,3) values,
approximately 37 pm and 31 pm respectively. Zedoary starch, on the
other hand, also being pseudo-two-dimensional and flat, displayed a
smaller granular size with 19 pm, and consequently, the largest specific
surface area, measuring 370 m?/kg.

3.5. Invitro digestibility

The digestibility of zedoary-, potato-, and tapioca starch were
compared using an in vitro system containing pancreatin and GA (Fig. 5
and Table 3). Although all three starches exhibited significantly lower
digestibility compared to starch granules with less-smoothed surfaces,
such as those of maize, wheat, and barley (Tian et al., 2024), differences
were observed among them. Tapioca starch showed the lowest enzy-
matic resistance, with a digestion percentage of 23.8% after 180 min,
followed by potato starch at 9.6%, and zedoary starch exhibiting the
lowest digestibility at 6.0%. Despite all three starch granules having
smooth surfaces (Fig. 1), the variation in the degree of digestion after
180 min (C180) suggests that the smooth surface alone cannot be the
sole factor influencing resistance to enzymatic degradation.

3.6. Langmuir adsorption of starch granules

The enzymatic reaction on starch granules can be divided into four
processes: diffusion, adsorption, catalysis, and desorption (Tian, Wang,
Zhong, et al., 2023). Hence, both binding affinity and catalytic ability of
enzyme are crucial for the degradation of starch granules (Butterworth
et al., 2022; Tatsumi et al., 2007; Warren et al., 2011).

Langmuir adsorption was used to determine the binding affinity and
capacity. Firstly, it must be mentioned that acarbose was added to the
enzyme solution to inhibit GA prior to the binding test. We are aware of
that inhibition of GA might affect the binding behavior of GA to the
starch granules. However, since GA showed very high activity on starch
granules, we decided this method to be the best compromise to avoid
changing the surface structure of starch granules by GA-assisted hy-
drolysis during the test (Tian, Wang, Liu, et al., 2023). GA showed
similar affinity (1/K4) for potato (0.013 nM 1) and tapioca (0.012
nM 1) starches, which was 4.3- and 4.0-fold higher, respectively, than
for zedoary starch (0.003 M (Fig. 6 and Table 4). The approximate
values of the apparent saturation coverage of GA for the three different
starch granule types was used to estimate the density of binding sites
(adsFmax) of GA on the different granular surfaces. GA recognized 2.7-
and 2.2-fold more binding sites (ST 0 on zedoary starch (17.5
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and tapioca starch: yellow.

Table 2
Relative content of different branch chains in AP of three starches.
Samples Type of Zedoary Potato Tapioca
chain!
Gelatinized Average chain fa 10.0 + 9.9 + 84+
starch lengths (ACLs?) 0.2% % 0.2° 0.1°
(DP) fby 18.6 + 18.6 + 18.1 £
0.0 0.0° 0.0°
fby 29.5 + 29.7 + 29.4 +
0.2% 0.1% 0.0%
fbs 46.6 + 47.1 + 45.6 +
0.2 0.1° 0.2°
Gelatinized Relative fa 8.4+ 8.0 + 16.9 +
starch proportions 0.2° 0.5° 0.1?
(RC3e) (%) fb, 44.0 £ 404+ 457 +
3.4% 2.6% 0.8
fby 28.4 + 29.7 + 23.7 £
1.3 0.7 0.1°
fbs 19.4 + 22.0 + 155 +
1.9 1.5% 1.0
Granular Relative fa 75.7 + 72.7 + 65.5 +
starch proportions 212 3.4% 2.9°
(RCgf’) (%) fby 24.2 + 25.7 + 32.6
0.5° 2.2° 1.8°
fb, ND’ 1.6 + 22+
0.4% 0.3*
fbs ND ND ND

1 fa: AP chains with DP < 12, fb;: AP chains with DP 13-24, fb,: AP chains with
DP 25-36, fbs: AP chains with DP > 36.

2 ACLX: average chain lengths (DP) of fraction X of debranched gelatinized
starch samples.

% Values are means + standard deviation.

4 Values in the same row with different letters are significantly different (p <
0.05).

5 RCqeX: relative amount of fraction X of debranched gelatinized starch samples.
6 RCgX: relative amount of fraction X of debranched granular starch samples.

7 ND: not detetected.

= Zedoary
= Potato
Tapioca

5

I
10 15 20 25 30 35 4
X-ray diffaction angle/26 (°)

Fig. 4. WAXS diffractograms of zedoary (blue), potato (red), and tapioca starch
(yellow) granules.

Table 3
Degree of branching, crystalline, FTIR peak ratios, particle size and digestion
properties of the different B-type starches.

Starch Zedoary Potato Tapioca
Crystallinity (%) 28.6 +0.5'2  20.3+3.1° 16.6 + 1.3
FTIR ratio* (1045/1022 Cmfl) 0.81 + 0.0° 0.87 + 0.01? 0.75 + 0.00°
D33 (um) 19.2 £ 0.1° 37.4 +0.1% 31.0 £ 0.9°
Specific surface area (m?/kg) 370 +1° 236 + 0° 253 + 6°
CSso (%) 6.0 + 0.4 9.6 +0.1° 23.8 + 0.9°

1 Values are means + standard deviation.

2 Values with different letters in the same row are significantly different at p <
0.05.

3 Tapioca starch is a mixture with A (6.8%) and B (9.8%) type crystals.

4 FTIR ratio: the ratio of 1045 cm—1/1022 cm—1from the FTIR-ATR spectra.
5 D4,3: the volume-weighted mean diameter.

6 C180: degree of digestion after 180 min.
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Table 4
Langmuir adsorption and interfacial kinetic parameters of GA acting on zedoary,
potato, and tapioca starch granules.

Starch Zedoary Potato Tapioca

Kj (nM) 349 + 28233 78.3 + 10.5" 83.7 + 11.9°
adspd « (amol/g) 17.5 + 0.7° 5.7 +0.2° 7.8 £0.2°
Kot 571 58.7 + 5.2° 52.3 + 3.9 60.2 + 6.4
KS/2 (g/L) 46.1 £ 3.5 54.0 + 4.1 30.8 £ 4.6
keat/K7 /2 (Lo[ges] ™) 1.3 + 0.0° 0.8 £ 0.0° 2.0 +0.12
knp_<h® (nmol/g) 0.3 £ 0.0° 0.6 + 0.0° 1.3+0.1%
A/B ratio® (%) 1.8+ 0.1° 11.1 + 0.3% 13.2 + 1.0°

1 Kd: binding affinity.

2 Values are means =+ standard deviation.

3 Values with different letters in the same row are significantly different at p <
0.05.

4 adsGmax: density of binding sites.

5 kcat: turnover number from conventional kinetics.

6 K1/2: the mass load at substrate half-saturation from conventional kinetics.
7 kcat/K1/2: catalytic efficiency from conventional kinetics.

8 kinGmax: density of attack sites.

9 A/B ratio: Attack site density/binding site density ratio.
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nmol/g) when compared with potato starch (5.7 nmol/g) and tapioca
starch (7.8 nmol/g) (Fig. 6E and Table 4).

3.7. Interfacial kinetics of starch granules

The interfacial hydrolysis of different starch granules by GA was
analyzed using a combination of conventional and inverse MM Kkinetics
(Fig. 7A and B) (Kari et al., 2017; Wang, Svensson, et al., 2023). Among
the three different granular starch types, tapioca starch showed the
highest k¢, (60.2 s™1) and lowest K; 2 (30.8 g/L), and therefore highest
keat/K1,2 (2.0 L-[g-s]’l) using conventional MM kinetics (Table 4),
hence, tapioca starch was more efficient substrate for GA among these
three starches. Importantly, the combination of conventional and in-
verse MM kinetics permitted to determine the density of attack sites
(ki“l"max). Our present findings reveal that GA has 4.3- and 2.2-fold more
attack sites (ki“l“max) on tapioca starch (1.3 nmol/g) compared to
zedoary (0.3 nmol/g) and potato (0.6 nmol/g) starches (Table 4).

Another important parameter derived from the interfacial kinetics
and Langmuir adsorption is the attack site density/binding density site
ratio (A/B ratio), which represents the proportion of productive binding
density of GA for the different granular surfaces. Interestingly, only
1.8% of binding sites GA recognized on zedoary starch were productive,
which was significantly lower than for potato (11.1%) and tapioca
(13.2%) starches (Table 4).

4. Discussion

To explore deeper into factors influencing enzymatic resistance, we
conducted a correlation analysis of three starch granule structural pa-
rameters and their interfacial kinetics and digestibility (Fig. 8).

Firstly, the smooth granular surface without pores and cracks acts as
an efficient barrier for limiting enzyme binding, as supported by the
significantly lower density of binding sites of the three starches
compared with e.g. maize starch (Tian, Wang, Liu, et al., 2023). GA had
lowest affinity for zedoary starch (K4 of 349 nM, Table 4), and zedoary
starch showed the lowest in vitro digestibility (Fig. 5). In comparison, GA
had highest affinity for potato starch (K4 of 78.3 nM, Table 4), but potato
showed moderate in vitro digestibility (Fig. 5). Therefore, it can be
concluded that for starches with the smooth granular surfaces, the
binding step is not the limitation for the different enzymatic resistance
(Fig. 8) as there is no correlation between binding affinity (1/Kq4) or
density of binding sites (**T'may) and digestibility (C180) (Fig. 8). The
density of binding sites (*®I'may) was positively related to the specific
surface area (SSA), that is, larger area provided more substrate for
enzyme, in agreement with a previous study (Jung et al., 2013). As for
the binding affinity (1/Kq), our results demonstrated that the SSA of
granular starch has a negative effect on the 1/Kq4 of GA (Fig. 8), which
also is in line with previous studies for a-amylase (Warren et al., 2011).
Interestingly, it should be noted that GA showed the lowest binding
affinity (1/Kq), but the highest *T',,, to zedoary starch, indicating that
the binding sites on the surface of zedoary starch granule are not as
efficient as on potato and tapioca starch. The weak binding may also
cause lower kin1"max for GA on zedoary starch.

Enzyme adsorption alone does not necessarily lead to catalysis. For
these three starch granules having smooth surfaces, the density of attack
sites ("', ) s negatively correlated to digestibility (Fig. 8). Besides, it
was also found that starches with higher B-type crystallinity showed a
lower value of kinl“mx. Our former study also reported that low ki“l"m;,lx
for B-type high amylose maize starch was leading to higher enzymatic
resistance than A-type waxy (high amylopectin) and normal maize
starches (Tian, Wang, Liu, et al., 2023). It has been widely accepted that
B-type crystals tend to form larger 100 nm-sized “blocklets” at the
granule surface, which are believed to play a crucial role in conferring
resistance to hydrolysis (Pérez & Bertoft, 2010). It was suggested that
the short branches (fa chains, DP < 12), which are relatively higher in
amount in tapioca starch, are too short to effectively participate in
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Fig. 7. Interfacial kinetics for GA on zedoary starch (blue), potato starch (red), and tapioca starch (yellow). (A) Conventional and (B) inverse kinetics. Lines represent
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significance with p value < 0.0001, 0.001-0.01, and 0.01-0.05, respectively.

double-helical structures and therefore introduce defects into the crys-
tallites and disturb the crystal organization (Li, Hemar, & Zhu, 2021;
Roman et al., 2020). Besides the chain length distribution of AP, AM
chains, especially longer AM chains, could disrupt the formation of
double helical segments and crystal structures (G. Li, Hemar, & Zhu,
2021; Zhu, 2018). This explains the lowest crystallinity of tapioca starch
and a lower crystallinity of potato starch compared with zedoary starch.

Interestingly, kinp -« was also found to be negatively correlated with
the short fa chains, while positively related to the long chains (fb; and
fby chain) on the surface. Our former study demonstrated that, when a
substrate chain is too long or too short, GA can bind, but not catalyze the
hydrolysis of the substrate chain (Tian, Wang, Liu, et al., 2023). As a
result, we hypothesize that the relatively longer branches on the surface
of tapioca starch potentially provide sufficient chain length to enter the
active site of GA, hence GA has more attack sites on the surface of
tapioca starch.

Among the starch granules with smooth surfaces in this study, we
suggest that those with lower crystallinity—characteristic by having
short AP chains and longer AM chains—and relatively more longer
chains on the surface, contribute more attack sites for GA resulting lower
enzymatic resistance.

5. Conclusion

Understanding the mechanisms underlying interfacial enzyme-
catalyzed reactions is crucial for elucidating key structure controlling
enzymatic degradation of starch granules. In this study, we combined
interfacial kinetics and Langmuir adsorption isotherm analysis to explore
the enzymatic resistance mechanisms of granular starches. The investi-
gation focused on three types of starches derived from i) zedoary rhi-
zomes, ii) potato tubers, and iii) tapioca roots. Despite all three starches
exhibiting smooth granular surfaces, they displayed decreasing degrees

of resistance to glucoamylase (GA) in the order zedoary > potato >
tapioca starch. The enzymatic resistance to GA primarily correlated to
the density of attack sites. Notably, a smooth surface acts effectively as a
barrier against the ingress of digestive enzymes, but does not dictate the
density of attack sites, also not correlated with the SSA. Rather, the
highest crystallinity, particularly B-type crystallinity, emerges as a
critical parameter in this regard. B-type crystallinity exhibited a nega-
tive correlation with GA affinity and the density of attack sites.
Furthermore, the analysis revealed that the density of attack sites is
predominantly influenced by the chain length on the surface of starch
granules. In essence, the findings provide deeper understanding of the
enzymatic hydrolysis of granular starches and the enzymatic modifica-
tion of starch. These insights hold significant implications for various
fields, including food science, biotechnology, and pharmaceuticals, such
as preparation of new RSII by modifying the surface structure, devel-
oping RS-based delivery systems for dietary supplements, and improving
the digestibility of raw starch in animal feed through enzymatic treat-
ment, which can enhance the nutritional value and energy efficiency for
livestock. From a future perspective, the kinetic analysis of additional
human digestive enzymes, such as pancreatic a-amylase and a-glucosi-
dases, can provide comprehensive information to aid in understanding
the digestibility of granular starch.
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Abbreviations

A/Bratio Attack site density/binding site density ratio

adsp .« density of binding sites

ACL the average chain length (DP)

AM amylose

AP amylopectin

CLD chain length distribution

C180 degree of digestion after 180 min
DP degree of polymerization

D43 the volume-weighted mean diameter
Ey the enzyme load under inverse kinetics
fa chains with DP 6-12

fby chains with DP 13-24

fbo chains with DP 25-36

fbs chains with DP > 36

GA glucoamylase

GH glycoside hydrolase

FTIR ratio the ratio of 1045 cm /1022 cm™! from the FTIR-ATR spectra
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Ve the enzyme concentration at enzyme half-saturation under inverse kinetics
vy, «  the maximum rate under inverse kinetics

keat turnover number under conventional kinetics

keat/K1,2 catalytic efficiency from conventional kinetics

Kq binding affinity

kg« density of attack sites

Ki/2 the mass load at substrate half-saturation under conventional kinetics
RC relative amount

Rh hydrodynamic radius

RS resistant starch

Sgass substrate mass load from conventional kinetics

Vinax the maximum rate under conventional kinetics
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