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A B S T R A C T   

Starch particle digestion is an important topic in food digestion research. This study has developed a diffusion- 
reaction model to characterize hindered enzyme diffusion and substrate hydrolysis on the surface and in the 
interior of porous starch particles. A moving boundary numerical method is applied to account for particle 
shrinkage caused by surface reaction. This model has been proven to predict the digestion rate of various starch 
particles of different sizes. The parameter estimation procedure quantifies the properties that are hard to measure 
by experimental techniques, i.e., diameter, reactive area, and proportion of pores accessible for enzyme as well as 
susceptibility of starch to enzyme. This work formulates a quantitative procedure for identifying the particle 
digestion pattern (i.e., outside-in or inside-out) by resorting to the developed model. Computational experiments 
indicate that in addition to internal architecture, particle size has a significant effect on the digestion pattern.   

1. Introduction 

Starch is the primary nutrient and energy source in our daily life. Its 
digestion in the gastrointestinal tract is a crucial rate-limited step of 
bioavailability to humans and is highly associated with human meta
bolism and health. Many modeling efforts have been devoted to un
derstanding the digestive characteristics of different starchy foods. The 
most widely used is the first-order kinetics model, where the digestion 
rate is assumed to be in direct proportion to the substrate concentration, 
and the kinetics constant can reflect the relative susceptibility of starch 
to enzyme (Butterworth et al., 2011; Singh et al., 2010). Considering the 
substrate saturation effect, the Michaelis-Menten kinetics model has also 
been heavily applied when the substrate is in a large excess compared to 
the enzyme (van Boekel, 2008). Many research groups improved this 
model empirically in an attempt to consider more effects observed from 
digestion experiments, e.g., product inhibition (Dona et al., 2011). 
Despite these efforts, this empirical modeling approach currently takes a 
limited number of variables into account. It seems to be only feasible for 
the digestion of starch in liquid form, like a gelatinized solution, but 
invalid for granular starch digestion that involves a more complex 
mechanism. 

The digestion of starch granules is a typical heterogeneous reaction. 

The factors limiting the rate of starch digestion can be broadly classified 
into two groups: catalyzed reaction related and mass transfer related. A 
critical factor influencing the digestion rate is the susceptibility of starch 
to the enzyme. At the molecular level, it is determined by the crystalline 
structures illustrated in Fig. 1(a). A polymorphic type with shorter 
double helices (found in most cereal starches) is more readily hydro
lyzed compared to B polymorphic type with longer and more stable 
helices (found in most tuber starches) (Tester et al., 2004). From the 
perspective of mass transfer, both the rheological property of liquid 
phase and the architecture of solid phase profoundly influence the 
diffusion of molecules (Dhital et al., 2014; Grundy et al., 2016). Dhital 
et al. (2017) stated that the substantial presence of pores and channels 
allowed the enzyme easy access to regions inside the granule, which led 
to a specific digestion pattern known as the ‘inside-out’ pattern shown in 
Fig. 1(b). Conversely, the absence of pores and channels makes the 
enzyme penetrate the interior region slowly and hydrolyze granules 
primarily by surface erosion. It was described as ‘outside-in’ pattern. 
Identifying the digestion pattern can provide valuable guidance for food 
processing and modification. Nevertheless, it is unreasonable and less 
rigorous to determine the digestion pattern subjectively based on par
ticle morphology. For an accurate evaluation, it is essential to quanti
tatively compare the amount of starch hydrolyzed on the particle surface 
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and inside the particle. 
To predict the rate and pattern of starch particle hydrolysis, a 

mechanism-driven model is required. It is a typical but unique diffusion- 
reaction problem. Unlike many traditional heterogeneous reactions like 
electrolysis (Kavand et al., 2021), the diffusing molecule in a digestion 
system is enzyme. It is not consumed but acts to promote the reaction 
rate. However, different from catalyst carriers in systems like fix-bed 
reactions (Park, 2018), starch particles undergo changes in both size 
and structure during hydrolysis. While previous investigations focused 
on the modeling of enzyme diffusion and substrate reactions, attention 
has primarily been paid to other substrates, such as protein (Sicard et al., 
2018) and cellulose (Luterbacher et al., 2013). Moreover, all these 
models neglected the decrease in particle size during hydrolysis, which 
is exact evidence reported in digestion experiments (Chen et al., 2011; 
Tamura et al., 2016). Despite posing a challenge for numerical solving, 
incorporating the dynamic changes in both size and structure into the 
modeling is crucial for a more accurate prediction of the starch particle 
digestion process. 

This work will propose a diffusion-reaction model for the in-vitro 
digestion of starch particles featured as size shrinking and architecture 
evolution. The following section details basic assumptions, 

mathematical equations, and numerical methods. In-vitro digestion ex
periments are referred to evaluate the model and estimate the initial 
parameters that are hard to measure by experimental methods, e.g., the 
initial proportion of pores accessible to the enzyme. Meanwhile, a 
quantitative procedure for identifying the digestion pattern of different 
starches is formulated based on the developed model, which can help 
offer more efficient guidelines for food processing. It should be pointed 
out that this strategy may also hold promise for enhancing the reaction 
efficiency in other fields, e.g., biorefinery (Raj et al., 2022) and elec
trolysis (Kavand et al., 2021). Beyond understanding digestion mecha
nisms, this mechanistic model has the potential to be integrated with 
existing intestinal models (Qin et al., 2023), providing insight into 
in-vivo digestion phenomena that are challenging to observe experi
mentally. Furthermore, its application is anticipated in improving gly
cemic prediction systems (Oviedo et al., 2017), enabling the 
consideration of food properties and the calculation of the glycemic 
index (GI) (Goñi et al., 1997). 

Fig. 1. The schematic diagram of (a) A-type and B-type crystal structures referred from Eliasson (2004), and (b) ‘inside-out’ and ‘outside-in’ digestion patterns 
(extreme cases drawn based on Dhital et al. (2017)). 

Fig. 2. Multiscale illustration of the hydrolysis of starchy particles in an in-vitro digestion experiment. (a) The macroscopic view of a digestion experiment. (b) The 
changes in particle size and pore geometry before and after digestion. (c) The enzymatic reaction in a nanopore. 
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2. Model development 

2.1. Model description and assumption 

Starch particles hydrolyzed in an in-vitro system are modeled as 
completely dispersed spheres with identical physicochemical properties 
as shown in Fig. 2(a). This basic assumption aligns with the general 
modelling practice for hydrolysis of particles with uncertain shape, e.g., 
protein (Sicard et al., 2018) and cellulose (Movagharnejad and Sohrabi, 
2003). Generally, in-vitro digestion experiments involve three succes
sive steps, i.e., oral, gastric, and intestinal phases, to imitate a complete 
digestive journey. For the digestion of starch, the roles of the former two 
steps (oral and gastric) are negligible in consideration of the short re
action duration of the oral phase (about 10~20 s) and rapid inactivation 
of α-amylase in the acidic environment of the gastric phase (van Boekel, 
2008; Al-Rabadi et al., 2009; Tamura et al., 2016). The simulation ini
tiates at the beginning of the intestinal stage. The concentration of 
α-amylase in the intestinal simulated fluid is estimated by summing the 
amounts of α-amylase and water added throughout all three phases. The 
pH value, which influences the enzyme activity, remains steady in that 
the neutral reaction of acid and base completes rapidly at the beginning 
of the intestinal phase. The product resulting from α-amylase hydrolysis 
is exclusively assumed to be maltose because the variety of oligosac
charides is too complex. 

In the microscale view depicted in Fig. 2(b), numerous pores of 
varying diameters are distributed inside a particle containing digestible 
starch and indigestible components, e.g., fibers, protein, lipid, etc. These 
minor ingredients may contribute to diverse granular structures and 
varying impacts on the digestion process, but the underlying mecha
nisms are too intricate to establish precise mathematical relationships. 
As a first approximation, they are all considered as enzyme-resistant 
substrates with identical properties. As the hydrolysis occurs, the 
granule size gradually decreases as starch and other indigestible com
ponents are dissociated into the surrounding solution. Simultaneously, 
the internal pores expand, accompanied by the shrinkage of the solid 
phase where the starch content declines but the region of other com
ponents is unchanged. Consequently, the diffusivity of solute and 
available surface area both change accordingly. Notably, not all the 
pores estimated by experimental methods, e.g., nitrogen adsorption 
(Juszczak et al., 2002), are larger than the size of α-amylase. Pores too 
narrow to allow α-amylase to enter are considered inaccessible regions 
in this simulation. Due to the destructive role of acid and pepsin on the 
granular structure during the gastric phase, the information on pores at 
the beginning of the intestinal phase is unknown. Moreover, different 
from materials in other disciplines, the nature of a certain food varies 
from one experiment to another due to different origins or processing 
methods (Ho et al., 2013). Initial values of pore-related parameters are 
unavailable and need to be estimated. Fig. 2(c) gives a conceptive 
illustration of how the enzyme dissociates starch from the solid-liquid 
interface of pores. It is assumed that the adsorption and desorption of 
enzymes have no influence on the localized enzyme concentration in 
pores. 

2.2. Mathematical equations 

2.2.1. Diffusion of enzyme 
Driven by the concentration difference, the enzyme in the external 

aqueous solution migrates toward the core of a porous particle. The mass 
balance of the enzyme can be described by Fick’s second law: 

∂E
∂t

=
1
r2

∂
∂r

(

r2DE,p
∂E
∂r

)

(1)  

where E [U/m3] denotes the enzyme concentration at time t at the radial 
distance r from the core of a particle. DE,p [m2/s] is the effective diffu
sivity of the enzyme in a porous structure. U is an international unit of 

enzyme catalytic activity, and 1 U is the amount of enzyme that cata
lyzes the conversion of 1 μmol of substrate per minute. Under the 
premise of constant temperature and pH, the ability to convert the 
substrate is directly proportional to the enzyme amount, so U/m3 can be 
regarded as a concentration unit. The initial condition of Eq. (1) is 

E|t=0 = 0 (2) 

The Neumann boundary condition imposed on the partial differen
tial equation at the particle surface is given by: 

DE,l
∂E
∂r

⃒
⃒
⃒
⃒

r=Rp

= kl(El − Es) (3) 

Here El and Es are the enzyme concentration in the surrounding 
environment and on the particle surface, respectively. The environ
mental concentration is assumed to be a constant. That is the decline of 
enzyme concentration due to diffusing into particles is negligible, given 
that the external space is significantly larger than the pore volume in 
particles, and the enzyme is not consumed by reaction. DE,l [m2/s] is the 
diffusivity of the enzyme in the external aqueous solution. The mass 
transfer coefficient, denoted as kl, characterizes the mass exchange at 
the boundary of a particle. It is estimated based on the correlation of the 
solid-liquid mass transfer in an agitated system derived from the pre
vious literature (Wojtusik et al., 2016). 

Sh= 0.69Re0.5Sc1/3 (4) 

The Sherwood, Reynolds and Schmidt dimensionless numbers are 
related to the flow conditions around particles by Eqs. (5)–(7) 

Sh=
kldp

DE,l
(5)  

Re=
Nd2

T ρl

μ (6)  

Sc=
μ

ρlDE,l
(7) 

Here dp [m] denotes the particle diameter, which decreases as a 
result of the hydrolysis taking place on the outer surface. N [s− 1] is the 
stirring speed, and dT [m] is the vessel diameter. ρl [kg/m3] and μ [Pa s] 
are the density and viscosity of the liquid media, respectively. The 
diffusivity in the external aqueous solution DE,l can be calculated by the 
Einstein-Stokes equation: 

DE,l =
kBT

3πμdE
(8)  

where kB is the Boltzmann constant, T is the absolute temperature (310 
K), and dE [m] is the hydrodynamic diameter of the enzyme. In addition, 
the enzyme diffusion inside a porous particle is affected by pore-related 
properties. The following equation gives the effective diffusivity of the 
enzyme in a porous structure DE,p [m2/s]. 

DE,p =
ε
τDE,pore (9)  

where ε denotes the localized porosity. It increases as the hydrolysis 
reaction consumes the localized solid component, and it can be 
expressed as a function related to the mass of the solid component per 
unit particle volume X [kg/m3]. 

ε= 1 − (1 − ε0)
X
X0

(10) 

Here ε0 and X0 are respectively the initial values of the corresponding 
variables. 

The tortuosity factor τ in Eq. (9) is given by an empirical correlation 
of ε for porous media (Weissberg, 1963): 
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τ = 1 − 0.5 ln ε (11) 

The molecular size of the enzyme is comparable to the average 
diameter of pores. Its migration inside a particle is hindered by the 
presence of the pore wall (Fournier, 2017). The diffusivity DE,pore, which 
describes the hindered diffusion in solvent-filled pores, is reduced by 
two factors. Its general form can be expressed as 

DE,pore =DE,lF1(φ)F2(φ) (12) 

The correction factors F1 and F2 in Eq. (12) are both functions of φ, 
which is the ratio of the enzyme diameter dE to the pore diameter dpore: 

φ=
dE

dpore
(13) 

In the current work, only the pores more extensive than the enzyme 
are considered so that there is no case of φ > 1. Given the assumption of 
cylindrical pore geometry (see Fig. 2(c)), the change in pore diameter 
exhibits a square-root relationship with the change in pore volume. 

dpore = dpore,0

̅̅̅̅̅
ε
ε0

√

(14)  

where dpore,0 is the initial pore diameter. Real particles exhibit a broad 
distribution of pore diameter. Given the extreme challenge of acquiring 
the distribution along the radial direction, this study employs the same 
initial value at each position, specifically the average. The first hin
drance to diffusion is known as steric exclusion. It implies that a solute 
cannot approach the pore wall closer than its radius, thus limiting the 
pore cross-sectional area available to a solute. The correction factor F1, 
namely the stearic partition coefficient, is defined as follows: 

F1 =(1 − φ)2 (15) 

Diffusion in a pore comparable in size to the solute is also restricted 
by increased hydrodynamic drag. Regarding the hydrodynamic hin
drance factor F2, the widely-used empirical equation developed by 
Dechadilok and Deen (2006) is employed: 

F2(φ)= 1 − 2.104φ + 2.09φ3 − 0.95φ5 (16)  

2.2.2. Enzyme catalysis of starch 
The enzymatic reaction in a starchy particle involves two steps, 

adsorption and catalysis, as depicted in Fig. 2(c). The adsorption of the 
enzyme on the solid-liquid interface can be described by the interfacial 
Langmuir equilibrium isotherm (van Boekel, 2008): 

q=
E∗

maxE
Km + E

(17)  

where E∗
max [U/m2] represents the saturation interfacial concentration of 

enzyme and Km [U/m3] is the equilibrium constant. The rate of the 
formation of the final product per unit area [kg/(m2⋅s)] is given by 

kcatE∗
maxE

Km + E
=

VmaxE
Km + E

(18)  

where kcat [s− 1] is the kinetic rate constant of product formation. The 
product of kcat and E∗

max is defined as Vmax [kg/(m2⋅s)], which represents 
the maximum rate of product formation per unit area. 

To describe the reaction occurring inside a particle, the interfacial 
reaction rate needs to be transformed into a volumetric rate, which is 
equal to the decreasing rate of the solid component: 

∂X
∂t

= −
VmaxEAi(1 − η)

Km + E
(19) 

The initial condition of Eq. (19) is 

X|t=0 =X0 (20) 

It implies that a raw particle has the same density at every position. 

However, different enzymatic hydrolysis rate between the inner and 
outer regions of the particle leads to a time-dependent distribution of 
density along the radial direction. The solid component is composed of 
digestible starch and indigestible substrate. 

X =Xdig + Xindig (21) 

The available area for the enzymatic reaction inside a particle de
pends on the area of the solid-liquid interface Ai and the digestible ratio 
(1 − η) (see the green region in Fig. 2(c)). The interfacial area per unit 
particle volume Ai [m2/m3] is computed based on the assumption of 
cylindrical pores (detailed derivation is provided in Appendix A) 

Ai =Ai,0

̅̅̅̅̅
ε
ε0

√

(22) 

If one assumes that starch and other components resistant to 
α-amylase possess the same density, the fraction of the indigestible 
component is a function of the solid mass per unit particle volume: 

η=Xindig

X
=

Xindig,0

X0

X0

X
= η0

X0

X
(23) 

The rate of starch production from a particle is the sum of the in
ternal rate and surface rate. 

Qsum =Qi + Qs (24) 

Integrating Eq (19) gives the rate of starch hydrolysis inside a 
particle: 

Qi =

∫ Rp

0
4πr2VmaxEAi(1 − η)

Km + E
dr (25) 

The rate of starch hydrolyzed on the external surface of a particle can 
be directly obtained based on the enzyme concentration on the particle 
surface: 

Qs =
VmaxEsAp(1 − ηs)

Km + Es
(26)  

where Ap [m2] denotes the available external surface area of a particle, 
which declines as a result of particle shrinking, and ηs is the fraction of 
indigestible components on the surface. Considering the pores and 
indigestible component on the particle boundary, the computation of Ap 
is given by: 

Ap = 4πRp
2(1 − εs) (27)  

where εs is the porosity on the particle surface. As the enzymatic reac
tion proceeds, particles shrink accomplished by the dissociation of 
starch and the indigestible component from the external surface. Ac
cording to Appendix B, the decreasing rate of the particle radius on the 
premise of ηs ∕= 1: 

∂Rp

∂t
= −

VmaxEs(1 − ε0)

(Km + Es)X0
(28) 

When the digestible component on the surface is exhausted, that is 
ηs = 1, the shrinking of a particle ceases. The internal reaction generates 
a reduction in the starch content inside a particle. The average mass of 
starch per unit granular volume can be calculated by its spatial 
distribution: 

Xdig =
3
∫ Rp

0 r2Xdigdr
R3

p
(29) 

To better compare the influences of surface reaction and internal 
reaction on a particle, the extents of change in particle size and starch 
proportion are characterized by Rp/Rp,0 and Xdig/Xdig,0, respectively. Rp,0 

and Xdig,0 are their initial values. 
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2.3. Numerical method 

In this model, the decrease in the particle radius leads to a moving 
boundary problem, also known as the Stefan problem (Illingworth and 
Golosnoy, 2005; Zhang and White, 2007). The Landau transformation, a 
moving boundary solving method, has been successfully implemented in 
both the diffusion equation Eq. (1) and the reaction equation Eq. (19) to 
achieve greater precision. It constructs an adaptive scheme that re
locates a constant number of nodes by moving the mesh points and keeps 
a node located at the boundary. 

This method introduces a new positional variable ψ = r/ Rp, as 
shown in Fig. 3, to fix the physical domain 0 ≤ r ≤ Rp to the computa
tional domain 0 ≤ ψ ≤ 1. The governing equation Eq. (1) is rewritten in 
terms of ψ : 

∂E
∂t

−
ψ
Rp

dRp

dt
∂E
∂ψ =

1
(
ψRp

)2
∂

∂ψ

(

DE,pψ2∂E
∂ψ

)

(30) 

The boundary condition: 

DE,l
∂E
∂ψ

⃒
⃒
⃒
⃒

ψ=1
= kl(El − Es) (31)  

∂E
∂ψ

⃒
⃒
⃒
⃒

ψ=0
= 0 (32) 

The equation Eq. (19) can be transformed to the following form: 

∂X
∂t

−
ψ
Rp

dRp

dt
∂X
∂ψ = −

VmaxEAi(1 − η)
Km + E

(33) 

The initial conditions of the above equations do not require any 
transformation. While the introduction of the Landau transformation 
complicates the governing equations, it simplifies the problem by 
keeping the computational domain fixed instead of changing with time. 
The diffusion-reaction model in the form of Landau transformation is 
solved with spatial discretization along the r coordinate by the central 
finite difference method (see Fig. 3) and the temporal discretization by 
the forward Euler method. The equations were solved numerically in 
MATLAB. 

2.4. Parameter estimation method 

To quantitatively compare the simulation results with in-vitro ex
periments, a commonly used metric, namely hydrolysis ratio, is 
computed by Eq. (34). It represents the mass of starch hydrolyzed 
divided by the initial mass of starch in a particle: 

H =
6
∫ t

0 Qsumdt
πd3

p,0X0(1 − η0)
(34) 

The parameter estimation is carried out using the developed model 
against experimental data from previous literature. The objective func
tion of the regression problem is 

min
∑M

m=1

∑N

n=1

(
Hm,n

exp − Hm,n
sim

)2
(35)  

where M is the number of the experimental groups, and N is the number 
of the sampling time points in the experiment. The subscripts sim and exp 
represent simulation data and experimental data, respectively. 

The goodness of fit R2 will be used to evaluate the effectiveness of 
model parameters for different particle sizes. 

R2 = 1 −
SSE
SST

(36)  

where SSE is the residual sum of squares, and SST is the total sum of 
squares. The value of R2 approaching 1 indicates a better agreement 
between the simulated and experimental results. 

SSE =
∑N

n=1

(
Hn

exp − Hn
sim

)2
(37) 

and 

SST =
∑N

n=1

(
Hn

exp − Hexp

)2
(38)  

2.5. Identification of digestion pattern 

A rigorous criterion for the digestion pattern of starch particles can 
be formulated with the aid of the developed model. The idea is to esti
mate and compare the amount of starch hydrolyzed in the interior and 

Fig. 3. The Landau transformation introduces new positional variables of 
which the interval is [0, 1]. A fixed discretization of these variables corresponds 
to points whose position varies in real space to accommodate the motion of the 
external boundary. 

Table 1 
Parameter values used in the model with references.  

Experiment Parameter Value References 

Native sorghum X0 1.37 g/cm3 

McDonough et al. (2004) 
η0 34.3% 

~43% Al-Rabadi et al. (2009) 

El 1157 U/ml 
Al-Rabadi et al. (2009) 

Native barley X0 1.2 g/cm3 

Hoyle et al. (2019) 
η0 48.3% 

~71.4% Al-Rabadi et al. (2009) 

El 1157 U/ml 
Al-Rabadi et al. (2009) 

Native maize X0 1.23 g/cm3 

Bhise et al. (2014) 
η0 33 % 

Liu et al. (2016) 
El 58 U/ml 

Dhital et al. (2010) 
Native potato X0 1.35 g/cm3 

Adane et al. (2006) 
η0 30 % 

Liu et al. (2007) 
El 58 U/ml 

Dhital et al. (2010) 
Cooked rice X0 0.9 g/cm3 

Le and Jittanit (2012) 
η0 22.8 % 

Ranawana et al. (2010) 
El 37 U/ml 

Ranawana et al. (2010) 
Common 

parameters 
dE 7 nm 

Payan et al. (1980) 
dT 5 cm * 
N 85 rpm (Dhital et al., 2010; Al-Rabadi 

et al., 2009) T 310 K 
μ 0.001 Pa s * 

*values are estimated from general knowledge. 
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on the surface in a certain period of time. Based on the reaction rates 
obtained from Eq. 24–26, the percentages of internal reaction and sur
face reaction within time t can be quantified, respectively. 

Pi =

∫ t
0 Qidt

∫ t
0 Qsumdt

× 100% (38)  

Ps =

∫ t
0 Qsdt

∫ t
0 Qsumdt

× 100% (39) 

In this work, the period of time is set to 6 h. If the surface reaction 
contributes more than the internal reaction, that is Pi|t=6 h >50%, the 
digestion pattern is defined as “inside-out”. Otherwise, the pattern is 
“outside-in”. 

Fig. 4. Model fitting results of hydrolysis ratio for five starchy foods (native maize, native potato, native sorghum, native barley, and cooked rice) with different 
initial particle sizes as well as R2 value for each size group. Dots: in-vitro experimental data. Lines: simulation results by average particle size. Patterns: uncertainty of 
simulation results (stripes denote borderless). 

Y. Qin et al.                                                                                                                                                                                                                                      



Journal of Food Engineering 369 (2024) 111918

7

3. Results & discussion 

3.1. Parameter identification 

Three digestion experiments (Al-Rabadi et al., 2009; Dhital et al., 
2010; Ranawana et al., 2010) focusing on the effects of particle size on 
the hydrolysis rate of five starchy foods (i.e., maize, potato, sorghum, 
barley, and cooked rice) were selected to validate the effectiveness of the 
model. The particle size in different experiments varied significantly, 
ensuring that the proposed model can be verified for general applica
bility. The experimental conditions of these studies and the available 
properties of different starchy foods are given in Table 1. The enzyme 
concentrations in the surrounding solution were estimated by consid
ering the total amount of α-amylase and the total volume of water added 
throughout the entire hydrolysis process. The initial ratios of indigest
ible content of sorghum and barley were provided explicitly in the 
original paper. However, the indigestible content was not directly 
measured in the experiments involving maize, potato, and rice. Rough 
estimations were made based on information from other references to 
approximate this parameter for these starchy foods. 

The fitting profiles for the hydrolysis ratio of the selected foods 
against time, as well as the corresponding in-vitro experimental data, are 
presented in Fig. 4. The values of R2 indicate the prediction fidelity for 
each particle size group. The parameter estimation results are summa
rized in Table 2. In Fig. 4(a, c & e), the data for maize, sorghum and 
cooked rice demonstrate a satisfactory fit to the proposed model. In 
comparison, the results of potato and barley in Fig. (b & d) exhibit a 
moderate level of accuracy. The biases for most groups are within an 
acceptable range for a biochemical reaction (Ozili, 2023). It can be 
found that the fitting goodness is notably low for sorghum and barley 
with the largest particle size (3.75 mm). This discrepancy may stem from 
the relatively intact cell wall and a more continuous protein network 
before grilling (Dhital et al., 2017), which has been neglected in the 
current work. Hence, it can be roughly summarized that the estimated 
parameters are applicable within a size range of approximately 0.1–2 
mm for sorghum, barley and cooked rice, and 0.01–0.1 mm for maize 
and potato. 

Apart from the inherent complexity of the digestive process, these 
errors could be attributed to the uncertainty in particle size. In in-vitro 
digestion experiments, researchers used starch particles with a large size 
distribution instead of a completely uniform size. While the experiments 
for maize and potato accurately measured the average particle di
ameters using a reliable method, i.e., surface weighted mean, the rough 
estimates of the average size based on sieving range for sorghum, barley 
and rice might not offer precise predictions. Therefore, the deviation of 
simulation results in consideration of the uncertainty of the average 
particle size is depicted in Fig. 4(c, d & e), revealing that the vast ma
jority of experimental dots fall within the corresponding region. 

3.2. Digestion behavior analysis 

Apart from the excellent performance in calculating the hydrolysis rate of 
various starch-rich particles of different sizes, the estimated parameters in 
Table 2 can help shed light on the underlying mechanisms that determine the 
gap in digestion behavior. The susceptibility of starch to amylase, reflected by 

the parameter Vmax, is influenced by factors such as the ratio of amylose 
to amylopectin, the length of branch chains of amylopectin, crystalline 
structure, and the packing of amorphous phases (Dhital et al., 2017). In 
the case of cooked rice, this parameter is much higher compared to 
native starches, indicating that it is susceptible to α-amylase. This is 
because heating in excess water disrupts the crystalline structure of rice 
starch, which consequently makes it readily available for enzymatic 
attack (Singh et al., 2010). Furthermore, cooking causes the swelling of 
granules and the leakage of components, resulting in a more open 
granular network (Jang et al., 2016). This is evident by the top initial 
values of porosity and the available inner area of cooked rice. The 
estimated porosity (0.48) is within the range (0.25–0.5) observed in 
experimental research (Ramesh, 2000). 

Among the investigated native starches, barley has a relatively 
higher value of Vmax. It implies that the stronger enzyme sensitivity is the 
dominating reason for the more rapid hydrolysis of barley particles, 
which possess lower porosity and smaller effective internal area. Similar 
evidence can also be found in the experimental research that compared 
the amylolysis behavior between barley and maize (Naguleswaran et al., 
2013). Despite more pores on the surface of maize particles observed by 
SEM images, barley particles were hydrolyzed to a greater extent due to 
their weaker crystalline structure, which was confirmed by wide angle 
X-ray diffraction (WAXD). Potato, a representative tuber starch with 
B-type polymorph, shows a lower value of Vmax, aligning with experi
mental observations. The hexagonal packing of helices formed by 
amylopectin with longer chains in B-type crystals imparts greater sta
bility to the internal structure, making it more resistant to breakdown 
(Butterworth et al., 2011). 

The initial values of internal surface area Ai,0 and porosity ε0 of maize 
particles are much higher than those of other native starches. More 
interestingly, even though potato is often perceived as lacking pores, its 
values of Ai,0 and ε0 approach the magnitude of sorghum. This intriguing 
trend could be explained by the micrometer-scale grain size used in the 
maize and potato digestion experiments (Dhital et al., 2010). Individual 
endosperm cells typically range from 50 to 150 μm, so starch in granules 
of millimeter-scale size is predominately encapsulated by intact cell 
walls. In contrast, granules of micrometer-level size contain more 
broken cells, providing additional exposed sites for enzyme binding and 
catalysis reaction. Industrial processing techniques such as milling are 
also likely to destroy crystalline regions and protein networks, further 
increasing opening channels and available reactive area (Dhital et al., 
2017). In addition, a common phenomenon can be found further by 
comparing the values of Ai,0 obtained from the same experiment (i.e., 
sorghum vs. barley and maize vs. potato). It indicates that the larger 
internal area leads to a slighter disparity in digestion kinetics among 
different size groups in that the increase in Ai,0 impairs the influence 
brought by the change in the external surface area. 

3.3. Comparison of digestion pattern 

This section compares the contributions of surface reaction and in
ternal reaction to determine the digestion pattern of different starch 
particles. The initial particle size for each variety was set within the 
applicable range estimated in the previous section. Fig. 5(a1~e1) show 
the relative contributions of internal reaction and surface reaction to the 
total hydrolysis. The decreased degree of particle size and average starch 
content, given by Eqs. (28) and (29), are plotted in Fig. 5(a2~e2). The 
evolution of effective diffusivity within a particle is drawn in Fig. 5 
(a3~e3). 

As hydrolysis proceeds, all groups demonstrate a consistent tread, 
characterized by a decrease in the surface reaction ratio and an increase 
in the internal reaction ratio. This can be ascribed to two changes 
involved. One is the declining outer surface area, which occurs due to 
the decrease in the particle size. The other change is the enhancement of 
enzyme concentration inside the particle, particularly during the initial 

Table 2 
Optimal parameter values for the model.   

Vmax [kg/ 
(m2⋅s)] 

Km [U/ 
ml] 

ε0 Ai,0 [m2/ 
m3] 

dpore,0 

[nm] 

Maize 1.42 × 10− 6 600 0.29 2.3 × 105 14 
Potato 6.65 × 10− 7 1529 0.192 2 × 104 14.2 
Sorghum 2.32 × 10− 6 1123 0.185 1.65 × 104 13.1 
Barley 4.8 × 10− 6 200 0.084 5.98 × 102 25 
Rice 1.32 × 10− 5 1.1 0.48 1.39 × 105 13.7  
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Fig. 5. The effect of initial particle size on the digestion behavior of five starches. Pi & Ps: percentages of internal and surface reactions; Rp/Rp,0 & Xdig/ Xdig,0: degrees 
of change in particle size and starch proportion; DE,p: effective diffusivity. 
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period. The second common tendency can be observed when comparing 
profiles of different initial sizes. As the initial diameter increases, the 
surface reactive contribution decreases, and the internal reactive 
contribution experiences the opposite. According to the spherical area 
and volume formulas, the specific surface area of a particle is inversely 
proportional to its radius (i.e., 3/Rp), indicating that a pile of particles 
with smaller average size has a larger total external surface area. 
Additionally, as shown in Fig. 5(a2~e2) & (a3~e3), smaller particles 
experience relatively more dramatic changes in particle size, starch 
content and effective diffusivity. 

From the left subgraphs of Fig. 5, one can see a vast disparity in the 
digestion pattern among different starchy foods. According to the clas
sification defined in the methodology part, maize granules with initial 
average size of 0.01 mm are digested by “outside-in” pattern (surface 
reaction making up about 60%), while the other two size groups behave 
the opposite. The size-dependent pattern is owing to the higher pro
portion of outer surface area in finer grains compared to coarser grains 
(referring to the inverse relationship between the outer surface area per 
unit granular volume and the radius). It is stated that starch particles of 
the same component but different sizes are likely to be digested in 
different patterns. In Fig. 5(c1), the hydrolysis ratios of all three sor
ghum groups in the interior surpass those on the outer surface after 
approximately 3 h, and ultimately reach about 60% at 6 h. The digestion 
behavior of sorghum within the given particle size range can be 
described as an “inside-out” pattern. As listed in Table 2, sorghum 
possesses more accessible pores for the enzyme to enter the hilum region 
and more inner area that provides more catalysis sites, so the erosion by 
enzyme in the interior plays a dominant role in the whole process. The 
contributions of surface reaction for potato and barley, as shown in 
Fig. 5(b1 & d1), are in an absolutely dominant position (over 90%) 
throughout the period. Their digestion patterns are hence classified as 
“outside-in”. 

Fig. 5(e1) suggests that cooked rice, which is highly susceptible to 
enzymatic action and has extensive pores, undergoes nearly complete 
consumption by internal reaction. As illustrated in Fig. 5(e2), the starch 
located within the interior is exhausted in a very short time, and the 
granular radius experiences a slight reduction only at the very begin
ning. In an in-vitro rice digestion experiment conducted by Tamura et al. 
(2016), the ultimate digestion reached nearly 90%, and the average size 
of grains also went through two changes, i.e., decreasing rapidly in the 
very early stage and remaining almost constant in the later stage. 

Distinct structural variations in grains with different digestion pat
terns are observable in the middle subgraphs of Fig. 5. Generally, starch 
particles digested by the “outside-in” pattern (e.g., barley and potato) 
undergo a more remarkable change in particle size compared to starch 
proportion. Conversely, the “inside-out” pattern (e.g., sorghum and rice) 
contributes to an opposite trend. Furthermore, one can see a universal 
relationship between the middle and right subgraphs. The extent of in
crease in effective diffusivity is positively correlated with the extent of 
starch consumption in the granular interior. It implies that the internal 
hydrolysis reaction can create a more porous structure, thereby 
enhancing mass transfer behavior. 

4. Conclusion 

This study developed a starch particle hydrolysis model that 

considered evolutions of particle size and internal structure. The accu
racy of the model was verified by published experimental data. More
over, the generic model has been used to investigate various starch 
particles of different sizes. This work addressed the challenge of esti
mating initial parameters that cannot be directly measured experimen
tally. These estimated parameters uncover the in-depth mechanisms that 
influence the digestion behavior. However, it is essential to note that the 
estimated parameters have limited applicability, ranging from approx
imately 0.1 to 2 mm for sorghum, barley, and cooked rice, and from 0.01 
to 0.1 mm for maize and potato. Unlike conventional starch digestion 
models, e.g., 1st kinetics function, this mechanistic model is able to 
adapt changes in the external environment, paving the way for pre
dicting digestion behavior in the gastrointestinal tract with complex 
physiological features. 

A rigorous and efficient strategy to distinguish the digestion pattern 
is presented in this study. In addition to internal structure, particle size 
plays a crucial role in determining the digestion pattern. The quantita
tive method, based on mathematical modeling, can offer high-efficiency 
approaches for food processing or modification. For instance, to slow 
down the hydrolysis rate of “outside-in” particles like barley, more 
attention should be paid to controlling the surface reaction, which can 
be achieved by selecting coarse grains. For “inside-out” particles, 
diffusion inhibition measures, such as adding soluble dietary fibers to 
increase fluid viscosity, would be more practical. 
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Symbols 

Ai Effective internal surface area per unit particle volume [m2/m3] 
Ap Effective external surface area of a particle [m2] 
dE Hydrodynamic diameter of enzyme [m] 
dp Particle diameter [m] 
dpore Pore diameter [m] 
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dT Vessel diameter [m] 
DE,l Diffusivity of enzyme in the surrounding environment [m2/s] 
DE,pore Diffusivity of enzyme in hindered pores [m2/s] 
DE,p Effective diffusivity of enzyme within a particle [m2/s] 
E Enzyme concentration within a particle [U/m3] 
El Enzyme concentration in the surrounding environment [U/m3] 
Es Enzyme concentration on the particle surface [U/m3] 
E∗

max Saturation concentration of enzyme on the solid-liquid interface [U/m3] 
F1 Correction factor of φ [− ] 
F2 Correction factor of φ [− ] 
H Hydrolysis ratio [− ] 
kcat Rate constant of product formation [kg/(U⋅s)] 
kB Boltzmann constant [− ] 
Km Equilibrium constant [U/m3] 
N Stirring speed [s− 1] 
Pi Percentage of internal reaction [%] 
Ps Percentage of surface reaction [%] 
q Adsorption amount of enzyme on the solid-liquid interface [U/m2] 
Qi Rate of starch hydrolysis in the interior of a particle [kg/s] 
Qs Rate of starch hydrolysis on the surface of a particle [kg/s] 
Qsum Total hydrolysis rate of a particle [kg/s] 
r Radial distance to the core of a particle [m] 
Rp Particle radius [m] 
T Absolute temperature [K] 
t Time [s] 
Vmax Maximum rate of product formation per unit area [kg/(m2⋅s)] 
X Solid mass per unit particle volume [kg/m3] 
X0 Initial value of X [kg/m3] 
Xdig Digestible solid mass per unit particle volume [kg/m3] 
Xindig Indigestible solid mass per unit particle volume [kg/m3] 
ε Porosity [− ] 
ε0 Initial value of ε [− ] 
εs Value of ε on the particle surface [− ] 
τ Tortuosity factor [− ] 
ψ A new positional variable equal to r/Rp [− ] 
μ Viscosity [Pa⋅s] 
η Ratio of indigestible components [− ] 
ρl Liquid density [kg/m3] 

Appendix A 

Based on the assumption of cylindrical pores, the surface area per unit pore volume can be expressed as: 

Apore =
4πdporel
πd2

porel
=

4
dpore

(A.1) 

thus obtaining Apore∝1/
dpore

, and it gets 

Apore

Apore,0
=

dpore,0

dpore
(A.2) 

Referring to Eq. (14), 

Apore =Apore,0

̅̅̅̅̅
ε0

ε

√

(A.3) 

and then substituting it into Ai = εApore yields: 

Ai = ε Ai,0

ε0

̅̅̅̅̅
ε0

ε

√

= Ai,0

̅̅̅̅̅
ε
ε0

√

(A.4)  

Appendix B 

The decreasing rate of the volume of a particle is equal to the rate of surface reaction divided by the mass of digestible solid per unit volume on the 
surface: 
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∂Vp

∂t
= −

VmaxEsAp(1 − ηs)

(Km + Es)(1 − ηs)Xs
(B.1) 

The premise of the equation above is ηs ∕= 1. Referring to the expression of the effective external surface area Eq. (27), it can be rewritten: 

∂Vp

∂t
= −

4πRp
2VmaxEs(1 − εs)

(Km + Es)Xs
(B.2) 

According to Eq. (10), 

∂Vp

∂t
= −

4πRp
2VmaxEs

(
1 − εs,0

)

(Km + Es)Xs,0
(B.3) 

The rule of partial derivation gives that 

∂Vp

∂t
=

∂4
3 πRp

3

dt
= 4πRp

2∂Rp

∂t
(B.4) 

According to Eq. (B.3) and Eq. (B.4), it gets the rate of the change of particle radius 

∂Rp

∂t
= −

VmaxEs
(
1 − εs,0

)

(Km + Es)Xs,0
= −

VmaxEs(1 − ε0)

(Km + Es)X0
(B.5)  
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