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'e need for enhancing microbial safety and quality of foods
without compromising the nutritional, functional, and
sensory characteristics has created an increasing interest
across the globe in innovative technologies for food pres-
ervation [1]. Emerging food processing technologies, such as
physical, chemical, and biological methods, have been ad-
vanced by the food industry and academia during the last
few decades. 'is is in an attempt to meet the need of
producing safe foods of high quality. 'ese emerging
technologies could significantly contribute to the production
of microbiologically safe foods with high quality [2].
Moreover, the production will be of shorter processing time,
reduced operational cost, and environmental friendship
compared to the conventional food processing technologies,
which will eventually benefit the food industry. However,
each emerging technology has its own limitation. 'erefore,
future research should be conducted in order to apply these
technologies at a commercial level. With this background,
many researchers have worked toward the development and
optimization of several emerging food processing technol-
ogies. 'e special issue consists of six research papers that
were selected from various submissions. While these papers
may not fully cover the topics mentioned above, they rep-
resent the rich and many-faceted knowledge.

Shimanouchi et al. conducted the hydrolysis of di-
saccharides by using a microcapillary system under hy-
drothermal conditions (up to 190°C at 10MPa and pH 4–11).
'e hydrolysis reaction showed a sigmoidal progression
with time, especially under alkaline conditions. An analysis

using a kinetic model yielded a reaction induction period.
'e specific pH value (pHamb) at the induction time, which is
the pH value corresponding to the progression of di-
saccharide hydrolysis, was peculiar to each disaccharide.
Finally, the calculation of the electron density around the
oxygen atom of the glycosidic bond between the saccharides
was found to roughly predict the pHamb value required for
the progression of the hydrolysis.

Some importers of marine products have practiced the
fraud of artificially injecting water into Octopus minor for
the purpose of increasing their weights prior to the freezing
process. 'ese rampant practices have recently become a
serious social issue, and they threaten public health. Lee
et al. developed a nondestructive method for verifying
adulterated Octopus minor through measuring dielectric
properties by using the coaxial probe method. 'e di-
electric loss factor (ε″) values of the adulterated octopuses
were much lower than normal octopuses. 'e ε″ values
from the normal frozen octopus were significantly different
from the adulterated and imported frozen octopuses.
Additionally, the ε″ values from the adulterated frozen
octopus group, whose weight gain rate was less than 20%,
were significantly different from other adulterated octopus
groups with a higher weight gain rate than 20%. 'e ε″
values from the adulterated frozen octopus groups with a
range of weight gain rate between 20% and 30% were quite
similar to the imported frozen octopuses. 'erefore, it was
found that the measurement of the ε″ values from an
Octopus minor has a great possibility to distinguish between
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normal frozen octopuses and artificially water-injected
frozen octopuses.

Mineral oil hydrocarbon (MOH) contamination in food
has become a major concern in the past decade. 'is is after
it was brought to light that the substances might potentially
be harmful to human health. Ethylene vinyl alcohol co-
polymer (EVOH) is a key material of interest as a functional
barrier against substances migrating from recycled paper-
board. 'is is due to its outstanding barrier properties. Maes
et al. reported that all films containing 3 or 5 µmEVOHwere
found to be good barriers, showing no breakthrough values
over 1% of the initial concentration found in the paperboard.
Moreover, they could easily compete with monolayer
polyethylene terephthalate (PET, 12 µm). 'e multilayer
with 3 µm polyamide 6/6.6 copolymer (PA 6/6.6) showed
higher breakthrough values for both the 4-methyl-
benzophenone (MBP) and di-n-propyl phthalate (DPP) than
the other materials, however, below the 1% threshold value.
However, anthracene (ANT) showed substantial break-
through values of about 2%, indicating that PA 6/6.6 might
not offer enough protection against low-weight mineral oil
aromatic hydrocarbon (MOAH) components.

Even though liposomes have been used as nutrient
delivery carriers in the cosmetic, food, and pharmaceutical
industries, they still suffer from the critical issue caused by
the use of halogenated solvents, such as chloroform, which
may be harmful to humans. Yang et al. screened non-
halogenated solvents as candidate substitutes for the chlo-
roform based on their physicochemical properties. 'ey also
prepared combined mixtures using various ratios of each
candidate to obtain physicochemical properties similar to
the chloroform. Based on the results of random combination
trials with numerous candidates, the ethyl acetate : n-
hexane� 4 :1 (v/v) was selected to be the optimum ratio
because it could form stable inverted micelles and a
transparent liposome solution without phase separation.'e
ethyl acetate and n-hexane mixture are a potential substitute
for chloroform, which may resolve the concerns regarding
the toxicity of residual halogenated solvents in lipid
nanovesicles.

Choi et al. expressed α-glucanotransferase from Bacter-
oides thetaiotaomicron (BtαGTase) in Escherichia coli and
characterized. 'e BtαGTase catalyzed the transglycosylation
reactions that produced only glycosyl or maltosyl transfer
products, which are preferable for the generation of trans-
glycosylated products with high yields. 'e 1-deoxynojir-
imycin (DNJ) glycosylation product G1-DNJ was generated
using the BtαGTase, and the inhibitory effect of G1-DNJ was
analyzed. A kinetic study of the inhibition revealed that the
G1-DNJ inhibited α-glucosidase to a greater extent than DNJ
did. However, it did not show any inhibitory effects toward
α-amylase, suggesting that G1-DNJ is a potential candidate
for the prevention of diabetes.

Joung et al. studied in vitro biodegradation of Bombyx
mori silk fibroin (SF) by using food-grade proteolytic en-
zymes to replace acid hydrolysis. Based on the residual
protein quantity and yield of amino acids (AAs) after en-
zymatic hydrolysis, they evaluated the proteolytic enzyme
process of the SF. FoodPro and Alcalase that are classified as

alkaline proteases were selected as two of the best candidate
enzymes for the hydrolysis of SF. A 2-stage enzymatic
treatment by using a combination of FoodPro and Fla-
vourzyme in a sequence for a reaction time of 6 hours was
developed to enhance the efficiency of the proteolytic
process. 'e regenerated SF and its enzymatic hydrolysates
were characterized by performing a UV-visible spectra, gel
electrophoresis, and size-exclusion chromatography ana-
lyses. In the 2-stage treatment using FoodPro initially and
Flavourzyme thereafter, the aggregates and high molecular
weight proteins of the SF were dissociated and degraded into
the low-molecular-weight proteins/peptides (10–15 kDa and
27 kDa). SF hydrolysates, as functional food, might enzy-
matically be produced by using the commercial food-grade
proteolytic enzymes.

By compiling these papers, we hope to enrich our readers
and researchers with respect to the most recent progresses in
the field of innovative strategies and emerging technologies
for food safety.
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.e objective of this review is to survey the development of the optimization of lyophilization. .e optimization study of the
lyophilizer has been roughly developing by the order of (i) trial-and-error approach, (ii) process modeling using mathematical
models, (iii) scalability, and (iv) quality-by-design. From the conventional lyophilization studies based on the trial-and-error, the
key parameters to optimize the operation of lyophilization were found out, i.e., critical material attributes (CMAs), critical process
parameters (CPPs), and critical quality attributes (CQAs). .e mathematical models using the key parameters mentioned above
have been constructed from the viewpoints of the heat and mass transfer natures. In many cases, it is revealed that the control of
the primary drying stage determines the outcome of the lyophilization of products, as compared with the freezing stage and the
secondary drying stage. .us, the understanding of the lyophilization process has proceeded. For the further improvement of the
time and economical cost, the design space is a promising method to give the possible operation range for optimizing the
lyophilization operation. .is method is to search the optimized condition by reducing the number of key parameters of CMAs,
CPPs, and CQAs. Alternatively, the transfer of lyophilization recipe among the lab-, pilot-, and production-scale lyophilizers
(scale-up) has been examined. Notably, the scale-up of lyophilization requires the preservation of lyophilization dynamics
between the two scales, i.e., the operation of lab- or pilot-scale lyophilizer under HEPA-filtrated airflow condition. .e design
space determined by focusing on the primary drying stage is large and involves the undesired variations in the quality of final
products due to the heterogeneous size distribution of ice crystals. Accordingly, the control of the formation of the ice crystal with
large size gave impact on the product quality and the productivity although the large water content in the final product should be
improved. .erefore, the lyophilization should take into account the quality by design (QbD). .e monitoring method of the
quality of the product in lyophilization process is termed the “process analytical technology (PAT).” Recent PAT tools can reveal
the lyophilization dynamics to some extent. A combination of PAT tools with a model/scale-up theory is expected to result in the
QbD, i.e., a quality/risk management and an in situ optimization of lyophilization operation.

1. Introduction

A shelf time of drug products and foods has been demanded
to extend a period of time. It is also of importance to
maintain their storage characteristics. .e most key factor to
deteriorate the product quality is water included in drug
products and foods. .erefore, an appropriate drying
method should be used to remove water from the drug
products and foods. Well-known drying technologies are the
lyophilization [1, 2], spray drying [3], and reduced-pressure
drying [4]. In the manufacturing of pharmaceutical drug
products such as unstable chemicals and sterile products, the

lyophilization (or freeze drying) has been widely used as an
effective means [1, 2, 5]. Meanwhile, lyophilization that is
not optimized could take days or even weeks to terminate,
which is a time- and energy-intensive process [6–10].

A failure of lyophilization gives a serious cost impact.
.is is because vials of several thousand scales are lyophi-
lized at a time in the commercial scale production of the
pharmaceutical drug. .e same was true for the lyophili-
zation of foods. In the earlier studies, a scale-up of the
laboratory-scale lyophilization and a transfer of lyophili-
zation recipe into other types of instruments has been
studied in a manner of the trial-and-error method [11, 12].
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Some researchers have suggested the practical advice for the
design of lyophilization processes for pharmaceuticals [13]
and foods [14–16]. Nevertheless, the design based on trial-
and-error experiments often causes an instability in product
quality. .is results in an increase of manufacturing costs.
.erefore, the existing scale-up theory is far from being
sufficient. And so, a control method for the production-scale
lyophilization needs to be amended. Such a problem has
been claimed specifically in the area of pharmaceutical and
food engineering.

1.1. Pharmaceuticals. In 2002, the Food and Drug Ad-
ministration (FDA) announced a significant new initiative,
Pharmaceutical Current Good Manufacturing Practices
(CGMPs), for the 21st Century. In additional, guidance on
process analytical technology (PAT) to meet the 21st-
century challenges was represented by the FDA in 2004.
In 2009, based on the agreement in the International Council
for Harmonization, Technical Requirements for Pharma-
ceuticals for Human Use (ICH) Q8 (R2) Pharmaceutical
Development was updated and the principle of quality by
design (QbD) was described [17]. QbD means a systematic
approach to development that begins with predefined ob-
jectives and emphasizes product and process understanding
and process control, based on sound science and quality risk
management.

.e critical elements of QbD are the Design Space and
Process Analytical Technology (PAT) [18]. According to
“ICH Q8 Pharmaceutical Development Guidance” [17], a
design space is the multidimensional combination of input
variables and process parameters that have been demon-
strated to provide assurance of quality. In order to proceed
with the pharmaceutical development using a QbD ap-
proach, three key philosophies of Critical Quality Attributes
(CQAs), Critical Process Parameters (CPPs), and Critical
Material Attributes (CMAs) have been guided in the
pharmaceutical industry. CQAs are physical, chemical, bi-
ological, or microbiological property or characteristic that
should be within an appropriate limit, range, or distribution
to ensure the desired product quality. CPPs are process
parameters whose variability has an impact on a CQA and
therefore should be monitored or controlled to insure the
process produces the desired quality. CMAs are attributes of
input materials whose variability has an impact on a CQA
and therefore should be monitored or controlled to insure
the process produces the desired quality. CQAs, CPPs, and
CMAs should be clarified to develop based on a QbD ap-
proach. .ese attributes that include variables accepted so
far are listed in Table 1. In accordance with the principles of
ICH Q9, a risk assessment to identify and rank process
parameters that may impact CQAs based on scientific
knowledge and experiments will be conducted and effective
control strategies will be developed to minimize the risks to
acceptable levels. On the other hand, the PAT is an integral
part of QbD, because the paradigm relies on the use of real-
time process monitoring and control as a part of an overall
control strategy [18]. To design robust control strategies,
the design space and PAT are useful. In other words, the

optimization of the lyophilization process should be pro-
vided by means of CQAs, CPPs, and CMAs, along the design
space and PAT. For this purpose, the relationship between
the three parameters and the two methods should be
described.

1.2. Food Engineering. .e lyophilization is of capital im-
portance in the area of food engineering. .is technique is
often used in the case of the production of dried foods of
noodle, pasta, fruits, vegetables, shrimps, meats, and fishes.
.e main reason is that foods mentioned above are per-
ishable and difficult to preserve as fresh products. .ese
dried products can be easily stored, transported at relatively
low cost, and have reduced packing costs, and their low
water content delays microbial spoilage. .us, the variety of
lyophilization techniques have been built up, i.e., the air-,
freeze-, microwave- and sun-drying methods [14, 15]. .e
quality of the final product is of importance in every
technique, which is the same as QbD in drugs.

For extending the shelf life of final products, the en-
capsulation technique has been recently and widely studied
[19]. .e bioactive compounds are encapsulated by the wall
materials by the lyophilization [14, 19–21]. Typical bio-
active compounds are vitamin E, anthocyanins, fish oil,
catechin, and α-tocopherol [19]. .e encapsulation permits
to improve the stability, extend the shelf-life, minimize the
environmental stress, and increase the retention percent-
age. Also, the influence of the wall materials to the core
materials have been widely examined [19]. Meanwhile, the
encapsulation recipe obtained by the lab-scale lyophilizer is
uneasy to be transferred into the production scale lyoph-
ilizer. .erefore, the encapsulation process is practically
fine-tuned in the production scale. A difficulty in the
optimization of lyophilization process is thus involved in
the food engineering.

As overviewed in the field of the pharmaceutical and
food engineering, the robust strategy for optimizing the
lyophilization process is amended. In this review, we
survey the recent strategy to optimize the lyophilization
process. First, the lyophilization is overviewed in the
viewpoints of physicochemical and operation of lyophi-
lizers, in order to discuss by which parameters the oper-
ation can be optimized. .e optimization of the
lyophilization is discussed on a basis of the trial-and-error
approach and the mathematical modeling approach. .e
scale-up theory based on the model is also compared.
Finally, we discuss the future perspectives to break through
the present lyophilization.

2. Overview on Lyophilization

.e lyophilization process of the food engineering is in
general the same as that in pharmaceutical field. Accord-
ingly, the lyophilization process of the pharmaceutical field
will be explained in this section. .is process normally
consists of three stages: (1) freezing stage, (2) primary drying
stage, and (3) secondary drying stage, as schematically
depicted in Figure 1(a).
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.e freezing stage is the first stage of freeze drying.
Water is a target of the freezing stage in the pharmaceutical
and food engineering fields. Accordingly, we focus on water
in this review..e freezing operation alters water into ice to

separate from other solute components. In this process, the
incontinuous temperature change is often observed as
shown in Figure 1, which is termed “supercooling.” .e
supercooling often occurs depending on the freezing rate.

Freezing stage Primary drying stage Secondary drying stage

Shelf temperature

Product temperature

Te
m

pe
ra

tu
re

Formation of 
ice crystals

Sublimation of 
ice crystals

Desorption of 
unfrozen water

Recovery to 
atmospheric 

pressure/fully 
stopper

Void formation

–40°C

Time

Atmospheric pressure

Semistoppering

High vacuum

(a)

Lab scale (660 vial)

Production scale (60,000 vial)

Pilot scale (3,024 vial)

Total shelf area of 0.4m2

One shelf (220 vial)

Total shelf area of 1.8m2 Total shelf area of 36.1m2

One shelf (1,008 vial)
One shelf (6,000 vial)

Kv,lab Kv,pilot Kv,production≠ ≠

Loading amount in case of 14mL vial

(b)

Figure 1: (a) Schematic illustration of lyophilization process. Green and red curves represent the shelf temperature and product tem-
perature, respectively. (b) Comparison of lab, pilot, and production lyophilizers.

Table 1: Potential critical material attributes, critical process parameters, and critical quality attributes.

Critical material attributes (CMAs) Critical process parameters (CPPs) Critical quality attributes (CQAs)
(i) Glass transition temperature (i) Freezing temperature (i) Related substances
(ii) Eutectic temperature (ii) Freezing rate (ii) Appearance
(iii) Cake collapse temperature (iii) Annealing temperature/time (iii) Water content
(iv) Product temperature (iv) Primary drying temperature/pressure/time (iv) Reconstitution time
(v) Water vapor transfer resistance
of the dried layer (Rp)

(v) Secondary drying temperature/pressure/time
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.e freezing is normally finished within a few hours
[22, 23].

.e primary drying stage is also called as a sublimation
drying stage. In this stage, the chamber pressure is reduced
below the equilibrium vapor pressure of ice. .e shelf
temperature is stepwise elevated, followed by a heat transfer
from the shelf surface into the product. .is heat transfer
induces the sublimation of ice in vials. .ereafter, the
sublimated vapor is transferred to the condenser and then
turns into ice once more. .e heat lost from the product as a
latent heat of sublimation will be supplied again from the
shelf [24]. As shown in Figure 1(a), the stage requiring the
longest time among three stages in the lyophilization process
is the primary drying stage, i.e., the primary drying stage
needs the heavy economical cost. .erefore, the optimiza-
tion and shortening of the time for the primary drying stage
have been widely studied [25–30].

.e secondary drying stage is the step where the product
temperature elevates higher temperature than the primary
drying stage (Figure 1(a)). .ere is water that did not turn
into ice during the freezing phase and was captured inside
the solute components as nonfreezing water. It is this step
where a diffusion and desorption of remaining water occur
in the product..e objective of secondary drying is to reduce
the final residual water content to an acceptable level. Al-
though this stage is usually completed within a few hours, it
is an indispensable step in the lyophilization because the
remaining water deteriorates the quality of products.

Next, three types of lyophilizers are introduced.
Figure 1(b) is a schematic illustration of the lyophilizers of
the lab-, pilot-, and production scales. A lab-scale lyophilizer
can accommodate up to 660 vials by three shelves. .is scale
has been widely applied to obtain CPPs and optimize the
lyophilization process. Later, the pilot scale is applied to
bridge between the pilot- and production-scale lyophilizers.
.is pilot-scale lyophilizer can accommodate 3,024 vials by
three shelves. Lastly, the operational optimization of pa-
rameters depicted in Figure 1(a) scales up to the production-
scale lyophilizer. .e production-scale lyophilizer can ac-
commodate up to 60,000 vials by ten shelves. A final goal is
to elucidate and optimize the operational conditions for the
production-scale lyophilizer..e sort of investigation for the
purpose is summarized in Table 2 and Figure 2. .e opti-
mization of operational conditions is surveyed from the
following section.

3. Development from Trial-and-Error
Approach to Scientific Approach

In general, the lyophilizer has the different heat transfer
nature depending on the types of lyophilizers and their scale.
Accordingly, to determine the optimal operating condition
required the trial-and-error approach in the earlier studies.
As stated in the last section, the primary drying stage takes
the longest time in any scale lyophilizer. .erefore, the
shortening of the primary drying stage is always an issue in
terms of economic cost of a production scale. Inevitably, the
accomplishment of lyophilization process is likely to be not a
considerable level in the trial-and-error approach (Figure 2).

In the beginning, the freeze-drying process was, in a
manner of trial-and-error, examined under the various
conditions to find out the critical parameters. An improper
freeze drying of the product occurs in the case where the
product temperature largely rises during the drying stage,
which is termed a “collapse” [30]. By continuously reducing
the temperature of a bulk solution under the atmospheric
pressure, the solution indicates a supercooled state below the
freezing temperature (Figure 1(a)), followed by the elevation
of the temperature up to around the equilibrium freezing
point. .is is because of the heat of crystallization caused by
the ice nucleation. .ereafter, the continuous removal of
heat results in the growth of ice crystals. Moreover, in the
case where water is captured in solute components, the
solution will be transferred to the ice with exclusion of the
nonfreezing water [68]. .is is because water is separated
from solute components at the eutectic temperature (Te).
.en, the solute components are considerably concentrated.
For examples, it is well known that mannitol, glycine, so-
dium chloride, and phosphate buffer are crystallized during
the freezing process at a certain concentration [45]. In the
case of drugs or excipients used as injection products bearing
a high affinity to water, they rarely form eutectic crystals
during the freezing process. .e concentrated effect of the
solute below the glass-transition temperature (Tg′) forms the
amorphous solids with the low molecular mobility, which is
termed “glass transition.” As the empirical determination of
Tg′ value, the low-temperature differential scanning calo-
rimetry (DSC) is a promising method. .e large elevation of
the product temperature at the primary drying stage is
subject to induce a collapse of the product [35]. .e collapse
temperature (Tc) can be determined by the freeze-drying
microscopy. Tc is the temperature above which the lyoph-
ilized product loses its macroscopic structure and cake
collapses during the primary drying process. It is well known
that Tc is higher than Tg′ by approximately 2°C [69]. .e
proper primary drying at the temperature lower than Tc
allows us to obtain an acceptable lyophilized product. .us,
Tg′, Te, and Tc are CMA (see Table 2).

Alternatively, the transfer resistance of dried layers to
water vapor flow can improve the drying process. .e
primary drying stage is controlled by the heat and mass
transfer, as illustrated schematically in Figure 1(a). First, we
will clarify the heat transfer in the lyophilizer. .e heat
medium yields the heat to the shelf surface, followed by the
heat transfers to the bottom of the vial through three routes:
(i) a heat transfer mediated by the gas (mainly vapor) that is
present at the space between the shelf surface and the vial;
(ii) a heat transfer at the contact area of bottom surface of the
vial with the shelf; and (iii) the third route is the radiant heat
from the walls of the lyophilizer. As stated in Section 6, the
factor (iii) cannot be negligible [55]. Generally, the heat from
the bottom of the vial is supplied to the sublimation interface
via the frost layer. .is heat is consumed as the latent heat of
sublimation. Consequently, ice turns to vapor by these
heat transfers, followed by the formation of the dried layer
to play a role for the resistor against the sublimation.
.e formation of the dried layer suppresses the sublimation
rate. .erefore, the drying resistance due to the dried layer
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has been quantified as the water vapor transfer resistance of
the dried layer Rp [55]. A control of Rp enables the control of
the heat input to the product, and the primary drying
temperature will be optimized. Based on the Rp, the endpoint
of primary drying as the CPP can be estimated. .us,
throughout the trial-and-error approaches, important var-
iables have been found out.

According to the review by Tang and Pikal, the design of
freeze-drying processes is quite difficult without further
attempts at optimization [13]. .e design based on the trial-
and-error gives the information on CQAs, CPPs, and CMAs
that are required in the optimization of the lyophilization
recipe.

4. Process Modeling

.roughout enormous investigations with an approach of
trial-and-error, the important CQAs, CPPs, and CMAs have
been found out (Tables 1 and 2). In order to minimize the

trial-and-error experiments, the mathematical model for the
prediction of the optimized Tb value based on CQAs, CPPs,
and CMAs has been thereafter developed [31, 34–44], as
shown in Table 2. Owing to this, the accomplishment of
lyophilization process is improved to some extent (Figure 2).

Modeling for the primary drying stage has been con-
ducted based on the heat and mass transfer model, rather
than a modeling with respect to the freezing [31] and
secondary drying stages [34]. .e initial modeling of the
primary drying stage [35, 36, 37] took into account all the
contributions to mass transfer resistance, e.g., the dried
layer, the stopper, and the chamber. .e model based on
the partial differential equation (PDE) [38–41] and model
predictive control (MPC) [42, 45, 46] has been developed
and modified. Previous works regarding PDE and MPC
were the numerical study. Notably, Hottot and his co-
workers have developed and modified the model to fit the
experimental data [70, 71]. Fissore and Barresi have de-
scribed the multidimensional models and their main
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Table 2: Summary of the optimization of lyophilization.

Target variables Notes Ref.

Trial-and-error without
mathematical model CQAs, CPPs, CMAs

Optimization of freezing process [13, 31, 32, 33]
Optimization of primary drying process [12]

Optimization of secondary drying
process [34]

Use of mathematical model CMAs (Tb, Rp, and so on) and CPPs (Ts,
Pc, the drying time, and so on)

A partial differential equation (PDE) [31, 34–44]
A model predictive control (MPC) [29, 42, 45, 46]

A computational fluid dynamics (CFD) [15, 47, 48]
Kv-based modeling [49]

Designs space Pc-dm/dt plane (Figure 4) Control of primary drying process [13, 17, 18, 50–52]
Control of freezing process [53]

Scale-up Kv, Pc

Vial-position dependency of Kv [12, 54]
A use of empty vials at the edge of the

shelf [17]

Equivalent resistance model under the
dust-free condition using HEPA-filtered

airflow (without empty vials)
[55]

Process analytical technology
(PAT) Kv, Rp, Tb, and Pc, dm/dt In-line optimization [56–67]
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drawback: their equations involve a lot of parameters,
whose value cannot be easily obtained by means of ex-
periments with a small uncertainty and calculation cost
becomes high [27]. In the latest research, a computational
fluid dynamics (CFD) has been attempting to deeply un-
derstand the mass and heat transfer in the drying chamber
and condenser of the lyophilizer [47, 48]. Using CFD to a
pilot-scale lyophilizer with four shelves, the heterogeneous
velocity field, pressure distribution, and temperature dis-
tribution could be observed. .e flow of water vapor could
be also visualized: the vapor sublimated from vials is forced
to flow towards the edge of the shelf and go to the duct on
the wall to be collected in the condenser. .erefore, a
numerical study can come to impart not only the quali-
tative confirmation of experimental solutions but also the
validation of prediction by means of PDE and MPC.

In contrast, some of the recent modeling has become
simpler than that covered by the literatures [27]. To our
best knowledge, the heat and mass transfer model pre-
sented by Pikal et al. [49] is the earliest simplified model to
focus on the role of the vial. .eir simplified model that is
based on the mass and heat transfer phenomena in the vial
on the shelf is schematically illustrated in Figure 3(a). .e
mass loss over time (dm/dt) after the lyophilization is
experimentally obtained to determine the amount of water
used for the sublimation of ice. Ultimately, the vial heat
transfer coefficient (Kv) is calculated from the shelf surface
temperature (Ts), the product temperature (Tb), latent heat
of ice (ΔHs), cross-sectional area of vial calculated from its
outer diameter (Av), and dm/dt, according to the following
equation:.

Kv �
ΔHs(dm/dt)

Av Ts −Tb( 
. (1)

As shown in Figure 3(a), the heat transfer into the vial
consists of three hear transfers: (i) the contact heat transfer;
(ii) gas heat transfer; and (iii) radiant heat transfer. .eir
heat transfer coefficients were defined as Kc, Kg, and Kr,
respectively. According to the previous reports [5, 22], Kc
and Kr do not depend on the chamber pressure (Pc) and the
Kg value depends on Pc as is described as a function of
Kg � bPc/(1 + cPc) (b and c are the positive constants). In the
case where the three heat transfers mentioned above are
driven by the same temperature difference, Kv will obey the
relationship of Kv �Kc +Kg +Kr. Accordingly, the following
equation can be elucidated:

Kv � a +
bPc

1 + cPc
. (2)

.is relationship between Kv and Pc has been often used
in the operational design of lyophilization [23, 54, 72].

As shown in Figure 1, Ts, Tb, and Pc are monitored
during the lyophilization. .e point at which Tb increases
sharply toward the setting Ts value was determined as the
drying endpoint for analysis. From Ts, Tb, and pressure
profile of the equilibrium vapor pressure of ice (Pice) on
the sublimation interface and the vacuum pressure (defined
as Pc) in the lyophilizer, the Rp value of dried layers with

a cross-sectional area (Ap) was calculated according to the
following equation:

Rp �
Ap Pice −Pc( 

(dm/dt)
. (3)

Equation (3) also yields the drying time. In the opti-
mization of the primary drying stage, this equation is of great
importance. .e drying time calculated by equation (3)
strongly depends on the architecture of lyophilization in-
strument, dimension of the shelf, arrangement of vials on the
shelf, and environmental conditions.

.us, the process modeling based on the mathematical
model has been developed by taking into account (i) CMAs
(Tb, Rp, and so on) and (ii) CPPs (Ts, Pc, the drying time, and
so on).

5. Design Space

To construct the efficient operation recipe requires the
adequate variables. It was plausible that one of the CPPs is
the primary drying stage from the viewpoint of economical
cost or operational time.

In the earlier studies, it has been clarified that the ly-
ophilization process in the lab-, pilot-, production-scale
lyophilizer depends on the position of vials on the shelf.
Fissore and Barresi categorized three types of vials in terms
of the overall heat transfer nature (Figure 3(a)) [27]. For
example, vials of the group 1 are placed in the central part of
the shelf. .ey are not affected by radiation from chamber
wall. Vials of groups 2 and 3 are placed in the second and the
first rows on each side of the shelf. .en, they are affected in
different ways by radiation from the chamber walls. .e
sublimation behavior depended on the position of vials as
shown in Figure 3(b) [55]. .us, the position dependency of
overall heat transfer nature of vials made it complex to
elucidate and transfer the recipe from one to another in-
strument. .erefore, the same recipe obtained in the lab-
scale equipment cannot generally be used without modifi-
cations to freeze-dry the product in a pilot- or production-
scale lyophilizer (Figure 1(b)).

In the report from Chang and Fischer, they have already
presented the graph similar to Figure 4, although not the
point of the article [50]. Lyophilization process depends on
the plural variables. .erefore, the optimization of lyophi-
lization process as a whole can be considered as the mul-
tidimensional analysis. To indicate the typical optimized
operational conditions, let us imagine the plane of Pc-dm/dt
as shown in Figure 4. A lyophilizer has a desired operational
condition where Pc cannot be controlled in a highly vac-
uumed condition or at an accelerated sublimation rate (i.e., a
choked flow limit). Once both the Kv and Rp values are
determined, both the sublimation interface temperature
and the drying time (sublimation rate) during the primary
drying stage can be predicted from equations (1)–(3)
[13, 17, 18]. .e upper and lower limit of product tem-
perature was set to draw the solid line with a negative slope at
the constant Rp. Also, the dashed curves of dm/dt as a
function of Pc can be drawn at the constant Ts value, by
combining equations (1) and (2). Varying Ts from −20 to
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−5°C, the dashed curve shifts to the positive direction of dm/
dt axis. In order to avoid the reduction of dm/dt, the Pc
should be maintained to the lower pressure below 20 Pa.
When the line Pc � 20 is drowning, the trapezoid region is
formed, which is termed Design space. In line with this, the
region where the product quality is not damaged and at the
same time, where stable manufacturing can be performed is
expected to be established [51, 52]. However, the stable
operation has been performed in a practical level to tolerate
the quality variations that occur in the freezing stage. Ac-
cordingly, a larger design space has been used to afford the
excess safety factors. .e set of wide range of both sub-
limation interface temperature and the drying time (sub-
limation rate) often comes to be a cause of the variations in
the size of ice crystals. .us, a design space is an optimized
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operation method based on the equipment capability, Kv,
and Rp (Table 2), which can improve the accomplishment of
lyophilization process (Figure 2). At present, it looks like the
design space obtained in the lab-scale lyophilizer, without
any change, has not been applied to the pilot- or production-
scale lyophilizers yet.

6. Scale-Up Theory

As stated in the last section, the lyophilization recipe
such as the design space was limited to the target lyophilizer
and could not be transferred to other equipments. As
the understanding of the lyophilization process has pro-
gressed, the mathematical models based on parameters
that dominate the lyophilization process have been de-
veloped [24–29]. In some studies, the higher temperature of
products and reduction of resistance of the frost layer to
vapor flow results in the improvement of the primary
drying efficiency [27–29]. Accordingly, the key parameters
are selected to construct the scale-up theory by focusing on
the primary drying stage.

In the practical equipment, the excess heat input often
causes the deviation from the operation after its optimiza-
tion of the lab-scale equipment. .e radiation from the shelf
and from chamber walls is a main reason for the excess heat
transfer to the product as stated in Section 5 (Figure 3(a))
[27]. .e Kv value definitely depends on the position of vials
on the shelf [27, 28, 55], which possibly becomes the obstacle
to establish the scale-up theory for the production lyophi-
lizer. In actual, the sublimated amount of ice at the position
in the shelf was influenced by the radiation heat transfer
from the wall of the machine (1,008 vials) (Figure 3(c)) [55].
.e radiation effect of the wall in the case of 6,000 vials was
significant as compared with the case of 1,008 vials. .e Kv
values at the edge were higher than those in the center
positions in the shelf [17, 55]. Notably, the Kv values were
dependent on the Pc. In the scale-up, the selection of the
treatment of Kv at the edge and center positions is a key
factor because the production lyophilization at large scale
possesses the high portion of vials at the edge position to the
ones in the central position than the lab-scale lyophilization.
Previously [54], the scalable application of equation (2) was
demonstrated in all scales of lyophilizers, in other words, a
kind of the scale-up of Kv. Since the position dependency of
Kv is still adopted, Fissore and Barresi have proposed to place
the empty vial at the edge of the shelf [17]. Due to this idea,
this recipe could improve the defect of products, although
the reduction of productivity corresponding to the number
of empty vials is there (Table 2).

In contrary, the scale-up theory without using empty
vials has also been demanded from the viewpoint of the cost
impact. Alternatively, the latest scale-up theory, termed the
equivalent resistance model by Kawasaki et al. [55], is in-
troduced in this paragraph. Generally, the dynamics in the
lyophilization remains in all scales of lyophilizers to succeed
in the scale-up, i.e., the Rp values of lab- and production-
scale are equivalent [27]. Meanwhile, the operating condi-
tion where the RP values at the lab and production scale are
equivalent has been still unclear. Kawasaki et al. focused on

the result that the production-scale lyophilization is per-
formed under HEPA-filtered airflow condition..e Rp value
determined by the pilot lyophilizer (1,008 vials) under
HEPA-filtrated airflow condition should be able to be ex-
tended to the production-scale lyophilizer. Based on this
idea, the lyophilization of 60,000-vial scale based on the Rp
obtained at the pilot scale has achieved the yield of 99% or
more without the use of empty vial placed as groups 2 and 3
(Figure 5) [55]. .at is why a use of the dust-free condition
using a HEPA-filtrated airflow is an indispensable condition
for the preservation of Rp value between lab and production
scale. .us, the equivalent resistance model bridges the gap
between the laboratory and production scale.

.erefore, the Kv and Rp values are key parameters to
construct the scale-up theory (Figure 2). Specifically, it is
likely that the equivalent resistance model permits to use the
same design space among the lab-, pilot-, and production-
scale lyophilizers, which would enable us to perform an
efficient and robust process design using the design space
(Table 2).

7. Control of Freezing Process

.e freezing stage determines the degree of variations in the
productivity as well as the product quality. .en, this stage is
one of the most critical stages in the lyophilization process,
as shown in Figure 1. One of the CPPs is the freezing stage.
Since water does not voluntarily freeze and maintains its
supercooled state, the freezing temperature cannot be di-
rectly controlled. We first focus on the effect of the freezing
temperature. .e higher freezing temperature (lower degree
of supercooling) results in the formation of the larger size of
the ice crystals, as shown in Figure 6. .e larger the size of
the ice crystals is, the higher the primary drying efficiency
achieved. In earlier studies [73], it has been reported that the
vials loading the product temperature sensors possibly in-
dicate a bit of high freezing temperature, as compared with
those without sensors. It is natural that their sublimation
rate will be accelerated enough to alter the drying endpoint.
Apart from this, an elevation of the freezing temperature by
1°C can shorten the primary drying time by 3% [74]. On the
other hand, the size of the ice crystals determines their
specific surface area. .e size of the specific surface area
determines the diffusion and desorption rate in the sec-
ondary drying stage [13, 74]. A high freezing temperature
results in the formation of large size of the ice, which reduces
the specific surface area. A study reported that this caused
the secondary drying efficiency to decrease, increasing the
moisture residue in the finished product [22]. Accordingly, it
is expected that the control of the freezing temperature
during the freezing stage might contribute to design a robust
drying process.

An annealing is usually used to control the freezing
temperature during the freezing stage [13]. .e annealing is
a simple holding of the product under the temperature
condition above the final freezing temperature for a defined
period to crystallize the components. .is technique
allows the crystallization with improved crystallinity [13].
Annealing above Tg′ causes growth of ice crystals, inducing
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the reduction of Rp value of the product to shorten the
primary drying time [32, 33].

Recently, the advantages and disadvantages concerning
the ice nucleation techniques have been reported [75, 76].
.e pressurization and depressurization technique was a
powerful approach to control the ice nucleation behavior.
For examples, the pressure inside the lyophilizer is elevated
to 0.28∼0.29MPa by using nitrogen or argon gas and quickly
decreased to 0.11MPa (within 3 s). Due to this, the ice nuclei
can be formed on the surface of the liquid in the vials [77].
Possible main driving forces for the ice nucleation are
considered to be (i) the vibrational disturbance caused by the
sudden depressurization, (ii) the cooling of liquid surface of
cold gas contacting, or (iii) the local evaporation of liquid
surface during the sudden depressurization [78].

Kawasaki et al. have demonstrated the ice crystal size has
an impact on the product quality and the productivity [53].
In order to inhibit the supercooling of the solution and to
control the size of ices formed in the drug product during the
freezing stage, the (de)pressurization technique was com-
bined with the control of freezing rate. .is approach en-
abled us to reduce the Rp value during the primary drying
stage. Accordingly, this approach was termed the ice nu-
cleation control. Its beneficial point is shortening the pri-
mary drying time. .e reduced Rp made it possible to set the
robust design space for the primary drying stage. For ex-
ample, the control space could be set instead of the design

space as shown in Figure 4, and a compactification of the
trapezoid region could be achieved [53], which can avoid the
trial-and-error for searching optimized operational condi-
tions. Selecting the set point in the trapezoid region in
Figure 4 could achieve the uniform products with higher
productivity (no collapsed cake in 726 vials) [53]. However,
the method by Kawasaki et al. has the drawback that the
increase in residual water content in lyophilized cake may
affect the solid stability and burden the primary and sec-
ondary drying stages (imagine the large ice crystal in a vial in
Figures 1 and 6). .us, the determination of the maximum
allowable water content in the product that is one of the
CQAs would be required.

8. Process Analytical Technology

As shown in Figure 2, the selection of critical parameters to
well operate the lyophilization gives the motivation to de-
velop an in situ optimization technology. .e monitoring
data of temperature and pressure in the equipment could
give much information so that not only the practitioner but
also the academia could get the plausible interpretation
regarding the deeper understanding of lyophilization
principle. .us, a technology to aim the abovementioned
goal is termed process analytical technology (PAT). Relating
PAT tools for the monitoring of the primary drying stage are
summarized in Table 3. .e PAT tools have been developed
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for the monitoring of a single vial and batch operation..ere
are some scientific reports that evaluated the (dis)advantages
of these techniques [56–59].

A wire thermocouple (TC), resistance thermal detectors
(RTDs), and temperature remote interrogation system
(TEMPRIS) are representatives of PAT tools for single vial.
TC is a popular technology to monitor the temperature at
the tip of the detector. However, the wire thermocouples are
difficult to be adjusted at the center bottom position in the
vials (group 3 in Figure 3(b)), and the Tb-profile mapping in
the pilot or production lyophilizer is often not available. In
addition, the biased measurement of temperature relative to
vials without sensors is problematic. .e same was true for
RTD [60]. In order to solve these problems, TEMPRIS as a
wireless temperature sensor can be remarked as an effective
means. TEMPRIS is always available to be adjusted at the
center bottom in the vials, and therefore, narrow variations
in the Tb-profile intrabatch and interbatch are expected, and
also the endpoint of primary drying is expected to be
monitored correctly. In addition, the possibility to use the
same sensors in the laboratory, pilot, and production ly-
ophilizer helps us to perform scale-up experiments easily
and rapidly. A TEMPRIS system for application in freeze
drying is well evaluated in the previous report [60]. In the
development phase of lyophilization cycle, a single vial
monitoring as a PAT tool is useful since the Tb-profile
mapping that includes the difference in the temperature
profile of the vials placed at the center and edge position in
the lyophilizer should be understood to optimize the ly-
ophilization cycle. As discussed above, TEMPRIS is a
powerful PAT method to monitor the single vial.

Batch monitoring as a PAT method is effective to
monitor the designed lyophilization cycle, deepen the cycle,
and perform continuous cycle improvement. Pirani gauge is
usually used in the lyophilizer. .is principle is to measure
the thermal conductivity of the gas in the drying chamber,
and nitrogen gas is used as a calibration gas [61]. It is not
nitrogen gas but water vapors that are produced during the
primary drying stage. For the reason, the Pirani gauge often
reads approximately 60% higher than a capacitance ma-
nometer, due to approximately 1.6 times thermal conduc-
tivity of nitrogen to water vapor [62]. In addition, Pirani is
then dependent on the gas composition in the chamber [61].

From the above nature, the Pirani pressure could indicate
the primary drying endpoint with a sharper pressure de-
crease toward the capacitance manometer pressure. .e
mass spectrometer is a candidate PAT tool to determine the
endpoint of primary drying and secondary drying. Some
potential applications to pharmaceutical lyophilization are
reported [63]. Tunable diode laser absorption spectroscopy
(TDLAS) that can directly measure the water vapor con-
centration in the duct connecting the chamber and the
condenser allows in-line monitoring of the dm/dt value [64].
.erefore, TDLAS is also an effective tool to estimate the Kv
and Rp values in equations (1) and (3). Meanwhile, TDLAS is
still now an expensive technique which is not a standard
accessory with lyophilizer. Manometric temperature mea-
sure (MTM), that is a well-known technology to monitor the
primary drying stage [51, 55, 65], is a technique to measure
the Tb value during primary drying by isolating the valve
between the chamber and the condenser within approxi-
mately 30 s to analyze the pressure rise. Notably, MTM can
yield both Tice and Rp. .e problem in MTM is that most
production-scale lyophilizers have the difficulty in isolation
of the valve between the chamber and the condenser within
30 s. Besides, Tb changes cannot be monitored during the
later stage of primary drying and the period of transition
from primary drying to secondary drying, due to no or little
pressure rise originated from the completion of the sub-
limation of ice.

In contrast to the difficulty in the valve operation within
30 s as claimed in the MTM system, the valveless monitoring
method (VMS) has been developed [66]. .e VMS is the
monitoring system without a valve operation for a lab-scale
lyophilizer. .e dm/dt should be estimated from the vari-
ation of Pc because the sublimation of ice is followed by the
release of water vapor to the interior of the equipment. From
equations (1)–(3), the parameters, e.g., Kv, Rp, and Tb, are
obtainable from the dm/dt. .erefore, VMS makes it pos-
sible to monitor the parameters in a noninvasive manner.
Furthermore, Kawasaki and his coworkers have reported the
method to determine the endpoint of the primary drying
stage, based on the Tb obtainable from the dm/dt, which
termed the “temperature measurement by sublimation rate
(TMbySR)” [67]. .e TMbySR as well as VMS is the method
to monitor the Tb without a valve operation. Limited to the

Table 3: Process analytical technology (PAT) methods in the lyophilization.

Target PAT method Measurement parameter Ref.

Single vial

.ermocouple (TC) Tb M∗
Resistance thermal detectors (RTD) Tb [60]

Temperature remote interrogation system
(TEMPRIS) Tb [60]

Batch

Pirani vs capacitance manometer Pc [61]
Mass spectrometer Partial pressure of gas [63]

Tunable diode laser absorption spectroscopy
(TDLAS) Water vapor concentration [63, 64]

Manometric temperature measurement (MTM) Tb, Tice [51, 55, 65]
Valveless monitoring system (VMS) Tb [66]

Temperature measurement by sublimation rate
(TMbySR) Tb [67]

∗Many researchers have used this method to measure the product temperature. .erefore, specific literature cannot be exemplified.
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lab-scale lyophilizer, TMbySR could be applicable in-
dependent of vial numbers [67].

.us, the representative PAT tools were introduced in
this section. .e monitoring of specific parameters has
clarified the dynamics of lyophilization to some extent. For
more sophisticated monitoring, the PAT tool should be
combined with the mathematical model describing the
dynamics of lyophilization. In such a sense, the model-based
PAT tool would be helpful for a quality management in
pharmaceuticals freeze-drying, e.g., the application of these
PAT tools for in-line process optimization is promising by
combining with the MPC (see Section 4). Besides, the highly
QbD is expected to be achieved thorough the offline cal-
culation of the design space of the process [59].

9. Possible Innovation
Required to Breakthrough

Several aspects to advance the technology in the pharma-
ceutical lyophilization are considered: new elemental tech-
nology, although conducted at small scale or attempted in
the field other than the pharmaceutical field. For examples, a
microwave-assisted freeze-drying (MFD) has been proposed
in the food engineering field [79]. Freeze-drying coupled
with a microwave heat source can speed up the drying rate
and improve the product quality [79]. Few experiments are
required to be extended from the lab-to production-scale
lyophilizer; the knowledge or experiments are separated
between different scales. With the goal to effectively scale-up
the promising method at a lab scale, the seamless scale-up
procedure would be required.

.e position-dependent model based on the thermo-
dynamics in Kv has been improved previously [54]. As long
as one of the operation conditions to achieve the same
dynamics of Rp between pilot- and production-scale ly-
ophilizer, the methodology that the Kv value obtained at
lab scale is transferred to the production scale should be
investigated to clarify the requisite condition for using the
same Kv value after scale-up procedure. .e further de-
velopment of scale-up theory is expected to achieve the
seamless use of Kv from the lab scale to the production
scale.

Reduction of the cost impact at the primary drying stage
can be in principle designed based on equations (1)–(3). As
evidently seen in these equations, the sublimation of ice is
the important phenomena and its rate dm/dt is the most
essential CPP in the primary drying stage. If not only Kv and
Rp but also Tb can be calculated from dm/dt at the pro-
duction scale, the operation system would be more robust.
.is motivation is identical to both the VMS and TMbySR in
PAT tool. At present, an attempt using VMS and TMbySR
has been limited to the lab scale [66, 67]. .e possibility of
scalable application of both methods would be required for
the seamless use of Kv and Rp from the lab scale; e.g., the
influence of vial number on shelves among lab, pilot, and
production scales (Figure 1(b)). As stated before, the ice
nucleation control based on the freezing temperature makes
it possible to control the dm/dt. .erefore, the application of
the above technology would afford a seamless and rapid

decision-making over the freezing and drying stages. .is is
one of the promising operation systems for the lyophiliza-
tion because the quality of products is no longer tested into
them, i.e., quality-by-design.

During these years, a risk analysis for a pilot-scale freeze
dryer has been reported for the construction of the basis for
the risk-based decision-making in plant and process design
of a freeze-dryer [80]. In the future, the PAT tool might
contribute to the risk management of each scale freeze dryer.
Furthermore, the PAT tool would obtain the enormous big
data from the equipment at each scale [81]. Important
principle might be hidden behind the big data. For effective
analysis, the use of the Internet of things (IoT) together with
big data from PAT tool and the models including CFD
would bring the rapid decision-making well fused with the
practitioner’s experiences [81–84]. .e author expects that
the operational research based on IoT and big data will be
developed to improve the accomplishment of the lyophili-
zation, as shown in Figure 2.
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.is study investigated the structural and physicochemical characteristics of malic acid-treated sweet potato starch. Sweet potato
starch mixed with various concentrations of malic acid solution underwent either thermal or nonthermal treatment. Observation
of samples under a light microscope ensured the maintenance of granular shape and the Maltese cross. FT-IR spectra displayed a
distinct carbonyl peak at 1722 cm−1, and analysis of the degree of substitution (DS) indicated an increase in the extent of ester
bonds with increasing concentrations of malic acid. .e DS of 2.0M-130 (0.214) was the highest and that of 0.5M-130 was the
lowest (0.088) among the reacted starches. In vitro digestion test revealed an increased amount of resistant starch when a high
concentration of malic acid was used. In addition, thermally treated samples maintained a higher content of resistant starch (RS)
after 30min of cooking at 100°C. After cooking, 2.0M-130 had an RS fraction of 53.4% which was reduced to 49.9% after cooking,
revealing greater heat stability compared with nonthermally treated samples. .e structure of malic acid-treated starch was
investigated using a differential scanning calorimeter (DSC), an X-ray diffractometer, a rapid visco analyzer (RVA), and analysis of
apparent amylose content. .e results showed that thermal and malic acid treatment of starch caused not only partial hydrolysis
but also rearrangement of the crystalline area and helix structure of starch by esterification. Analysis of malic acid-treated starch,
using a rapid visco analyzer showed no pasting properties, due to lack of its swelling caused by the malic acid cross link.

1. Introduction

Starch is used in many kinds of food and serves as a major
source of energy for humans. For nutritional purposes,
starch can be classified into three categories based on the
rate of its enzymatic digestion: rapidly digestible starch
(RDS), slowly digestible starch (SDS), and resistant starch
(RS) [1]. RS is also defined as the sum of starch and de-
graded starch products that resist digestion in the small
intestine of healthy people [2]. .e RS content of starch is
affected by the amylose/amylopectin ratio, physical form,

degree of gelatinization, storage, and thermal treatment
[3, 4]. Depending on the cause of resistance, RS can be
further divided into five categories [5, 6]: RS1, physically
inaccessible starch due to entrapment; RS2, raw starch
granules with crystallinity; RS3, retrograded starch; RS4,
chemically modified starch; and RS5, amylose-lipid com-
plexes. Chemical modification has been known to not only
raise in vitro digestion resistance of starches, reducing
postprandial glucose and insulin concentration, but also
maintain sensory attributes of the final foods [7]. Degra-
dation of RS in the large intestine has physiological
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benefits, including the stimulation of intestinal bacterial
activity by prebiotic effect leading to the microbial fer-
mentation and production of short-chain fatty acids, which
eventually decrease the pH in colon [6]. Upadhyaya, et al.
[8] had reported that consumption of RS4 led to an
abundance of Bifidobacterium adolescentis, Parabacteroides
distasonis, and Christensenella minuta in the gut. In ad-
dition, RS also has health beneficial effects such as
prevention of colon cancer, hypoglycemic effects, hypo-
cholesterolemic effects, and inhibition of fat accumulation
[9, 10].

Polyfunctional carboxylic acids such as malic, tartaric,
citric, and glutaric acid have been used in the synthesis and
rheological characterization of hydrogels [11]. Xie and Liu
[12] used citric acid and high temperature to increase the
RS content of corn starch. Compared to inorganic acids,
citric acid is nutritionally harmless, and increasing the
degree of substitution (DS) of starch by ester bond with the
citrate decreased the rate of digestion by pancreatin [9, 13].
Kim et al. [14] reported that glutaric acid treatment at
115°C affected the structural and digestion properties of
adley starch but lost the Maltese cross pattern in its
granule. Studies on citric acid-rice starch by Shin et al. [15]
showed that acid treatment hydrolyzed the branching
points of amylopectin, leading to an increased apparent
amylose content. According to Kim and Shin [9], a
structural difference, such as in the number of carboxyl
groups, can affect the physicochemical properties of
starch. However, the cross-linking capability of malic acid,
in reference to starch, has not yet been reported. Malic acid
is a C4 carboxylic acid with two carboxyl groups, com-
prising 69%–92% of all organic acids in grape berries and
leaves [16]. It is also naturally produced by many or-
ganisms without showing any nutritional harm. .e U.S.
Food and Drug Administration classifies malic acid as
“generally recognized as safe (GRAS),” and Food Chem-
icals Codex (FCC) specifications list DL-malic acid as a
food-grade organic acid [17]. In industries, Malic acid has
been used as food additive in the United States and Eu-
ropean Union.

Sweet potato, Ipomoea batatas, is a creeping di-
cotyledonous plant belonging to the Convolvulaceae
family. Sweet potato has been a traditional source of starch
in Asian countries and is one of the world’s most im-
portant food crops used as an ingredient in various
products such as noodles, breads, and cakes [18]. .e
potential supply of sweet potato starch is exhaustive and
cost-efficient. In addition, its components such as dietary
fiber, carotenoids, vitamins, and minerals are health
beneficial [19]. .erefore, industrial interest is highly fo-
cused on the use of native and modified sweet potato
starch. Consequently, extensive research regarding the
chemical/physical/enzymatic modifications of sweet po-
tato starch should be performed to deepen the un-
derstanding of its functional properties.

.e purposes of this study were to produce sweet potato
starch with low digestion property and heat stability bymalic
acid treatment as well as to assess its physicochemical
properties, maintaining granule shape.

2. Materials and Methods

2.1. Materials. Sweet potato starch was purchased from
Seoahn Co. (Buan, Jeollabuk-do, Korea) and DL-malic acid
(M1210) was from Sigma Aldrich (St. Louis, MO, USA). .e
enzymes used in starch digestion were porcine pancreatin
(P7545, activity 8 × USP/g, Sigma) and amyloglucosidase
(AMG 300L, activity 300 AGU/mL, Novozymes, Bagsvaerd,
Denmark).

2.2. Preparation ofMalic Acid-Treated Starch. DL-malic acid
was dissolved in water to prepare solutions of various
concentrations (0.5, 1.0, 1.5, and 2.0M) with pH adjusted to
3.5 by 10M NaOH. Sweet potato starch (20 g) and 20mL of
different concentrations of malic acid solution were mixed
and kept in a stainless-steel bowl for 16 h at room tem-
perature. .e bowls were then placed in an air-drying oven
at 50°C for 24 h. .e dried mixture was ground and placed
either in an air-drying oven at 130°C or at room temperature
for 12 h. It was washed thoroughly with distilled water to
remove unreacted malic acid, dried in an air drying oven at
50°C, and ground. Samples were named according to their
processing condition in the concentration-temperature
format. A starch sample, which underwent the same pro-
cedure with distilled water (DW-130) and with 2.0M malic
acid solution at 25°C for 16 h (2M-25), was used as the
control.

2.3. Optical Microscopy. Malic acid-treated starches were
observed under a light microscope (CSB-HP3, Sam Won
Scientific, Seoul, Korea) with and without a polarizing plate.
Glycerol was used to disperse the sample on a glass slide with
minimal air bubbles. A digital camera (Nikon, Tokyo, Japan)
was used to take the photographs.

2.4. Fourier Transform-Infrared Spectroscopy (FT-IR).
FT-IR spectra (VERTEX80v; Bruker, Billerica, MA, USA)
were used to obtain the IR spectra. .e spectra were mea-
sured ranging from 4000 to 600 cm−1, in the transmission
mode, at a resolution of 4 cm−1 and normalized using the
1315 cm−1 peak of starch CH2 vibrations. .e samples were
diluted with KBr (1 :100, v/v) before acquisition.

2.5. Degree of Substitution (DS). Degree of substitution was
determined to estimate the average number of hydroxyl
groups substituted with malic acid per anhydroglucose unit
in starch. .e measurement was performed following the
method of by Xu et al. [20], with some modifications. Malic
acid-treated starch (0.5 g) was placed in a 250mL glass
beaker with 50mL of distilled water. .e pH was measured
after stirring themix for 1 h at 30°C. To each beaker, 25mL of
0.5N NaOH was added to release the substituted groups
from the malic acid-treated starch, and the solution was
stirred for 24 h at 50°C. .e excess NaOH was titrated back
to original pH with 0.05NHCl. DS was calculated as follows:
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DS �
162 × NNaOH × VNaOH − NHCl × VHCl( 

1, 000 × W − 116.09 × NNaOH × VNaOH − NHCl × VHCl( 
, (1)

where DS is the degree of substitution, W is the sample
weight (g), NNaOH is the normality of NaOH, VNaOH is the
volume of NaOH, NHCl is the normality of HCl, 161 is
glucose molecular weight, 116.09 is malic acid molecular
weight used to back titrate, and VHCl is the volume of HCl
used for back titration.

2.6. InVitroDigestibility. In vitro digestibility was measured
following the method of Englyst et al. [1] with slight
modifications by Shin et al. [15]. To prepare enzyme solu-
tions, porcine pancreatin (2 g) was added to 24mL distilled
water in a 50mL glass beaker and stirred for 10min. .e
solution was then centrifuged at 1500 × g, for 10min at 4°C,
to obtain a cloudy supernatant..e supernatant (20mL) was
mixed with 0.4mL of amyloglucosidase and 3.6mL of dis-
tilled water. To a 2mL microtube with 30mg of starch
sample, 0.75mL of sodium acetate buffer (0.1M, pH 5.2) and
a glass bead were added and either cooked for 30min or not
cooked at all. After cooling the tube to 37°C, 0.75mL of the
enzyme solution was added and incubated in a shaking
incubator (240 rpm). .e tubes were taken out after 10 and
240min, boiled for 10min in a heating block to stop the
reaction, and cooled to room temperature. .e tubes were
centrifuged at 5000 × g, for 10min at 4°C. .e amount of
glucose in the supernatant was measured by the GOD-POD
kit (Embiel Co., Gunpo, Korea). .e amount of glucose after
10min of enzyme reaction at 37°C indicated RDS and that
obtained after incubation for 10–240min was SDS. RS was
the starch not hydrolyzed after 240min of incubation.

2.7. X-Ray Diffraction. X-ray diffraction analysis was per-
formed using an X-ray diffractometer (D8 ADVANCE with
DAVINCI, Bruker, Karlsruhe, Germany) operating at 40 kV
and 40mA producing CuKα radiation of 1.5418 Å wave-
length, scanning through the 2θ range of 3−30°, and having a
step time of 0.5 sec. .e relative crystallinity was calculated
using the software developed by the instrument manufac-
turer (EVA, 2.0).

2.8. >ermal Properties. .ermal properties were de-
termined using a differential scanning calorimeter (Pyris
Diamond DSC, Perkin-Elmer, Waltham, MA, USA). Dis-
tilled water (40 µL) was added to 10mg of the sample in a
stainless-steel DSC pan and sealed..e pan was kept at room
temperature for more than 4 h for equilibration and uniform
mixing. .e sample pan was heated gradually from 30°C to
130°C at 5°C/min with an empty pan as the reference. To
avoid condensation during the scan, dry nitrogen was
flushed in the space surrounding the sample chamber. Onset
(To), peak (Tp), and conclusion (Tc) temperatures, as well as
gelatinization enthalpies (ΔH), were measured using the
Pyris software.

2.9. Apparent Amylose Content. Apparent amylose content
was measured according to the colorimetric method out-
lined by the AACC International Approved Method 61–03
[21]. .e samples (20mg) were precisely weighed in 15 mL
tubes and dispersed with 200 µL of absolute ethanol. .e
tubes were boiled for 10min after adding 1.8mL of 50%
NaOH. .e cooled solution (1mL) was placed in each tube
with 9mL of distilled water. Diluted sample solutions were
put into a 15mL tube containing 9mL of distilled water and
100 µL of 1N acetic acid. Lugol solution (200 µL; 0.2%
I2 + 2.0% KI, Sigma) was added and kept in dark for 20min.
Absorbance of the colored sample solution was measured at
620 nm.

2.10. Pasting Properties. A Rapid Visco Analyzer (RVA-3D,
Newport Scientific, Warriewood, Australia) was used to
investigate the pasting properties of sweet potato starch
and malic acid-treated starch. For each analysis, 2.5 g of
starch was added to an RVA canister with 25mL of distilled
water. .e measurement followed the AACC standard
method 2, which includes a 23min heating and cooling
profile.

2.11. Statistical Analyses. All experiments were triplicated,
and the mean values and standard deviations are reported.
Duncan’s multiple range test was used to analyze the var-
iance and the mean separations (p< 0.05). .e statistical
analyses were conducted using SPSS for Windows 22.0
software (IBM, Armonk, NY, USA).

3. Results and Discussion

3.1. Photomicrographs. .e granular shape of the various
malic acid-treated starch samples was investigated using a
light microscope (Figure 1). .e shape of starches including
the malic acid-treated samples had round, semioval, oval
spherical, and round polygonal shapes, which was consistent
with preivious studies [19, 22]. .e malic acid-treated starch
granules were not ruptured even at malic acid concentra-
tions as high as 2.0M. According to Hirashima et al. [23],
granules of starch were all broken at pH below 3.0, when
more glucose chains were observed, compared to those in
higher pH-treated samples. However, in the range of pH
4.0–6.0, the granule shape was retained while at pH above
3.5, less glucose chains leached out, and less fracture of
starch granules occurred [23]. Beyond pH 3.5, the granular
shape of the malic acid-treated starches was not ruptured,
despite the high concentration of malic acid. .e Maltese
cross was observed using a polarizing plate, confirming the
inner ordered semicrystalline structure and radially ordered
alignment of amylose and amylopectin [14, 24]. All samples
showed the Maltese cross, implying that the regular ordered
inner structure of starch was mostly retained even after the
thermal treatment in the presence of malic acid..erefore, it
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Figure 1: Continued.
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could be assumed that the changes observed were caused not
by the change of granular shape but by the effect of malic
acid on the inner structure of starch.

3.2. FT-IR. FT-IR spectroscopy can determine the structural
characteristics, in terms of the functional groups in malic
acid-treated starches. .e peak in the range of 3000 to
3500 cm−1 indicates the presence of hydroxyl groups in
starch, and the one at 2930 cm−1 indicates C-H bond
stretching [25]. .e peak between 980 and 1200 cm−1 can be
attributed to C-O stretching vibration [26]. .e peak near
1730 cm−1 is a carbonyl peak [14, 27], and the starches that
reacted with malic acid at 130°C commonly had a re-
markable carbonyl peak at 1722 cm−1 regardless of malic
acid concentration (Figure 2). However, the starches kept at
room temperature for 12 h, or at 130°C without malic acid,
had no carbonyl peak. .ese results could be explained by
the destruction of some parts of inter- and intramolecular
hydrogen bonds by heat, thereby leading to the formation of
an ester bond between starch and malic acid. .e peak
intensity of thermally treated samples with a higher con-
centration of malic acid was higher compared with those
with low concentration of malic acid as shown in Figure 2.
.is intensity appeared to be highly correlated to both
degrees of substitution and RS content of malic acid-treated
starch. As the peak intensity of samples increased, the
content of RS also gradually increased (p< 0.05). .e RS
content of DW-130 and 2.0M-130 were 27.0% and 53.4%,
respectively. .is result was consistent with the report on
glutarate-treated starch by Kim et al. [14].

(f )

(g)

Figure 1: Light micrographs of raw and malic acid-treated sweet potato starches (magnification 400×): (a) raw, (b) 2.0M-25, (c) DW-130,
(d) 0.5M-130, (e) 1.0M-130, (f ) 1.5M-130, and (g) 2.0M-130; 1-under visible light and 2-under polarized light.

Raw
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2.0M-25
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0.5M-130
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1.5M-130
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Figure 2: FT-IR spectra of raw and malic acid-treated sweet potato
starches.
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3.3. Degree of Substitution (DS). .e DS of thermally treated
samples is shown in Table 1. .e value increased with the
concentration of malic acid. While 2.0M-130 had the highest
DS value of 0.214, 0.5M-130 had the lowest DS (0.088)
among the malic acid-treated starches. .is substitution
level was much higher than that in citric acid-substituted
starches (0.027), reacted at 128.4°C for 13.8 h [15]. DS is
generally related to the number of carboxyl groups in or-
ganic acids and the steric hindrance between them, which
can interrupt the ester bond formation. For example, acetic
acid, which has only one carboxylic group and smaller
molecular size compared to other organic acids, has the
ability to reach a high substitution level [20]. Malic acid,
which has two carboxyl groups, can theoretically form two
ester bonds, whereas citric acid can make three ester bonds.

3.4. In Vitro Digestion of Samples. Table 1 presents the
proportion of RDS, SDS, and RS fractions. .e concentra-
tion gradient of malic acid without thermal treatment
showed no significant difference in RS content (data not
shown). Regarding the digestibility of DW-130, raw, and
2.0M-25, there were no significant differences between RS
and SDS content, but a difference was observed in RDS,
which could have been due to the high heat treatment. On
the other hand, thermal treatment along with malic acid
increased the content of RS. .ermally and malic acid-
treated starch showed an increased RS content from
27.0% (DW-130) to 53.4% (2.0M-130)..eDS of substituted
starches and RS fractions were highly correlated (r� 0.967,
p< 0.01). In addition, malic acid and heat treatment de-
creased SDS from 51.8% (DW-130) to 4.72% (2.0M-130)
depending on the concentration of the malic acid solution.
However, the content of RDS was the highest in 1.0M-130
(48.5%) and decreased with increasing concentrations of
malic acid. .is result suggested that some parts of the
amylose and amylopectin structure were destroyed under
acidic heating conditions so the RDS fraction increased until
1.0M-130 but the other part forming ester bonds with malic
acid became the RS fraction. According to Huber & BeMiller
[28], the more the cross-linked starch, the more the entry of
α-amylase molecules through the starch porous channel
inhibited, and hence, more resistance to digestion. .ere-
fore, as the DS of malic acid-treated starch increased, in-
trusion of α-amylase was inhibited by the ester bond

between malic acid and starch chain. However, if the cross
link fully blocked α-amylase intrusion, there should be no
increase of RDS. .e interference of cross links in the
complexation of α-amylase and starch might be another
reason for the increased RS [9, 29]. Despite the diffusion of
α-amylase after granule intrusion, the cross-linked part of
starch chain resists digestion.

Since the starch used in food industry usually undergoes
a cooking step, high heat treatment could possibly destroy
the ester bond, thereby decreasing RS. Digestion fractions of
cooked samples were also investigated. Apart from the
nonreacted starches that showed considerable decrease in RS
content, 2.0M-130 had 49.9% of RS fraction, which reduced
from 53.4%. Other malic acid-treated starches also had
decreased RS content but they were still highly correlated
with the DS (r� 0.983, p< 0.01). .e proportion of the RS
fraction of DW-130 samples decreased from 27.0% to 19.5%
upon cooking. .e cooking procedure changed the RS
proportions drastically from that of the nonthermally
treated samples, whereas the thermally malic acid-treated
samples had high content of heat-stable RS in high amount,
which indicates the presence of a rigid ester bond.

3.5. X-Ray Diffraction. .e X-ray diffraction patterns are
shown in Figure 3. .e internal order of a starch granule is
demonstrated by X-ray diffraction patterns of A, B, and C
types [30]. Native sweet potato starch showed the C-type
pattern with diffraction intensities at 5.6°, 11.5°, 15.3°, 17.4°,
23.2°, and 26.3° at the angle 2θ. C-type starches have been
subclassified into Ca, Cb, and Cc on the basis of their re-
semblance to either A-type, B-type, or that between A-type
and B-type, respectively [31], and the sweet potato starch
used in this study belonged to the Cb-type. Malic acid-
treated starches maintained the same X-ray diffracto-
grams, but with differences in crystallinity and peak in-
tensity. As the concentration of malic acid solution
increased, the peak intensity and crystallinity decreased
(DW-130; 27.9%, 2M-130; 17.6%), indicating the influence
of heat-moisture treatment and the possibility of acid hy-
drolysis. .e decreased crystallinity of DW-130 was seemed
to be caused by the heat-moisture treatment. Lee et al. [32]
reported that hydrothermal treatment decreased the major
peaks’ intensities and their crystallinity. .e crystallinity of
malic acid-treated samples was lower than that of raw starch

Table 1: Degree of substitution and in vitro digestibility of raw and malic acid-treated sweet potato starches.

Sample DS
Noncooked starch Cooked starch

RDS (%) SDS (%) RS (%) RDS (%) SDS (%) RS (%)
Raw n/d 14.5± 1.20a 52.9± 4.20d 32.6± 3.07bc 59.6± 5.90c 19.8± 2.45d 20.6± 3.52a
2.0M-25 n/d 15.5± 0.25a 55.2± 2.41d 29.3± 2.24ab 67.9± 3.38de 13.7± 4.04c 18.4± 0.80a
DW-130 n/d 21.1± 0.73b 51.8± 1.76d 27.0± 1.79a 71.8± 3.71e 8.67± 3.65b 19.5± 1.16a
0.5M-130 0.088± 0.0068a 36.4± 1.53c 28.7± 1.19c 34.9± 1.51c 69.9± 1.79e 3.57± 2.65ab 26.6± 4.27b
1.0M-130 0.127± 0.0094b 48.5± 2.73e 12.8± 0.87b 38.7± 1.86d 64.0± 0.31cd 1.83± 0.69a 34.2± 0.96c
1.5M-130 0.184± 0.0058c 46.9± 1.16e 6.63± 1.86a 46.5± 2.83e 52.8± 1.55b 3.87± 2.61ab 43.3± 1.93d
2.0M-130 0.214± 0.0029d 41.9± 0.74d 4.72± 0.70a 53.4± 0.69f 45.2± 0.84a 4.86± 2.39ab 49.9± 2.57e

DS, degree of substitution; RDS, rapidly digestible starch; SDS, slowly digestible starch; RS, resistant starch; n/d, not detected. .e values with different
superscripts in each column are significantly different (p< 0.05) by Duncan’s multiple range test.
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due to acid hydrolysis and heat treatment during prepara-
tion. .is result was consistent with the report on glutarate-
treated starch by Kim et al. [14] and citrate-treated starch by
Xie et al. [33]. Hydrogen bonds are known to sustain a
double helical structure, but when substituted by ester
bonds, changes in double helical structure induce rear-
rangement of the crystalline and semicrystalline structure,
hence lowering relative crystallinity.

3.6. Gelatinization Parameters. .e gelatinization parame-
ters of various malic acid-treated starches are shown in
Table 2. Raw and 2.0M-25 samples had no significant dif-
ference in the To, Tp, Tc, ΔH, and even Tc−To. However, DW-
130 had lower To (57.7), Tp (66.6), Tc (71.3), and Tc−To (14.9),
and higher ΔH (13.6), which could have resulted from the
heat-moisture treatment. Increasing the concentration of
malic acid decreased To, Tp, Tc, and ΔH, but increased Tc−To.
Consequently, 2.0M-130 had lower To (44.0), Tp (50.8), Tc
(62.0), and ΔH (2.89) and higher Tc−To (18.1) compared with
other samples. DSC measures the primary hydrogen bonds
that stabilize the double helices within the granules [34] and
the quality and quantity of crystalline area by measuring the

change in heat energy [30]..e decreased To, Tp, Tc, ΔH, and
increased Tc−To, in this study, suggested that the internal
crystalline structure and helical structure of the malic acid-
treated starch could have been disrupted and become a
heterogeneous structure with rearrangement compared to
the unmodified starches. If most of the crystalline area was
destroyed, no peak would be expected in the X-ray dif-
fractogram; however, the X-ray diffraction patterns of malic
acid-treated starch were almost the same as those of raw
starch and nonthermally treated starches. .erefore, malic
acid, which penetrated into starch granules, may have not
only partially hydrolyzed the starch chain into shorter
chains, but also rearranged the crystalline structure of the
granules by substituting the hydrogen bonds with ester
bonds. With increased short chain, melting temperature
decreased, which could be highly related to the decrease of
SDS and increase of RDS. Decrease of ΔH corresponds to a
reduced amount of hydrogen bonds and is related to in-
creased DS and a higher fraction of heat-stable RS.

3.7. Apparent Amylose Content. .e apparent amylose
contents of various malic acid-treated starches are presented
in Table 3. Compared to the raw and nonthermal group,
samples with high DS values showed decreased apparent
amylose content. Apparent amylose contents of 2.0M-25 and
DW-130 showed no significant difference with raw starch
(p> 0.05). However, the increasing concentration of malic
acid with heating decreased the apparent amylose content of
the samples and that of 2.0M-130 was the lowest (20.7%).
.e citric acid-treated starch had increased amount of ap-
parent amylose content with the same treatment because of
the hydrolysis, which mainly occurred at the branching
point [15], but the opposite trend was observed in this study.
Mussulman and Wagoner [35] and Robin et al. [36] sug-
gested that acid hydrolysis mainly occurred during the
conditioning step. However, structural analyses showed that
most of the starch chain breakdown occurred during the
heating step under the influence of both acid and heat.
Consequently, the decline of apparent amylose content was
due to the rearrangement of the starch helix by the ester
bond upon malic acid treatment, and there could be in-
creased amount of short chains due to hydrolysis, which are
too short to form the iodine complex.

3.8. Pasting Properties. .e pasting properties of raw and
malic acid-treated starches are shown in Figure 4. .e use of
thermal treatment with malic acid can lead to lower peak
viscosity because of less swollen granules. Cross-linked
starches reacted under low pH conditions are reported to
have reduced swelling power [37]. Starch samples, which
were only conditioned in malic acid solution (2.0M-25),
showed a similar RVA curve with raw starch. Raw starch and
2.0M-25 had peak viscosity at 88.3°C and also had similar
setback viscosity. As DW-130 indicated changes in structure
which seemed to be the effect of slight the heat-moisture
treatment, lower peak viscosity, and setback viscosity were
detected by RVA, which could also be due to the effect of
heat-moisture treatment. Malic acid-treated starches had

Raw
(30.6%)

2θ
5 10 15 20 25 30

2.0M-25
(25.5%)

DW-130
(27.9%)

0.5M-130
(25.6%)

1.0M-130
(23.3%)

1.5M-130
(17.9%)

2.0M-130
(17.6%)

Figure 3: X-ray diffraction patterns and relative crystallinity of raw
and malic acid-treated sweet potato starches. Numbers in paren-
theses indicate the percentage of crystallinity.
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lower and linear RVA profiles (1.0M-130, 1.5M-130, and
2.0M-130). .is result was similar to the dramatically de-
creased pasting viscosity and linear RVA curve of citric acid-
treated starch due to its nonswelling property [12]. .e
higher the concentration of malic acid solution used, the
lesser the viscosity observed. Shukri and Shi [38] had re-
ported that high level of cross-linking inhibits the swelling of
starch granules because of less hydrogen bonding between
the helical structures in starch. Similar to the previous
studies on citrate and acetate starches that reported in-
creased stability of cooked starch as compared to native
starch [37], malic acid-treated starch with high DS also
showed heat-stability not only toward gelatinization but also
toward retrogradation due to the malic acid cross link.

4. Conclusions

Heat treatment with a high concentration of malic acid
solution on sweet potato starch caused considerable
changes in the internal structure of starch maintaining its
granular shape. Moreover, DS values and FT-IR spectra
showed ester bond formation between malic acid and the
starch. .e RS fraction of sweet potato starch drastically
increased with the ester bond formation, and these RS
fractions had remarkable heat-stable characteristics.
Structural analyses by light microscopy, XRD, DSC, RVA,
and AAC obviously demonstrated a low degree of hy-
drolysis in starch chains (even at pH 3.5 of malic acid
solution) upon thermal treatment with malic acid and
rearrangment of the crystalline area and alterations of the
double helix by the substitution of the hydrogen bond by
an ester bond. Rapid visco analyzer (RVA) showed no
pasting property of malic acid-treated starches due to its
nonswell properties caused by the malic acid cross-link.
.is information about the structural characteristics and
heat-stable properties of RS in digestion can be used to
develop a low-digestible food ingredient and lead to
further application of the study.
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Table 2: Gelatinization parameters of raw, control, and malic acid-treated starches.

Sample To (°C) Tp (°C) Tc (°C) Tc−To (°C) ∆H (J/g)
Raw 60.5± 0.28e 68.2± 0.07f 72.4± 1.59d 11.9± 1.83a 16.1± 0.89d
2.0M-25 60.7± 0.21e 68.2± 0.16f 72.6± 0.37d 11.8± 0.31a 16.6± 0.46d
DW-130 57.7± 0.13d 66.6± 0.31e 71.3± 0.64d 13.6± 0.77ab 14.9± 0.66d
0.5M-130 52.4± 0.19c 63.9± 0.25d 68.4± 0.26c 16.0± 0.33bc 12.1± 1.63c
1.0M-130 46.0± 0.10b 60.1± 0.48c 65.3± 0.36b 19.4± 0.26c 10.5± 1.54c
1.5M-130 45.4± 0.73ab 53.0± 0.47b 63.5± 0.19ab 18.2± 0.73c 7.50± 1.07b
2.0M-130 44.0± 2.04a 50.8± 1.02a 62.0± 2.46a 18.1± 4.34c 2.90± 0.72a

To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; Tc−To, temperature range of crystal melting; ΔH, enthalpy change. .e values with
different superscripts in each column are significantly different (p< 0.05) by Duncan’s multiple range test.

Table 3: Apparent amylose content of raw and malic acid-treated
sweet potato starches.

Sample Apparent amylose content (%)
Raw 26.9± 0.75d
2.0M-25 26.4± 0.59cd
DW-130 26.4± 0.13cd
0.5M-130 25.4± 0.63c
1.0M-130 23.0± 0.68b
1.5M-130 23.6± 0.65b
2.0M-130 20.7± 0.42a

.e values with different superscripts in each column are significantly
different (p< 0.05) by Duncan’s multiple range test.
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Figure 4: Rapid visco analyzer: raw and malic acid-treated sweet
potato starches: , raw starch; , 2.0M-25; , DW-130; ,
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.e hydrolysis of disaccharides was conducted using a microcapillary system under hydrothermal conditions (up to 190°C at
10MPa and pH 4–11). .e hydrolysis reaction showed a sigmoidal progression with time, especially under alkaline conditions.
Analysis using a kinetic model yielded the reaction induction period..e specific pH value (pHamb) at the induction time, which is
the pH value corresponding to the progression of disaccharide hydrolysis, was peculiar to each disaccharide. Finally, the cal-
culation of the electron density around the oxygen atom of the glycosidic bond between saccharides was found to roughly predict
the pHamb value required for the progression of hydrolysis.

1. Introduction

Sugar production is an indispensable technology in food and
chemical engineering. Many researchers have reported that
cellulose and oligo- and disaccharides are hydrolyzed to
monosaccharides [1–7]. Because cellulose is present in plant
biomass [1], it is a useful resource for the preparation of
sugars and other value-added materials. .e hydrolysis of
cellulose is, in principle, based on the cleavage of the gly-
cosidic bond between monosaccharides and requires acidic
conditions [8]. In recent years, a variety of methods in-
cluding the use of metal catalysts, enzymatic treatment in
ionic liquids [9–11], and hydrothermal treatment [1–3, 6, 7]
have been reported to improve hydrolysis. However, the
deterioration of metal catalysts and their poor reusability
limit their use. In addition, enzymes and ionic liquids are
expensive. .us, the hydrolysis of sugar is not always an
environmentally benign process and can be economically
risky.

Water that maintains its liquid state under pressurized
conditions in the temperature range of 100–374°C is called
subcritical water. Subcritical water has two unique features:
(i) a low relative dielectric constant [12–14] and (ii) a high
ion product [15]. Because there is evidence of a high hy-
droxide ion concentration in supercritical water [16], the
concentrations of hydrogen and hydroxyl ions in subcritical
water should be also higher than those in water at room
temperature. .erefore, subcritical water has been in-
vestigated for its application as acid and base catalysts
[17–19]. However, there is no direct evidence of the phys-
icochemical properties of subcritical water mentioned
above, and the further application of subcritical water re-
quires the clarification of its physicochemical property.

Recently, it has been reported that subcritical water can
catalyze the hydrolysis [2–4, 6, 7, 20–24] and isomerization
[25] of saccharides, as well as the hydrolysis of vegetable oil
[26]. .ese findings demonstrate the use of subcritical water
for the treatment of biomass. Further clarification of the
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physicochemical properties of subcritical water would result
in the effective treatment of solid biomass, such as used
wood. .e decomposition mechanism of sucrose has been
clarified to some extent, and the decomposition of sucrose is
affected by the acidity of the reaction medium [21]. It is
expected that the variation in the hydrolysis behavior of
disaccharides under hydrothermal conditions at different
pHs is related to the physicochemical property of subcritical
water.

.e hydrothermal process can be carried out in a
microcapillary system. Microcapillary systems permit the
rapid shifting of the liquid temperature between room
temperature and hydrothermal temperature [20–22, 27–29].
.erefore, the monitoring of the reaction under the hy-
drothermal conditions can be achieved. In particular, a shift
in the pH to the acidic region occurs with increasing hy-
drolysis. If the pH that induces the hydrolysis of materials
can be predicted from the physicochemical properties, the
use of excess acid could be avoided.

In this study, we selected disaccharides as the target
materials because the minimum unit process in cellulose
hydrolysis is considered to be the hydrolysis of di-
saccharides. .en, we examined the hydrolysis behavior of
disaccharides at various pHs and temperatures. From the
kinetic analysis of hydrolysis under the hydrothermal
conditions involving hydrochloric acid, the apparent de-
composition rate constant was estimated to determine the
specific pH value for hydrolysis. As a related parameter, the
hydration structure of disaccharides was examined using
dielectric measurements. Moreover, the relationship be-
tween the pH value and the hydration structure of di-
saccharides is discussed.

2. Materials and Methods

2.1. Materials. Sucrose, palatinose monohydrate, meribiose,
cellobiose, turanose, trehalose, maltose, and lactose were
used as disaccharides, and their general formula is
C12H22O11 (Mw � 342.296 g/mol). .e disaccharides and
other chemicals were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), except trehalose, which was
obtained from Hayashibara Co. Ltd. (Okayama, Japan).
Other chemicals were of analytical grade.

2.2. /ermogravimetric Analysis. .e thermogravimetric
analysis was carried using a TG-60A (Shimadzu, Kyoto,
Japan). A platinum crucible loaded with 2 to 3mg of sucrose
was first heated to 300°C from the room temperature at a
heating rate of 20°C/min. N2 gas was used as carrier gas at a
flow rate of 100mL/min.

2.3. Preparation of the Disaccharide Solutions. .e di-
saccharides were dissolved in distilled water to adjust the
final concentration to 0.5–5wt%. To adjust the pH of the
disaccharide solution, either HCl or NaOH was used. .e
disaccharide solution without pH adjustment had a pH of 6.
.e disaccharide solution was degassed for 10min and

purged with nitrogen gas to avoid the variation in pH caused
by dissolving carbon dioxide in the disaccharide solution.

2.4. Apparatus of the Flow-type Reactor. A continuous flow-
type reactor (Figure 1) was used to monitor the de-
composition of the disaccharides following a previous report
[21]. .e reactor was made of stainless steel (SUS 316, GL
Science, Tokyo, Japan) tubing (1.6mm o.d. × 0.8mm i.d.)
and was immersed in an oil bath (160–190°C). .e tem-
perature of the oil bath was monitored using a thermal
detector TXN-400 (AS ONE, Osaka, Japan). To terminate
the reaction rapidly, the reaction mixture leaving the reactor
was passed through a water bath. .e pressure in the system
was regulated at 10MPa by a valve (P-880, Upchurch Sci-
entific). .e effluent was collected in a sampling vessel to
analyze the sucrose concentration by high-performance
liquid chromatography (HPLC).

To investigate the pH decrease during the hydrolysis, the
pH of the reactor effluent of all samples was measured using
a pH meter.

2.5. HPLC Analysis. .e concentration of the remaining
sucrose in the effluent was determined by a liquid chro-
matograph (LC-20AD, Shimadzu, Kyoto, Japan) equipped
with a refractometer RI-8010 (TOSO, Osaka, Japan). A
COSMOSIL Sugar-D packed column (4.6mm i.d. ×

250mm) was used for the analysis of the sucrose and its
hydrolysates. .e 20 μL sample was injected into the column
and incubated at 38°C by the column oven..e eluent was an
acetonitrile/water mixture (80/20 v/v), and its flow rate was
1.6mL/min. .e determination was repeated at least three
times and then averaged.

2.6. Dielectric Measurement. Dielectric dispersion analysis
permits the monitoring of the dipole moment such as that of
water. A network analyzer (Agilent, N5230C; 500MHz to
50GHz) was used to monitor the bulk water and the water
bound to disaccharides. .e sample solution at a constant
mixing ratio of water to disaccharide was used and main-
tained for 30min at a constant temperature before starting
the measurement. .ereafter, the relative permittivity (ε′)
and dielectric loss (ε′′) of the liposome suspension were
measured as a function of frequency at each temperature
following previous reports [30–32]. .e frequency de-
pendence of ε′ and ε′′ (500MHz to 50GHz) was analyzed
using Debye’s equations:

ε′ − εh
′ � 

2

i�1

Δεi

1 + f/fci( 
2, (1)

ε″ −
Gdc

2πfC0
� 

2

i�1

Δεi f/fci( 

1 + f/fci( 
2, (2)

where εh
′ andGdc are the limit of relative permittivity at higher

frequency and direct current conductivity of the solutions,
respectively. C0 is the cell constant obtained by calibration
using distilled water. It has been reported that aqueous
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solutions have two different characteristic relaxations of water
molecules: the water bound to saccharides (i � 1; third step,
1–3GHz) and bulk water (i � 2, second step, ca. 20GHz)
[30, 32]..erefore, equations (2) and (3) were assumed to be a
summation of the two relaxation terms. Samples were pre-
pared by mixing 0.5 g of disaccharide with 0–1.3 g of water.
.e number of water molecules to disaccharide is defined as
Nw. Nw � (mw/Mw)/(md/Md), where mw and md are the
masses of water and disaccharide (g), respectively. Mw and
Md are the molecular weights of water and disaccharide,
respectively.

3. Results and Discussion

3.1. /ermal Stability of Disaccharides. In the first series of
experiments, the thermal stability of the disaccharides was
investigated to rule out the possibility of the thermal de-
composition of the disaccharides. For this, differential
scanning calorimetry (DSC) and thermal gravimetric (TG)
analysis were used. Figure 2(a) shows typical DSC and TG
curves for sucrose. In the temperature range between 150
and 170°C, an endothermic heat flow was observed, but no
weight change was observed. .e sucrose was considered to
be melted in this temperature range. .e weight change in
sucrose was observed above 200°C from the TG curve. .e
DSC curve shows an endothermic adsorption in the same
temperature range. .ese results indicated that the sucrose
thermally decomposed above 220°C. .e temperatures re-
quired to induce the decomposition for other disaccharides
were measured to be 270°C (maltose), 24°C (trehalose),
240°C (cellobiose), 195°C (turanose), and 215°C (meribiose).
For lactose, the decomposition temperature has been re-
ported to be 220°C [33]. .us, it is considered that the
hydrolysis of disaccharides should be examined below
190°C, although data for palatinose was not obtained in this
study.

3.2. Influence of Inorganic Acids on Hydrothermal Hydrolysis
Behavior of Disaccharides. To select the acid in this study,
sucrose was examined as a typical disaccharide. It has been
reported that sucrose is susceptible to hydrolysis by acids
because it has a glycosidic oxygen atom with a large elec-
trostatic potential charge [21].

To confirm the influence of the acid species, HCl, H2SO4,
and HNO3 were used to induce the hydrolysis of sucrose.

Each acid was mixed with sucrose to adjust the pH to 5 to
initiate hydrolysis under the hydrothermal condition (185°C
and 10MPa). .e change in the remaining sucrose (C/C0)
with time in the presence of each acid is shown in
Figure 2(b). It is obvious that the changes in C/C0 with time
in the presence of each acid are identical. .e same was true
for the variation of pH (Figure 2(c)). In general, all the strong
acids form H3O+ (H+), known as the leveling effect.
.erefore, the results in Figures 2(b) and 2(c) strongly in-
dicate that the protons dissociated from the inorganic acids
triggered the hydrolysis of sucrose. .us, HCl was used for
the hydrolysis of disaccharides.

3.3. Kinetic Analysis of the Hydrolysis of Disaccharides.
Sucrose solutions at various pH values, adjusted by HCl,
were prepared to investigate its hydrolysis under subcritical
conditions (180°C and 10MPa)..e change in the remaining
sucrose concentration was monitored at various pHs
(Figure 3(a)). Sigmoidal curves were observed above pH 4.
.is indicates the presence of an induction period [34].
Following previous reports [34], we analyzed the change in
the remaining sucrose (C/C0) with time using the following
equation:

C

C0
� 1−

1
1 + exp − t− tm( /τ( 

, (3)

where the induction time is td � tm − 2τ and the apparent
rate constant is kapp � τ−1. In Figure 3(a), td � 25 –160 s and
kapp � 0.01 – 0.058 s−1 were estimated from the curve fitting
of equation (3) with the experimental data obtained in this
study. Overall, the induction time, td, increased with the
increasing pH. .e corresponding apparent rate constant,
kapp, also reduced with the increasing pH.

To confirm the general relationship between both, the
kapp values were plotted against the corresponding td value
obtained under various temperatures and pH conditions. A
good correlation between both was observed at all pH values
and temperatures (Figure 3(b)), which is a typical re-
lationship often seen in the time development involving an
induction period. .e negatively correlated relationship
between td and kapp implies a lag time for the hydrolysis of
sucrose.

In a previous report, a production of organic acids such
as formic acid and acetic acid associated with the hydrolysis
of sucrose resulted in a pH reduction [21]. .e pH variation
during sucrose hydrolysis was monitored at various initial
pH values..e pH converged to pH 4 regardless of the initial
pH (Figure 3(c))..e reason for the convergence to the same
pH appears to be due to the production of organic acids, as
previously reported [21]. .e pH corresponding to the in-
duction time (td) is denoted as pHamb. pHamb was then
plotted against the corresponding td value (Figure 3(d)). It
was found that the pHamb was 5 at all temperatures and
initial pHs, suggesting that proton accumulation is required
for the progression of sucrose hydrolysis. .e pHamb value
for other disaccharides was also measured, as shown in
Figure 4. .e pH condition required to progress hydrolysis
depended on the disaccharides. Overall, the pHamb values

Sample
collector

Water bathOil bathSucrose
solution

Pump

N2 bag
Back pressure

valve

Figure 1: Schematic illustration of the reaction system for sucrose
decomposition under hydrothermal conditions.
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ranged between 4 and 5, suggesting that the hydrolysis of
disaccharides occurred under acidic conditions in the hy-
drothermal reaction.

3.4. Simple Implications for the Hydrolysis Mechanism of
Disaccharides. To clarify the hydrolysis mechanism of
sucrose associated with the accumulation of protons, the
activation energy of the sucrose hydrolysis at various pHs
was investigated. Figure 5(a) shows the temperature de-
pendencies of sucrose hydrolysis at pH 6. When the
temperature was increased to 190°C, a rapid hydrolysis of
sucrose was observed with a corresponding decrease in the
induction period. .e apparent rate constant (kapp) at
various temperatures was estimated using equation (3) and
plotted against the corresponding temperature, as shown in
Figure 5(b). .e slope of the plot of ln kapp − 1/Tgives ΔE/R
(Arrhenius plot), and the ΔE value was subsequently
plotted against the initial pH of the sucrose solution

(Figure 5(c)). Overall, the ΔE values are below 100 kJ/mol.
.e ΔE values for radical reactions have been reported to be
about 400 kJ/mol [35]. .ese results indicate that the su-
crose was hydrolyzed via an ionic reaction. In addition, in
the range below pH 5, the ΔE value was reduced as
compared with those above pH 5. .e accumulation of
protons appeared to be advantageous for the hydrolysis of
sucrose. .e same was true for other disaccharides re-
garding the pH dependency of the ΔE value (data not
shown).

From the results, the electronic environment of the
oxygen atom in the glycosidic bond of the disaccharide
(where the cleavage of disaccharides occurred) played an
important role in the hydrolysis reaction.

3.5. Dielectric Measurement. .e hydration of disaccharides
is a possible factor affecting their hydrolysis. Dielectric
measurements under an alternating electric field are a
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powerful tool to estimate the hydration structure [30–32].
.e frequency range between 500MHz and 20GHz was
selected because this range involves the relaxation origi-
nating from hydration [30, 32].

Typical dielectric spectra between 500MHz and 20GHz
measured at 25°C are shown in Figures 6(a) and 6(b). In the
cases of sucrose and maltose, dielectric relaxation was ob-
served at around 1–3 and 8–20GHz, respectively. .e
former relaxation was attributed to the bound water to
disaccharide and the latter to that of bulk water [30, 32]. On

varying the water to disaccharide content (Nw � 6.84–30.7),
definite relaxation was observed for both disaccharides. .e
relaxation amplitude at around 1–3GHz (Δε) was estimated
by fitting Debye-type equations (1) and (2) to the experi-
mental data. For sucrose, the first relaxation, Δε � 20.3 and f
� 1.2GHz, and the second relaxation, Δε � 16 and f � 8GHz,
occurred at Nw � 6.84 (r2 � 0.960); the first relaxation, Δε �

21.5 and f � 1.2GHz, and the second relaxation, Δε � 23; and
f � 8GHz, occurred at Nw � 13.6 (r2 � 0.955); and the first
relaxation, Δε � 11.3 and f � 1.5GHz, and the second
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relaxation, Δε � 57 and f � 12GHz, occurred at Nw � 30.7 (r2
� 0.982). As Nw increased beyond 13.6, the characteristic
frequency increased from 8 to 12GHz, indicating the
generation of free bulk water. In addition, the increase in
water content increased the Δε value of the second

relaxation..is resulted from the contribution of bulk water.
.e same was true for maltose.

.e Δε value at the first relaxation, in principle, depends
on the number and strength of the dipole moment derived
from the bound water. .e strength of the dipole moment
of water reflects the extent of polarization of water. .us,
the Δε value as an index for the bound water was plotted
against the Nw value. .e Δε value monotonously increased
up to Nw � 10–15 and, subsequently, decreased in the case
of sucrose, turanose, and meribiose (Figure 6(c)). On the
contrary, the Δε value monotonously increased up to Nw �

20–30 and then plateaued in the case of the other di-
saccharides (Figure 6(d)). .us, the critical point in the Δε
vs. Nw curve might correspond to the number of bound
water molecules; thus, the critical Nw value is 15–30.
However, computational studies [36, 37] have indicated
that a hydration number of 13–16 is lower than the critical
Nw value. .is difference in the number of bound water
molecules might result from the principle of the dielectric
measurements: both strongly and weakly bound water are
detectable. Alternatively, considering that Δε depends on
the number and strength of dipole moment, a Δε/Nw value
in the range between 0 and 10 might be defined as the
hydration structure. .e Δε/Nw value indicates the average
strength of the dipole moment (polarization) of bound
water. .is definition is similar to the conventional method
used to discuss the hydration of substrates, e.g., a plot of the
melting enthalpy of substrates to the water content of the
substrate (mol/mol) [38]. .ereby, the Δε/Nw values for
each disaccharide are summarized in Figure 6(e). Four
disaccharides (sucrose, turanose, meribiose, and maltose)
had significantly higher Δε/Nw values than the other di-
saccharides. .erefore, these four disaccharides could have
strongly bound hydration structures.

3.6. Implications for the pH Condition Required for the Hy-
drolysis of Disaccharides. It is considered that a hydration
structure is formed at the hydroxyl group of mono-
saccharides and the glycosidic bond. .e glycosidic bond is
affected by hydrolysis under hydrothermal conditions. If the
hydration is caused by the water bound to the glycosidic
bond, the hydration structure can be considered to be related
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Figure 4: Specific pH value to progress the decomposition reaction of disaccharides. Suc: sucrose; Tura: turanose; Meri: meribiose; Mal:
maltose; Trh: trehalose; Cel: cellobiose; Lac: lactose; Pal: palatinose. Error was calculated from the three independent experiments.
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to the electronic charge in the glycosidic bond (oxygen
atom). .us, theoretical calculations using the molecular
orbital calculation program MOPAC 2000 were performed
according to a previous report [21], and the results are
summarized in Figure 7(a). Sucrose had the most negative Q
value of the disaccharides used, indicating the high electron
charge in the glycosidic bond of the electron-rich α-glucose-
(1⟶4)-α-fructose bond [21]. Trehalose, cellobiose, lactose,
and palatinose had relatively low Q values. .e obtained
order of Q values is likely comparable to the trend in hy-
drolysis (Figure 4).

To check the effect of the electronic charge of the gly-
cosidic bond on the hydrolysis, both the pHamb and Δε/Nw
values for each disaccharide were plotted against the cor-
responding Q value. Figure 7(b) shows that a decrease in Q
resulted in an increase in pHamb, suggesting that the negative
charge of the glycosidic bond is closely related to the pro-
gression of the hydrolysis reaction. .e Δε/Nw value also
indicates a negative correlation with the Q value, although
some data were scattered away from the trendline
(Figure 7(c)). .is scattering might result from the con-
figuration of water around the saccharides, which is de-
pendent of the conformation of the disaccharides. Based on

Figures 7(b) and 7(c), the Q value of a disaccharide could be
used to determine the critical pH condition for the pro-
gression of hydrolysis.

4. Conclusion

A kinetic model taking into consideration the induction
period was adopted to analyze the hydrolysis of di-
saccharides. .ereby, using our analysis technique, the pH
value required to initiate the hydrolysis of disaccharides
(pHamb) can be calculated. .e activation energy for the
hydrolysis of disaccharides under hydrothermal conditions
was calculated, and the reactions were found to be ionic
reactions. .erefore, possible parameters relating to ionic
reactions are (i) the hydration structure of disaccharides and
(ii) the electronic charge of oxygen in the glycosidic bond.
.e hydration structure was determined using dielectric
measurements. It was found that sucrose, turanose, and
meribiose were well-hydrated relative to the other di-
saccharides. In addition, the calculations using MOPAC can
give the Q value, and the hydration structure is roughly
comparable to the Q value, although some deviations were
observed. It is likely that the electronic environment of the
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oxygen atom in the glycosidic bond is related to the hy-
drolysis of disaccharides. Finally, the pHamb value was
roughly correlated with the Q value. .erefore, the method
only requires knowledge of the electronic charge of the
oxygen atom in the glycosidic bond of disaccharides ob-
tained from calculation to predict the pHamb of the target
disaccharide..e prediction of pHamb would avoid the use of
excess quantities of acid to adjust the initial pH, which is of
significant environmental benefit. Furthermore, a micro-
capillary system can be used to monitor the change in the pH
with time to obtain the pHamb value for the hydrothermal
hydrolysis of disaccharides.
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A few importers of marine products have practiced the fraud of artificially injecting water into Octopus minor for increasing their
weights prior to the freezing process. *ese rampant practices have recently become a serious social issue and threaten public
health. *erefore, it is necessary to develop the detection method for artificially water-injected frozen Octopus minor. *is study
was conducted to develop the nondestructive method for verifying adulterated Octopus minor by measuring dielectric properties
using the coaxial probe method. Regardless of weight and measurement locations, a significant difference between ε values from
normal octopuses was not observed.*e ε values ofOctopus minorwere decreased in the microwave frequency range between 500
and 3000 MHz.*e ε values of water-injected octopuses also showed similar trend with normal octopuses; however, the dielectric
loss factor (ε″) values of adulterated octopuses were much lower than normal octopuses. After thawing normal, adulterated, and
imported frozen Octopus minor, the ε values measured at the trunk part from these octopuses were compared and statistically
analyzed. *e ε″ values from normal frozen octopus were significantly different from adulterated and imported frozen octopuses.
In addition, the ε″ values from the adulterated frozen octopus group that weight gain rate was less than 20% was significantly
different from other adulterated octopus groups with higher weight gain rate than 20%. *e ε″ values from adulterated frozen
octopus groups with the range of weight gain rate between 20 and 30%were quite similar to imported frozen octopuses.*erefore,
it was found that the measurement of ε″ values from Octopus minor has a great possibility to distinguish normal frozen octopuses
and artificially water-injected frozen octopuses.

1. Introduction

Octopus minor (Sasaki, 1920), which is widely distributed
along the coastal waters of Korea, China, and Japan, is one of
commercially important marine species in East Asia countries
[1]. Since octopus is recognized as a high nutrition and low
calorie food that has the effects on lowering the cholesterol
level in blood and preventing anemia, its consumption in
Korea has been consistently increased; however, from
2006, domestic production of octopus in Korea has been
annually decreased because of environmental destruction and
overfishing. A tremendous amount of octopus was imported

in Korea tomeet demands from consumers, and the imported
volume in 2013 was approximately 38,533 tons.

Freezing method that can retain the quality of foods is
the common preservation method for octopus. Because the
majority of imported octopuses are in the frozen state and
their price is mainly decided by the weight, a few of im-
porters (or distributors) of marine products have practiced
excessive ice glazing of frozen fish and forced water injection
into octopus for increasing weights of marine products. *is
rampant practice threatens public health and became a social
issue in Korea. Although the Ministry of Food and Drug
Safety in Korea has been inspecting for imports of octopus
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from Asia countries, this inspection is entirely dependent on
the ability of the inspector. Skillful inspectors of marine
products have strived to distinguish normal and adulterated
octopuses by using thermogravimetric analysis that can
determine water content in frozen octopus; however, the
precise quantitation of water content in Octopus minor is
complicated because some specific amount of water is
generally absorbed into octopus during transportation
and the ice glazing process. *e analysis equipment that
can directly examine water content in frozen octopus is
not yet existed. *erefore, the determination of water
content in an imported frozen octopus is time-consuming
and laborious.

In microwave and radio frequency heating, dielectric
properties are the most important factor that can provide
information about the interaction between electromagnetic
energy in applied microwave and radio frequency and di-
electric material [2]. Dielectric properties are also described
in terms of complex relative permittivity and are represented
as the following term [3, 4]:

ε � ε′ − jε″, (1)

where ε′ is the dielectric constant (the real part) that in-
dicates the ability of the material to store energy in the
applied electric field, ε″ is the dielectric loss factor (the
imaginary part) that is associated with the ability of
the material to dissipate energy in the applied electric field,
and j is

���
−1

√
.

Dielectric properties are mainly altered by several factors
(i.e., density, physical structure, moisture content of the
target material, frequency, and temperature), and in par-
ticular, the amount of water in the target material is the
dominant factor affecting these properties [5].

*ere are five representative methods for measuring
dielectric properties of materials: transmission line, free
space, resonant cavity, parallel plate, and open-ended coaxial
probe methods. Among these methods, the open-ended
coaxial probe method is commonly used to measure di-
electric properties of food materials because it covers broad
frequency bands and pretreatment is not required for pre-
paring samples [6]. *e main advantage of this method is
that dielectric properties of the target material can be easily
measured by making close contact between the probe and
the surface. Several studies were conducted to measure
dielectric properties of frozen marine products and seafood
such as tuna, shrimp, salmon, and surimi by using the open-
ended coaxial probe method [7–10]. It was reported that
dielectric properties of aforementioned frozen marine
products were significantly changed depending on fre-
quency, temperature, composition, and measurement lo-
cation. In addition, Mendes et al. [11] attempted to develop
the detection method for artificially water-added Octopus
vulgaris by measuring their electrical conductivity and di-
electric properties, and they concluded that simultaneous
measurement of electrical conductivity or dielectric prop-
erties could be used to distinguish artificially water added
octopus among processed octopuses. However, as far as
can be determined from published literatures, there was not
an attempt to determine how much water were artificially

injected into octopus by measuring dielectric properties with
the open-ended coaxial probe method. *erefore, this study
was conducted to (1) distinguish normal and artificially
water-injected Octopus minor (Sasaki, 1920) by measuring
dielectric properties and (2) develop the nondestructive
detection method verifying artificially water-injected frozen
Octopus minor by using the open-ended coaxial probe.

2. Materials and Methods

2.1. Octopus minor. Live and frozen Octopus minor (Sasaki,
1920) imported from China were procured from a local
seafood market. *e live octopuses were randomly captured
in a fish tank and packed in polystyrene boxes containing
seawater and then transported to the laboratory. *e im-
ported frozen octopus block packed in a paper box consisted
of 5 octopuses, and its weight was about 1 kg.

Convection oven drying method was employed to es-
timate moisture contents of live octopuses. Placing live
octopus in the drying tray was difficult because it kept
moving during the drying process; thus, live octopus was
packaged in a plastic bag and then stored in 4°C refrigeration
condition for 24 h. Octopus was exhausted and debilitated
through this process. *e weights of debilitated octopuses
(n � 35) were measured by digital balance with 0.01 g pre-
cision (PAG2102C, OHAUS Co., USA). *e octopuses were
put in the convection oven and dried at 105°C for 24 h. *e
initial moisture content of octopus was 4.485 ± 0.593 kg of
water per kg of dry matter.

2.2. Preparation of ArtificiallyWater-Injected Frozen Octopus
minor. Wells andWells [12] reported sinceOctopus vulgaris
was quite hyperosmotic compared with seawater in which
it lived, osmotic uptake could occur over the general
body surface. Although the species of octopus (Sasaki, 1920)
used in this study was different from Octopus vulgaris, it
was assumed that Octopus minor (Sasaki, 1920) was also
hyperosmotic. Osmotic uptake experiment was conducted
to determine the optimal concentration of sodium chloride
solution for water injection into octopus to the maximum.
24 live octopuses were weighed by a digital balance and put
in 24 containers (a 1 L plastic container). All containers were
filled with sodium chloride solution of 700 mL with different
concentrations (0% (tap water) to 2.1% (21 g/L) at in-
crements of 0.3% (3 g/L)) and were sealed with lids. All
containers were grouped by concentration of sodium
chloride solution, and 8 groups of containers (3 containers
for each concentration) were kept in the 4°C refrigeration
condition for 24 h. *en, octopuses were removed from the
solution, and their weights were measured again to de-
termine the weight gain rate by the following equation. *e
experiments were conducted in triplicate:

weight gain rate(%) �
wf −wi

wi
× 100, (2)

where wf is the weight of octopus immersed in the sodium
chloride solution (kg) and wi is the initial weight of oc-
topus (kg).
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After determining the optimal concentration of the
sodium chloride solution, live octopuses were treated as the
aforementioned method to prepare artificially water-
injected frozen octopuses (adulterated octopuses). *en,
adulterated octopuses were sorted by the weight gain rate
(%) and divided into 5 groups, then frozen at in the chest
freezer for 24 h.

Live octopuses were also frozen and were used as normal
frozen octopuses (the control group) for the comparison
with imported frozen octopus blocks and artificially water-
injected octopus groups.

2.3. Dielectric Properties Measurement System. Dielectric
probe (85070E option 050, Agilent Technologies, Santa
Clara, CA) coupled with a vector network analyzer (E8361C,
Agilent Technologies, Santa Clara, CA) was used for mea-
suring dielectric properties (ε) of an octopus. *e type of the
dielectric probe was the performance probe operated in the
frequency range between 500MHz and 50GHz
and temperature range from −40 to 200°C. *e probe was
calibrated for the measurement using air, a standard
shorting block, and distilled water at 10°C. *e reflection
coefficient (S11) at the interface between the probe and the
surface of octopus was measured by the network analyzer.
Dielectric probe kit software (85070E software, Agilent
Technologies, Santa Clara, CA) was used for the calculation
of dielectric properties based on the measured reflection
coefficient. As a preliminary experiment, the dielectric
properties (ε) of normal octopuses and artificially water-
injected octopuses were measured in the frequency range
from 500MHz to 20GHz. Dielectric constant (ε′) values
from both octopus groups were constantly decreased with an
increase in frequency. However, dielectric loss factor (ε″)
values were sharply decreased below 3GHz and afterward
remained constant. Over 3GHz, there was not a significant
difference between dielectric loss factor (ε″) values from
both octopus groups. Ionic conduction generally occurs at
low frequencies, and dipole relaxation occurred at higher
frequencies. Traffano-Schiffo et al. [13] reported that the
ionic conductivity effect on meat can be observed below
2GHz. In addition, Castro-Giráldez et al. [14] reported that
the dielectric loss factor (ε″) measured at low frequencies
(0.5GHz), which can determine the effect of ionic con-
ductivity, was useful in distinguishing the quality of pork
meat. *erefore, the dielectric properties of octopus were
measured within the frequency range between 500 MHz to 3
GHz at 101 frequency sample points. In addition, all data
points (ε′ and ε″) were monitored, recorded, and graphically
plotted.

2.4. Dielectric Properties Measurement Procedure. *e
weight of live octopuses was measured, and their dielectric
properties were measured at three locations, namely, mantle,
trunk, and the thickest arm, as shown in Figure 1(a). Oc-
topus secretes mucus from the skin when there is an external
threat. *erefore, the mucus from the skin at the mea-
surement location was clearly removed using paper wipers.
After the measurements, live octopuses were exhausted and

debilitated by using the early mentioned method and were
put in the aluminum trays and frozen at −30°C for 24 h.
*en, normal frozen octopuses were thawed at room tem-
perature for 1 h, and their weights and dielectric properties
were measured again. In this measurement, dielectric
properties were measured only at the trunk after all water on
their skin was clearly removed.

In the case of adulterated octopuses, they were sorted by
weight gain rate after water injection, and all measurement
procedure was the same with the aforementioned mea-
surement procedure. Imported frozen octopuses were also
thawed at room temperature for 1 h, and then, the mea-
surement for weight and dielectric properties was per-
formed. *e experimental protocol is clearly represented in
Figure 1(b).

Based on the dielectric properties measured at different
stages, the penetration depth of microwave was calculated by
the following equation [3]:

dP �
c

2πf

�������������������

2ε′
����������

1 + ε″/ε′( 
2



− 1 

 ,
(3)

where dP is the penetration depth (m),f is the frequency (Hz),
c is the speed of light in the free space (2.9979 × 108 m/s), and
ε′ and ε″ are the measured values of dielectric constant and
dielectric loss factor of octopus, respectively.

2.5. Statistical Analysis. *e result from the osmotic uptake
experiment was statistically evaluated by one-way analysis of
variance (ANOVA). Tukey’s HSDmultiple range test (p value
< 0.05) was carried out using SPSS 24.0 software (SPSS Inc,
Chicago, IL, USA). T-tests were conducted to compare the
means of dielectric constant (ε′) and loss factor (ε″) measured
from normal and adulterated Octopus minor at different
measurement locations and frequencies. Furthermore, di-
electric properties measured from the normal frozen octopus
group, artificially water-injected octopus groups, and im-
ported frozen octopus group were analyzed and compared
according to the procure of least squares means by using SAS
(SAS 9.1; SAS Institute, Cary, NC, USA).

3. Results and Discussion

3.1. OsmoticWaterUptake of Octopusminor. Figure 2 shows
the weight gain rate (%) of water-injected octopus by NaCl
solutions with different concentrations. *e amount of
absorbed water by octopuses immersed in tap water was
close to 60% of their body weight and was much larger than
it by other octopuses. *ere was no significant difference
(p< 0.05) in weight gain rate of octopuses immersed in NaCl
solutions with different concentrations; however, the weight
gain rate of octopuses was between 40% and 50%. An ar-
tificial injection of water into Octopus minor could be easily
practiced in the environment that has lower salt concen-
tration than seawater in which it lives. It was found that
Octopus minor could be considered as a hyperosmotic an-
imal. An immersion of octopus in tap water was employed to
artificially inject water into octopus as much as possible.
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3.2. Dielectric Properties of Octopus minor. *e dielectric
properties measured from live octopuses were listed in
Table 1. *e average weight of octopuses (n � 300) for di-
electric properties measurement was 168.43 (±80.33) g.
Dielectric constant (ε′) and dielectric loss factor (ε″) of
octopus measured at three locations were decreased as
frequency increased. Microwave penetration depth (dP) was
also decreased with an increase in frequency. When di-
electric properties of octopus arm muscle were measured in
vivo over low frequency range between 5Hz and 1MHz, ε′
was decreased with an increase in frequency [15]. Dielectric
properties (permittivity) describe the ability of a material to
polarize in response to an applied electric field [16]. Gen-
erally, as frequency increases, the net polarization of the
material drops because each polarization mechanism ceases
to contribute, and consequently, ε′ decreased [17].*ere was
not a significant difference in ε′ and of octopus measured at
the same frequency depending on measurement locations.
According to research done by Tanaka et al. [7], the effect of

shrimp’s measurement locations on dielectric properties was
not significant. Furthermore, microwave penetration depth
(dP) from the mantle, trunk, and arm at 500MHz was 0.0099
(±0.001)m, 0.0093 (±0.001)m, and 0.0099 (±0.001)m, re-
spectively. *erefore, it can be considered Octopus minor is
composed with a certain structure that uniformly absorbs
microwave power.

3.3. Dielectric Properties of Adulterated Octopus minor.
Dielectric constant (ε′) of artificially water-injected octo-
puses (n � 50) was decreased with an increase in frequency
as similar to it of normal octopus as summarized in Table 1.
A significant difference between ε′ and ε″ values measured
from normal and adulterated octopuses was observed re-
gardless of measurement locations at the same frequency
(p< 0.05 in all cases). Despite the statistical result, it
was not possible to clearly distinguish normal and adul-
terated octopuses using ε′. On the contrary, ε″ of adul-
terated octopuses was decreased in the frequency range
from 500MHz to 1000MHz and increased afterward. In
addition, there was a considerable change of ε″ values
between normal and adulterated octopuses than ε′ values.
Regardless of measurement locations, the microwave
penetration depths from adulterated octopuses at 500 MHz
were longer than normal octopuses by at least 2 cm. In
general, ε′ and ε″ of foods are increased with an increase in
water amount of foods because water (the dipolar mole-
cule) dominantly affects change in dielectric properties of
food. *e positive correlation between ε′ and water was
observed; however, the correlation between ε″ and water
was not clear [18]. Even though the water was artificially
injected into octopuses, the uncertain correlation between
ε″ and water in octopuses was observed. Salt content in
food also affects the change in ε″ owing to an increase in
ionic loss [19]. Salt concentration of adulterated octopuses
in vivo might be decreased, finally resulting in decrease in
ε″ of adulterated octopuses.

(a)

Live Octopus minor Artificial water injection into
octopuses using the solution for

24 h in the refrigeration condition

Sorting octopuses by weight
gain rate (%)

Weight and dielectric properties
measurement

Freezing at –30°C
for 24 h

Freezing at –30°C
for 24 h

Thawing at the room
temperature for 1h Thawing at the room

temperature for 1 h

Thawing at the room
temperature for 1 h

Imported frozen
Octopus minor block

Weight and dielectric properties
measurement

Weight and dielectric properties
measurement

Weight and dielectric properties
measurement

Weight and dielectric properties
measurement

(b)

Figure 1: Dielectric properties measurement: (a) measuring location; (b) experimental protocol.
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Figure 2: Weight gain rate of Octopus minor immersed in NaCl
solutions with different concentrations.
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*ere was a clear difference between ε″ values fromnormal
and adulterated octopuses. *erefore, among dielectric prop-
erties, the ε″ value could be used as the discrimination factor to
detect adulterated octopuses. Furthermore, uniform osmotic
water uptake over the general surface of an octopus would be
possible because there was not a significant difference in di-
electric properties of adulterated octopuses regardless of
measurement locations.

3.4. Dielectric Properties of >awed Octopus minor.
Figure 3 illustrates the dielectric properties of normal (n � 100),
adulterated (n � 140), and imported (n � 140) frozen octopuses
measured at the trunk location after thawing. As a preliminary
experiment, dielectric properties of three different frozen oc-
topuses were measured at three locations in the freezing range;
however, the values of ε′ and ε″ were very small, and the
difference between dielectric properties of three different oc-
topus groups was not observed. Mao et al. [8] and Liu and Sakai
[20] reported that, below the freezing point, dielectric properties
of frozen tuna and surimi were very small and there was not a
significant difference depending on measurement locations.

Dielectric properties of normal and adulterated frozen
octopuses were similar to the values in the freezing range.
After thawing, the ε′ values of adulterated frozen octopuses
were slightly greater than normal frozen octopuses in all
frequency ranges; however, there was not a significant
difference between the two octopus groups. Even after
thawing, the ε″ values of normal frozen octopuses were
much greater than adulterated frozen octopus. *e gap
between the ε″ values of two octopus groups was narrow as
frequency increased; however, the evident difference be-
tween the ε″ values of normal and adulterated frozen oc-
topuses was observed at any specific frequency. Although it
was not technically feasible to distinguish normal and
adulterated frozen octopuses in the freezing range, it was
possible to do two groups after thawing by using the ε″
values as the discrimination factor at low frequency. In
addition, the dielectric properties (ε′ and ε″) of imported
frozen octopuses after thawing were quite similar to the
values of adulterated frozen octopuses. It would be that

Octopus minor absorbed water during the transport for their
freezing process or water was added into octopuses to
compensate for water loss during frozen storage. *erefore,
the further statistical analysis was conducted to estimate the
water amount added into imported frozen octopuses.

3.5. Determination of Water Amount Injected into Frozen
Octopus minor after >awing. Since there was not a signif-
icant difference between ε′ values measured from adulterated
and imported frozen octopuses, the ε″ values measured at the
trunk part from adulterated octopuses were used as the
discrimination factor. *e ε″ values measured from adul-
terated octopuses were divided by weight gain rate (%), and
the ε″ values from adulterated octopuses were classified into 5
groups for the comparison with ε″ values from imported
frozen octopuses. 5 groups were less than 20% (the weight
gain rate was less than 20%), 20% (20∼29%), 30% (30∼39%),
40% (40∼49%), and 50% (over 50%). As shown in Figure 4,
after 2GHz, the ε″ values from 5 groups and the imported
frozen octopus group were similar to each other group. Less
than 1.5GHz, the clear difference between 6 groups was
observed. As listed in Table 2, at 500 MHz, the less 20% group
was statistically quite different from other adulterated groups
and the imported frozen octopus group. *e 20% and 30%
groups were significantly similar to the imported frozen
octopus group. *ere was not a difference between 20% and
30% groups. Furthermore, there was no significant difference
between adulterated groups when the difference in weight
gain rate was at 10%. Although the clear estimation of water
amount injected into octopuses was not determined by using
ε″ values from adulterated and imported frozen octopuses, it
was possible to clearly distinguish normal and adulterated
frozen groups. In addition, the octopuses in which water was
excessively injected could be distinguished from them with
low weight gain rate.*erefore, the coaxial probe method has
a high potential to detect an adulterated Octopus minor.

4. Conclusion

*e detection method using a vector network analyzer and
open-ended coaxial probe that can measure the sample’s

Table 1: Dielectric properties of normal and adulterated Octopus minor at different parts and frequencies.

Frequency
(MHz) Octopus

ε′ ε″
Mantle Trunk Arm Mantle Trunk Arm

500 Normal 76.11a (±1.94) 76.48a (±1.84) 77.38a (±1.41) 101.8c (±16.36) 105.91c (±18.24) 97.77c (±8.88)
Adulterated 77.03b (±2.60) 77.35b (±2.31) 76.96b (±2.43) 24.17d (±9.22) 21.28d (±8.80) 20.51d (±6.73)

1000 Normal 68.93a (±1.84) 69.51a (±2.24) 69.57a (±1.54) 55.39c (±7.63) 57.47c (±8.27) 54.00c (±4.28)
Adulterated 76.09b (±2.50) 77.35b (±2.27) 76.79b (±2.38) 16.18d (±4.64) 15.08d (±4.48) 15.03d (±3.42)

1500 Normal 66.11a (±2.18) 66.84a (±2.81) 66.64a (±1.65) 42.05c (±5.03) 43.58c (±5.55) 41.38c (±3.10)
Adulterated 75.09b (±2.57) 76.43b (±2.37) 75.79b (±2.52) 15.44d (±3.16) 15.16d (±3.12) 15.30d (±2.41)

2000 Normal 64.45a (±2.35) 65.19a (±3.08) 64.94a (±1.65) 35.64c (±3.88) 36.77c (±4.36) 35.21c (±2.74)
Adulterated 73.78b (±2.68) 74.12b (±2.37) 73.11b (±2.58) 15.88d (±2.43) 16.01d (±2.43) 16.28d (±1.93)

2500 Normal 62.90a (±2.46) 63.64a (±3.26) 63.37a (±1.79) 32.15c (±3.06) 33.08c (±3.66) 31.95c (±2.44)
Adulterated 72.96b (±2.46) 74.12b (±2.32) 73.11b (±2.50) 17.26d (±2.00) 17.78d (±2.04) 18.05d (±1.69)

3000 Normal 61.27a (±2.57) 62.05a (±3.35) 61.79a (±1.84) 30.19c (±2.65) 31.04c (±3.33) 30.13c (±2.34)
Adulterated 71.73b (±2.43) 72.75b (±2.31) 71.57b (±2.43) 18.54d (±1.77) 19.29d (±1.82) 19.54d (±1.61)

*e values having different letters are significantly different (p< 0.05).
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Figure 3: Dielectric properties of normal, adulterated, and imported frozen octopuses measured at the trunk part after thawing:
(a) dielectric constant; (b) dielectric loss factor.
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Table 2: Statistical analysis of dielectric properties measured at 500 MHz and the trunk part from adulterated and imported frozen Octopus
minor groups.

Least squares means for the effect class
Less 20 20 30 40 50 Imported frozen octopus

Less than 20 4.3728∗
(0.0002) 5.8549∗ (<0.0001) 6.9993∗ (<0.0001) 10.8249∗ (<0.0001) 6.1482∗ (<0.0001)

20 2.2569 (0.2151) 4.1751∗ (0.0005) 9.2707∗ (<0.0001) 2.2614 (<0.0001)
30 2.3335 (0.2151) 6.5617∗ (<0.0001) 0.5754 (0.9926)
40 2.8037 (0.0594) −3.0648
50 −8.8594∗
Imported frozen octopus
∗p value < 0.05; the p value is indicated in parentheses.
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dielectric properties by a direct contact was developed to
distinguish normal octopuses and artificially water-injected
octopuses. Regardless of weight and measurement locations,
the dielectric properties (ε) of octopuses were decreased
in the frequency range between 500 and 3000MHz (ε′:
76∼61 and ε″: 101∼30). In addition, artificially water-injected
octopuses showed the same trend with normal octopuses
(ε′: 78∼72 and ε″: 22∼19). Among dielectric properties, the
dielectric loss factor (ε″) was effective to distinguish normal
and adulterated octopuses. After thawing normal, adulter-
ated, and imported frozen octopuses, these octopus groups
were easily distinguished by using the measured dielectric
loss factor (ε″). At 500MHz, the dielectric loss factor (ε″)
from imported frozen octopuses was similar to the octopuses
in which the weight gain rate was between 20 and 39%. *e
octopus group with less than 10% weight gain rate was
significantly different from other adulterated frozen octopus
groups. *e statistical analysis of the dielectric loss factor of
adulterated and imported frozen samples determined that it
was possible to detect extremely water-injected octopus.
*erefore, by measuring the dielectric loss factor of frozen
Octopus minor after thawing, the adulterated frozen Octopus
minor could be detected in a short time.
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Ethylene vinyl alcohol copolymer (EVOH) is a key material of interest as a functional barrier against substances migrating from
recycled paperboard, due to its outstanding barrier properties. -ree multilayer films containing two different grades of EVOH,
L171B (3 µm) and F171B (3 and 5 µm), were benchmarked against a multilayer film containing polyamide 6/6.6 copolymer (PA
6/6.6, 3 µm) and monolayer polyethylene terephthalate (PET, 12 µm). -e 5 films were evaluated as barrier materials against 5
surrogate substances simulating different migrants potentially present in recycled paperboard: n-heptadecane (C17) as a mineral
oil-saturated hydrocarbon (MOSH), 4-methylbenzophenone (MBP) as a photoinitiator, di-n-propyl phthalate (DPP) as a
plasticiser, and anthracene (ANT) and perylene (PER) as mineral oil aromatic hydrocarbons (MOAHs).-e test was accelerated at
60°C for 25 days, which is equivalent to a shelf life of 2 years at 25°C. All films containing 3 or 5 µm EVOH were found to be good
barriers, showing no breakthrough values over 1% of the initial concentration found in the paperboard, and they could easily
compete with 12 µmPET.-emultilayer with 3 µmPA 6/6.6 showed higher breakthrough values for both MBP and DPP than the
other materials although still below the 1% threshold value. However, ANTshowed substantial breakthrough values of nearly 2%,
indicating that PA 6/6.6 might not offer enough protection against low-weight MOAH components.

1. Introduction

Mineral oil hydrocarbons (MOHs) contamination in food
has become a major concern in the past decade when it was
brought to light that these substances might be potentially
harmful for the human health. Both the German Federal
Institute for Risk Assessment (BfR) [1] and the European
Food Safety Authority (EFSA) [2] published a scientific
opinion on the potential health risks of MOHs present in
food due to contamination in the food chain.

In terms of MOHs contamination and toxicology, the
EFSA [2] distinguishes two main groups: mineral oil-
saturated hydrocarbons (MOSHs), which can be n-alkanes,

branched alkanes and cycloalkanes, and mineral oil aromatic
hydrocarbons (MOAHs), which are polyaromatic hydro-
carbons, mainly alkylated. MOSHs from C16 to C35 may
accumulate and cause microgranulomas in the lymph nodes,
spleen, liver, and other tissues [2]. ForMOAHs, there are only
few toxicological data available; however, MOAHs with 3 or
more nonalkylated and minor alkylated aromatic rings are
suspected for being mutagenic and carcinogenic and are
therefore of concern [2]. Due to these findings, the EFSA also
recommends that the revision of the acceptable daily intake
(ADI) of some food-grade MOSHs is necessary.

Migration from recycled paperboard was found to be
one of the main sources for this contamination. Several
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studies reported severe migration of both MOSHs and
MOAHs from paperboard packaging into foodstuff which
was not only limited to the primary but also originated from
the secondary and even the tertiary packaging [3–7]. Lor-
enzini et al. [7] found that about 60–80% of the <n-C24
fraction of MOSHs/MOAHs present in the paperboard was
transferred to the food inside the package. Vollmer et al. [6]
confirmed these findings and also reported that 10–20% of
the migrated fraction were MOAHs.

Regulation (EC) No. 1935/2004 [8] states that food
contact materials (FCMs) should not transfer any of their
constituents to food in quantities that may endanger human
health and bring about unacceptable changes in the com-
position of the food or a deterioration in the organoleptic
characteristics thereof. Unfortunately, so far, no harmonised
European Regulation for paperboard packaging exists. Re-
cently, Commission Recommendation (EU) 2017/84 [9] has
been issued to monitor the presence of MOHs and their
sources in 2017 and 2018. -e results of this study are ex-
pected in 2019. Several countries already took the lead by
establishing their own recommendation or regulation; for
instance, in Austria, the Federal Ministry of Health states in
Recommendation BMG-75210/0018-II/B/13/2012 [10] that
if food is packaged in recycled paperboard, it should be
protected by a functional barrier. Switzerland has a similar
approach in its “Bedarfsgegenständeverordnung” 817.023.21
[11], which states that recycled paperboard should not be in
contact with food, unless measures are taken, e.g. by means
of a barrier layer.

Even though there is no specific regulatory obligation
on the European level, it is now generally recommended
to minimise the transfer of MOHs and other harmful
components migrating from paperboard packaging
[1, 2, 12, 13]. -e most widely accepted solution is the
integration of a functional barrier in the primary
packaging concept, where it can limit the migration from
primary, secondary, and tertiary packaging as well as the
cross-contamination from other products and the en-
vironment [5]. A functional barrier can either limit the
maximum migration into food to a quantity below the
specific migration limit (SML) or can prolong the time of
breakthrough when migrated components are first de-
tected, to a time beyond the shelf life [14].

Ethylene vinyl alcohol copolymer (EVOH) (see the
structure in Figure 1) is a key material of interest due to its
outstanding barrier properties as reported by Maes et al.
[15]. -e random copolymer consists of ethylene units,
which contribute to processability and flexibility, and vinyl
alcohol units, which are responsible for the high barrier
properties. EVOH has one of the lowest oxygen permeability
rates (PO2

) amongst polymers, and it shows excellent barrier
properties against other gases, such as nitrogen and carbon
dioxide. In addition, it also prevents the scalping of aromas
and flavours in food packaging [16–18]. EVOH also offers a
good barrier against fuels and other chemicals, such as
benzene, toluene, ethylbenzene and xylene isomers (BTEX),
agrochemicals including fumigants, and others. In the au-
tomotive sector, EVOH is already widely used in applica-
tions like fuel tanks [15].

Maes et al. [19] already demonstrated that EVOH offers
good protection against mineral oil migration. -e break-
through time of a mineral oil mixture (Gravex 913) was
determined for two EVAL™ EVOH grades, E105B and
F171B, using the method developed by Fiselier and Grob
[14]. -e multilayer films containing 5.2 and 4.4 µm EVOH,
respectively, showed breakthrough times of, respectively,
>7.1 and >10.6 years [19].

More recent studies are focussing on the use of surrogate
substances instead of a mineral oil mixture to assess the
functional barrier against mineral oil and other contami-
nants originating from recycled paperboard [20, 21]. -is
approach allows careful evaluation of known components
with different polarity and boiling points instead of total
migration. Based on these studies, the Schweizerisches
Verpackungsinstitut (SVI) published a guideline for the
evaluation of the barrier efficiency of internal bags for food
packaging in recycled paperboard [22]. Because the shelf life
of most dry foods is several years, a test at regular storage
conditions (25°C) would take too long; however, the test can
be accelerated by increasing the temperature. -e acceler-
ation factor can be calculated using the Arrhenius equation
(Equation 1) as described in Commission Regulation (EU)
No. 10/2011 [9], which suggests an activation energy (Ea) of
80 kJ/mol as a worst-case scenario. A test performed at 60°C
would be accelerated by factor 30 compared to a test at 25°C,
reducing the test time for a shelf time of two years to 25 days:

t2 � t1 · e −
Ea

R
·

1
T1
−

1
T2

   . (1)

In this paper, EVOH was evaluated as a functional
barrier against 5 surrogate substances simulating a MOSH,
two MOAHs, a plasticiser, and a printing ink component,
migrating from recycled paperboard.

2. Materials and Methods

2.1. Chemicals and Materials. Methyl tert-butyl ether
(MTBE, 100%) andmethanol (MeOH, 98.5%) were obtained
from VWR International S.A.S. (Fontenay-sous-Bois,
France). Anthracene (ANT, 99%) and bicyclohexyl (CyCy,
99%) were from Acros Organics (Geel, Belgium). Di-n-
propyl phthalate (DPP, 98%), n-heptadecane (C17, 99%),
4-methylbenzophenone (MBP, 98%), and Sudan red II
(1(2,4-dimethylphenylazo)-2-naphthol) all were supplied by
Alfa Aesar--ermo Fisher GmbH (Kandel, Germany). Fi-
nally, perylene (PER, synthesis grade) was obtained from
Merck KGaA (Darmstadt, Germany).

For this study, five different film samples were evaluated.
Four of these films were multilayer structures which were

CH2 CH2 CH2 CH

OHm n

Figure 1: Structure of ethylene vinyl alcohol copolymer (EVOH).
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produced on a Dr. Collin 5-layer blown film line by the TS
Department of EVAL Europe N.V., and one was a mono-
layer polyethylene terephthalate (PET) film (12 µm) ob-
tained through the EVAL R&D Department of Kuraray Co.
Ltd. in Japan. -e general structure of the multilayer films
was LDPE/tie/barrier/tie/LDPE. -e barrier layer was either
EVAL™ EVOH-grade F171B (32mol% ethylene) of either 5
or 3 µm thickness, 3 µm EVAL™ EVOH-grade L171B
(27mol% ethylene), or 3 µmpolyamide 6/6.6 copolymer (PA
6/6.6). -e different samples are shown in Table 1. Both
structures of PA 6/6.6 and PET are given in Figure 2.

-e paperboard used as a donor was of virgin grade
(290 g/m2) which was provided by Smurfit Kappa Van
Mierlo Offset Packaging (Turnhout, Belgium). -e receptor
material was obtained from BGB Analytik AG (Boeckten,
Switzerland) and was made of copy paper (115 g/m2) soaked
in 20% polydimethylsiloxane (PDMS), which was cured and
cleaned for 8 h at 130°C and 0.1 bar.

2.2. Spiking of the Donors. -e spike solution was prepared
using n-heptadecane (C17), 4-methylbenzophenone (MBP),
and di-n-propyl phthalate (DPP) as surrogate components
and Sudan red II for visual control of equal distribution in
the paperboard as listed by Biedermann-Brem et al. [21] and
in the guideline provided by the SVI [22]. As shown in
Table 2, C17, MBP, and DPP, respectively, represent an
MOSH, photoinitiator, and plasticiser, respectively. Yet
MOAH components are of the greatest concern; therefore,
anthracene (ANT) and perylene (PER) were added to
simulate MOAH components (Table 2). All components
were dissolved in MTBE at a concentration of 250mg/L.

-e donor paperboard (A5) was soaked in this solution
until it was completely saturated; afterwards, it was dried by
holding it in a vertical position underneath the fume hood to
allow the MTBE to evaporate. Several boards were then
tightly wrapped together in aluminium foil and placed in an
oven at 40°C for 2 weeks for conditioning. -is condition
was chosen based on experiments of Biedermann-Brem et al.
to allow the polar components to penetrate the paperboard
more deeply. -is allowed a more gradual release of the
components from the paperboard mimicking a more re-
alistic migration scenario [21, 23].

2.3. Preparation of the Test Packs. After conditioning, the
donor paperboard was sampled for the determination of the
initial concentrations by removing a piece of 9 cm × 2 cm for
extraction and subsequent analysis by gas chromatography
using a quadrupole mass spectrometer (GC-MS) as detector.
-e remaining donor was then covered in aluminium foil on
the top side and folded around the border with approxi-
mately 1 cm overlap on all edges of the bottom side. -is
resulting donor pack was then taped on top of the test film
sample, which had larger dimensions. To ensure the donor
was wrapped tightly, the excess of the film sample was folded
around the donor pack and taped on top. Finally, the re-
ceptor (A5) was secured on the other side of the film sample
(Figure 3). Afterwards, the test pack was completely covered
in aluminium foil. To ensure the receptor was free of possible

contaminations, it was first heat-treated at 150°C for 30
minutes prior to using it in the test pack.

All test packs were put in the oven simultaneously and
loaded with a heavy object (e.g. a glass plate) to decrease the
air exchange between the packs. -e test packs were kept in
the oven for 25 days at 60°C, which covers a period of 2 years
of shelf life at 25°C, using an acceleration factor of 30 as
calculated by the Arrhenius equation. -e receptor was
sampled at regular intervals by cutting a piece of 9 cm × 2 cm
keeping a distance of 1 cm from the border and the previous
sampling to avoid the effect of sideways migration due to the
absence of the receptor material in the vicinity area. Even
though this effect was not found to be considerable, it was
found to be a best practice [21]. Each film sample was tested
in duplicate.

2.4. Extraction and GC-MS Analysis. -e samples were
extracted using a MTBE/MeOH (95/5 v/v) solution. -e
9 cm × 2m samples of the donor and receptor were cut into
smaller pieces and then extracted with, respectively, 10 and
2mL of the extraction solution. To each of these extracts,
10 µL of the internal standard solution was added, prepared
by dissolving 100mg CyCy in 10mL MTBE of which 300 μL
was then diluted in 10mL MTBE. -e film samples were
extracted in the same way as the receptor to check whether
there were possible interferences with the analysis of the
surrogate substances. -e vials containing the samples with
extraction solution were put in an oven overnight at 40°C to
facilitate the extraction process after the addition of CyCy as
the internal standard. Biedermann-Brem et al. found that the
extraction was most challenging for the most polar com-
ponent (MPB) after it has penetrated the board deeply.
However, after a night at 40°C, the extraction was virtually
complete [23].

-e extracts were analysed by injecting 1 µL into a Trace
Ultra 1310 GC coupled to an ISQ LT Quadrupole MS in a
splitless mode at a constant helium flow of 1.2mL/min. -e
column used was a 30m × 0.25mm i.d. × 0.25 µm film
thickness DB5-MS capillary column. -e oven temperature
was first kept at 30° C for 5 minutes after injection.-en, at a
10°C/min ramp, the temperature was raised till 330°C, which
was maintained for 2 minutes. 6 calibration solutions were
prepared to which 10 µL of the internal standard was added
to determine the exact amount of the surrogate components
in the sample extracts. For each test pack, the amount of
migration for each of the 5 substances that passed through
the barrier into the receptor was determined. -is amount
was expressed as a percentage breakthrough value of the
initial concentration that was found in the donor
paperboard.

2.5. O2GTR Measurements. -e oxygen transmission rate
(O2GTR) of all five film samples was determined using a
MOCON OX-TRAN® 2/21 at 20°C and 65% RH in ac-
cordance with ASTM F1927. For the PETand PA 6/6.6 film,
the use of a mask was necessary to reduce the test surface
area from the standard 50 cm2 to 5 cm2 to remain within the
detection range of the coulometric detector.
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3. Results and Discussion

3.1. Breakthrough of Surrogate Components. In Figure 4, the
breakthrough values of the five surrogate components are
given in percent of the initial concentration found in the
spiked donor for all films after 25 days at 60°C, which
translates into a shelf life of 2 years at 25°C. -e guideline
provided by the Swiss Packaging Institute states that the
barrier is good when the values remain below 1% of the
initial concentration at the end of the shelf life [22]. -is
criterion was based on GC analysis of recycled paperboard
extracts initiated by the German Federal Ministry of Food,
Agriculture and Consumer Protection (BMELV) and its
outcome that no nonevaluated substances in the critical
volatility range (C14–C25) exceeded 10mg/kg paperboard.
-e BMELV specified a threshold of toxicological relevance
of 0.01mg/kg in food, which corresponds to the detection
limit that is widely applied by the EU [24]. Taking into
account the typical mass ratio of food to paperboard of 10,
this leads to the threshold value of 1% of the substances
initially found in the paperboard [23].

-e results in the graph clearly show that the multilayer
films with the two different EVAL™ grades, 5 and 3µm F171
and 3µm L171, are sufficient and can easily compete with a
monolayer 12µm PET film. For the EVAL™ and PET films,
C17 shows the highest migration potential, which is likely due
to its low boiling point (302°C) and selectivity of the polymer
matrix. Biedermann-Brem and Grob found that polyvinyl
alcohol had a higher selectivity for C17 than for MBP and
DPP, making it less resistant to C17, resulting in a higher
breakthrough percentage than the other two components [20].

-e multilayer film containing 3µm of PA 6/6.6, however,
shows higher values for MBP and DPP compared to the other
films, but these values are still below the 1% threshold value. It
is likely that these components might have caused a plasti-
cising effect on the PA 6/6.6 matrix, which could be less
present in PET and EVOH due to stronger inter- and

intramolecular bonds caused by the presence of more func-
tional groups [25, 26]. PA 6/6.6 has longer polar chains and is
therefore to be expected that the free space between the chains
allows larger molecules to pass through. C17 did not show
higher breakthrough values than the other two materials,
which indicates a strong change in selectivity as was shown by
Biedermann-Brem and Grob [20]. ANT is an apolar molecule
that shows breakthrough values of nearly 2% after 25 days at
60°C. -e threshold value of 1% for ANT was reached after
only 5 days at 60°C in the PA 6/6.6 film, which is approxi-
mately 150 days at 25°C, indicating that 3µm PA 6/6.6 does
not provide sufficient protection against low-weight MOAH
components for products that require a shelf life over 150 days.
-is effect was possibly strengthened by the plasticising effect
of the polar components or interaction between the compo-
nents DPP, MBP, and ANTsuch as copermeation. Zhou et al.
reported this effect for limonene and ethyl butyrate, where the
presence of ethyl butyrate increased the permeation of lim-
onene through a high-density polyethylene (HDPE) film [27].
But further research is needed to confirm these findings.

-e component PER did not break through in any of the
films, which is most likely due to its higher boiling point of
494°C opposed to C17 (302°C), MBP (326°C), DPP (340°C),
and ANT (340°C), making it less susceptible for migration
from the cardboard, as transport of the molecules occurs in
the gas phase and requires a minimum vapour pressure
[7, 14].

3.2. Relationship Breakthrough Values and O2GTR. -e
O2GTR values are given in Table 1 as well as the PO2

nor-
malised to a barrier thickness of 1 μm. -e films containing
EVOH have very low O2GTR values, which are two orders of
magnitude lower than the PET film, which is also still
considered as a good barrier. -e PA 6/6.6 has an O2GTR
value significantly higher than that of the other two mate-
rials, and this was also reflected in the breakthrough values of

NC N C (CH2)4(CH2)6(CH2)5

O

C

OO

N

H HH

m n

(a)

CCO O

O O

CH2CH2

n
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Figure 2: Structure of polyamide 6/6.6 copolymer (PA 6/6.6) (a) and polyethylene terephthalate (PET) (b).

Table 1: Film samples and their characteristics.

Barrier
material

Ethylene content
(mol%)

Average layer distribution
LDPE/tie/barrier/tie/LDPE (µm)

Oxygen barrier at 20°C and 65% RH
O2GTR (cm3/(m2·day·atm)) PO2

(cm3·µm/(m2·day·atm))

F171B 32 21/4/5/5/20 0.7 3.2
21/5/3/5/20 1.7 5.4

L171B 27 22/5/3/5/21 0.7 2.0
PA 6/6.6 / 20/5/3/4/18 479 1629
PET / 12 91 60
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Table 2: Components used in the spike solution and their physical and chemical properties. For each substance, the structure, CAS Registry
Number, polarity, partition coefficient for octanol/water (log Po/w), molar weight (Mw), boiling point (Bp), and simulant group are given.

Name Structure CAS Polarity Log
Po/w

Mw
(Da)

Bp
(°C)

Simulant
group

C17 n-Heptadecane 629-78-7 Nonpolar 9.8 240 302 MOSH

MBP 4-Methyl
benzophenone

O

134-84-9 Polar 3.4 196 326 Photoinitiator

DPP Di-n-propyl
phthalate

OO
O

O

131-16-8 Polar 3.8 250 340 Plasticiser

ANT Anthracene 120-12-7 Nonpolar 4.56 178 340 MOAH

PER Perylene 198-55-0 Nonpolar 5.74 252 494 MOAH

— Sudan red II 3118-97-6 — — — — Visual inspection
MTBE Methyl tert-butyl ether 1634-04-4 — — — 55.2 Solvent

Figure 3: Test pack before being enclosed in aluminium foil.
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MBP, DPP, and ANT. However, a clear correlation between
O2GTR and the migration of the surrogate components was
not visible, as the PA 6/6.6 had similar breakthrough values
for C17 as PETand EVOH, which both outperformed the PA
6/6.6 as an oxygen barrier.

4. Conclusion

-e results show that both EVAL™ F171B (3 and 5 μm) and
L171B (3 μm) have good barrier properties against the
surrogate components migrating from recycled paperboard.
-ey can easily compete with PET (12 μm), while clearly
outperforming PA 6/6.6 at the same thickness.

When applying the 1% threshold value for break-
through, both EVOH grades can comfortably protect the
food for a shelf life of over 2 years at 25°C against mineral
oil migration. Additionally, EVOH also offers good bar-
rier properties against oxygen, nitrogen, carbon dioxide,
odours, aroma, flavours, and others, making it a multi-
functional solution.
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Although liposomes have been used as a nutrient delivery carrier in the pharmaceutical, cosmetic, and food industries, they still
suffer from the critical issue caused by the use of halogenated solvents (e.g., chloroform), which may be harmful to humans.
Nonhalogenated solvents have been screened as candidate substitutes for chloroform based on their physicochemical properties.
However, none of the candidates examined to date could form stable inverted micelles when used alone. Here, to obtain
physicochemical properties similar to chloroform, combinedmixtures were prepared using various ratios of each candidate. Based
on the results of random combination trials with numerous candidates, ethyl acetate: n-hexane � 4 :1(v/v) was selected as the
optimum ratio because it could form stable inverted micelles and a transparent liposome solution without phase separation. 2e
ethyl acetate and n-hexane mixture are a potential substitute for chloroform, which may resolve concerns regarding the toxicity of
residual halogenated solvents in lipid nanovesicles.

1. Introduction

Lipid nanovesicles have been used extensively in the cos-
metics, food, and pharmaceutical industries to increase
stability, dispersibility, flavor or taste masking, and bio-
availability of functional materials [1]. 2eir basic structures
consist of spherical vesicles with an aqueous core sur-
rounded by a hydrophobic lipid bilayer. Due to their in-
herent structures, both hydrophobic and hydrophilic
bioactive materials can be simultaneously incorporated into
a single lipid nanovesicle. 2is characteristic makes lipid
nanovesicles attractive for use in various industries.

Liposomes are the best-studied lipid nanovesicles, with a
lipid bilayer formed by phospholipids as the main building
blocks [2]. 2ey have also been developed for actual food
applications, including encapsulation of iron (ferrous sul-
fate) [3], lactoferrin [4], and ascorbic acid [5] in milk.

Although liposomes have potential for use as delivery sys-
tems, there are still some problems associated with the
organic solvents used in their preparation [6]. Among the
various organic solvents available, chloroform has often
been used due to its low boiling point and high evaporation
rate. However, it cannot be completely removed from final
products by changing manufacturing practices because of
physical or chemical barriers. In addition to having no
therapeutic value, organic solvents may be associated with
chronic health effects, especially halogenated solvents [7], as
they affect the central nervous system, kidney, and liver and
cause dermatitis and irritation of the skin, eyes, upper re-
spiratory tract, and mucous membranes [8, 9]. In addition,
encapsulated products may show accelerated decomposition
due to these solvents [10].

To resolve this problem, various approaches have been
reported using nonhalogenated and less hazardous solvents,
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such as isopropyl alcohol [11] and ethanol [12]. Un-
fortunately, the methods are restricted to a small scale, such
as injection methods, as their nature makes it difficult to
evaporate these solvents to establish mass-production
systems.

2is study was performed to identify a substitute non-
halogenated solvent that could be applied to the production
of liposomes from the laboratory scale to the pilot scale. 2e
novel water/oil/water (W/O/W) emulsion method using a
microfluidizer [13] was used in this study due to its ad-
vantages, including simplicity, low polydispersity, contin-
uous flow of solvent without danger of clogging, suitability
for heat-sensitive materials, and ease of scaling up to larger
volumes, all of which make it well-suited to many food
manufacturing processes. Finally, to assess various appli-
cations of liposomes prepared using nonhalogenated sol-
vents, branched-chain amino acids (BCCAs) [14, 15] and
curcumin [16, 17] were encapsulated as a hydrophilic ma-
terial and a hydrophobic material, respectively.

2. Materials and Methods

2.1. Materials. Phosphatidylcholine (soybean lecithin) was
purchased from Ilshin Wells (Seoul, Korea). β-Sitosterol
(>99.0%), isopropanol, curcumin, and a ninhydrin assay kit
were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Organic solvents, including chloroform, acetone, ethyl ac-
etate, and n-hexane, were purchased from Daejung
Chemical & Metals Co. (Siheung, Gyeonggi-do, Korea).
Branched-chain amino acids (BCAAs, leucine : isoleucine :
valine � 2 :1 :1 (w/w/w)) were kindly provided by Daesang
Co. (Icheon, Gyeonggi-do, Korea). Ethylene glycol and
stannous chloride (SnCl2) were purchased from Acros
Organics (Waltham, MA) and Daejung Chemical & Metals
Co., respectively. All chemicals except BCAAs (food grade)
were of reagent grade.

2.2. Preparation of Liposomes by the W/O/W Emulsion
Method Using a Microfluidizer. Figure 1 shows a schematic
diagram of the double emulsion (W/O/W) method using a
microfluidizer. Lecithin (1 g) and β-sitosterol (0.125 g) were
dissolved in 200mL of each organic solvent and sub-
sequently stirred for 5 minutes to form clear solutions.2en,
100mL distilled water with BCAAs or curcumin was added
to the mixture and sonicated with a 20 kHz probe-type
ultrasonicator (ULH-700S; Jeiotech, Korea) for 5 minutes
to form inverted micelles; each cycle consisted of 1 second
pulse-on and 4 seconds pulse-off with 210W sonication
power at 4°C. Inverted micellar solution was injected into a
microfluidizer adjusted to a pressure of 15,000 psi for 10
passage times to form small and even inverted micelles.
Samples were retrieved from the microfluidizer after which
two volumes of distilled water with 5 g of sucrose were
added, and the mixture was sonicated. 2e microfluidizer
was primed with distilled water. 2e sample mixture was
microfluidized by passage five times at a pressure of
5,000 psi. After the microfluidization process, a homoge-
neous white opaque W/O/W double emulsion was formed

with the organic phase filling the small space between the
lipid layers. 2e W/O/W emulsion solutions were placed in
glass beakers and magnetically stirred at 400 rpm to evap-
orate organic solvents. 2e emulsion solution prepared with
chloroform used as the positive control was treated for 24
hours, and the emulsion solutions prepared with combi-
nations of ethyl acetate/n-hexane were treated for 48 hours
at room temperature. By the time evaporation was complete,
the phospholipids had formed a typical liposomal bilayer
and the solution was transparent.

2.3. Analysis of Liposomes

2.3.1. Dynamic Light Scattering (DLS). 2e size distribution
and polydispersity index (PdI) of the liposomes were mea-
sured using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). Samples in a volume of 0.5–1.0mL were
applied to disposable plastic cuvettes, and each measurement
was conducted in triplicate. Sample measurement conditions
were refractive index, 1.330; viscosity, 0.8872 conventional;
equilibration time, 1 minute; measurement temperature,
25°C; and measurement angle, 173° backscattering.

2.3.2. Transmission Electron Microscopy (TEM). For visu-
alization using TEM, uranyl acetate was used as a negative
staining reagent for the liposomes [6]. 2e overall pro-
cedures were as follows. 2e vesicle sample (10 μL)
was dropped onto a Formvar-coated silicon monoxide
grid (200mesh). After 1 minute, uranyl acetate solution
(2%(w/v)) was loaded onto the grid for 1minute, followed by
direct washing of the grid with double-distilled water. 2e
grid was dried completely at ambient temperature before
visualization of the vesicles by TEM (120 keV; JEOL Ltd.,
Tokyo, Japan).

2.3.3. Encapsulation Efficiency

(1) Ninhydrin Analysis. For ninhydrin reagent preparation,
ninhydrin powder (200mg) was dissolved in 7.5mL ethylene
glycol and vortexed for 2 minutes, followed by mixing with
2.5mL 4N sodium acetate buffer (pH 5.5). Stannous chloride
solution was prepared by dissolving SnCl2 powder (50mg)
in 500 μL ethylene glycol. Finally, the stannous chloride
solution (250 μL) was mixed with the previous solution just
before the reaction [18]. 2e BCAA sample (20 μL) and
ninhydrin reagent (100 μL) were loaded together into 2mL
microtubes and vortexed for 5 seconds.2emicrotubes were
heated in a boiling water bath for 10 minutes, followed by
immediate cooling on ice for at least 2 minutes. 2en, 1mL
50% (v/v) ethanol solution was applied to the microtubes
and vortexed for 5 seconds. 2e absorbance of each sample
was measured spectrophotometrically at 570 nm using a
UV-Vis spectrophotometer (UV-2450; Shimadzu, Kyoto,
Japan).

(2) Curcumin Content. 2e absorbance of each sample was
measured spectrophotometrically at 570 nm using a UV-Vis
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spectrophotometer (UV-2450; Shimadzu, Kyoto, Japan),
and curcumin content was calculated based on the cali-
bration curve of curcumin in water.

(3) Encapsulation Efficiency. 2e samples (approximately
3.5mL) were loaded into ultrafiltration tubes and then
centrifuged at 4,000 × g for 10 minutes. 2e retentant and
the filtrate were collected, and their volumes were measured
using a pipette. In addition, thematerial concentration of the
retentant and the filtrate was measured using a UV-Vis
spectrophotometer after treatment with Triton X-100. 2e
encapsulation efficiency (%) was calculated using the fol-
lowing equation:

encapsulation efficiency(EE) � 100 ×
totalmaterial− freematerial

totalmaterial
,

(1)

where the total material is the sum of the material in the
retentant and the filtrate and the free material is the amount
of material in the filtrate.

3. Results and Discussion

3.1. Selection of Nonhalogenated Solvents. Solvents were first
selected from the nonhalogenated solvents that are fre-
quently used for extraction of functional materials. 2ey
were then filtered out according to the permissible daily
exposure limit, as determined by the Ministry of Food and
Drug Safety (MFDS) guidelines, in milligrams. Finally,
candidates (acetone, isopropyl alcohol, n-hexane, and ethyl

acetate) were selected based on having solvent properties
similar to chloroform, including high polarity and high
vapor pressure. 2e availability of these candidates to li-
posomes was assessed by examining whether phase sepa-
ration occurred at the stage of inverted micelle production
for 24 hours at room temperature.

When n-hexane and ethyl acetate were used as solvents,
respectively, the inverted micelle phases immediately sep-
arated (within 1 hour) into micelle-poor and micelle-rich
phases that formed densely packed aggregates, and most
micelles were destroyed (Figure 2) as n-hexane has lower
polarity (polarity index � 0.1) and ethyl acetate higher
solubility in water (8.7 g/100mL) than chloroform (polarity
index � 4.1 and solubility in water � 0.81 g/100mL). When
isopropyl alcohol and acetone were used as solvents, they
were found to be miscible in water. 2is property prevented
them forming a lipid bilayer for W/O/W emulsion in the
second stage and dispersal like micelles.

To obtain the desired physicochemical properties, ethyl
acetate and n-hexane were combined in various ratios based
on the properties of the solvents (Table 1). Ethyl acetate: n-
hexane � 4 :1(v/v) was selected as the optimum ratio because
it formed stable inverted micelles without phase separation
for 24 hours and produced the most transparent liposome
solution (Figure 3).

3.2. Preparation of Liposomes Loaded with Hydrophilic/
Hydrophobic Materials. Liposomes prepared by the dou-
ble emulsion method using the mixed solvent to dissolve

Inlet
reservoir

Inverted
micelles

Adding 2nd

hydrophilic phase

Microfluidizer Microfluidizer Evaporation

Liposome
solution

W/O/W
emulsion

1st

hydrophilic phase

Hydrophobic phase

Constant pressure
intensifier pump

Outlet
reservoir

Fixed geometry
interaction chamber

Pressure
gauge

Pressure to 1,000 bar (1st pass)
and to 500 bar (2nd pass)

+

Figure 1: Schematic diagram of the double emulsion (water/oil/water) method using microfluidizer.

Journal of Chemistry 3



lipid loaded with the hydrophilic material, BCAA, were small
and monodispersed (PdI � 0.177 and diameter � 98.68 nm).
TEM was used to characterize the morphology of the lipo-
somes.2e size of the liposomes was about 100 nm, whichwas
consistent with the value determined by DLS (Figure 4). 2e
image shows that liposomal bilayers formed from the double
emulsions by solvent evaporation. However, the encapsula-
tion efficiency of liposomes prepared using mixed solvents
(23.12%) was lower than that of liposomes prepared using
chloroform (42.40%). As mixed solvents have lower vapor
pressure, they require a longer evaporation time than that of
chloroform (48 hours vs. 24 hours, respectively). Prepared

using the same method, liposomes loaded with the hydro-
phobic material, curcumin, were also small and mono-
dispersed (PdI � 0.119 and diameter � 88.1 nm). TEM analysis
showed the size of the liposomes to be about 100 nm, which
was consistent with the value determined by DLS (Figure 5).
2e morphology of liposomes with curcumin produced from
the double emulsion solution was similar to that of the li-
posomes with the hydrophilic material. In contrast to the
hydrophilic material, the encapsulation efficiency of the
curcumin-loaded liposomes prepared using mixed solvents
(98.0%) was similar to that of liposomes prepared using
chloroform (99.0%). 2ese observations implied that

(a) (b) (c) (d)

Figure 2: Inverted micelles prepared using nonhalogenated solvents to dissolve phospholipids. (a) n-hexane; (b) ethyl acetate; (c) acetone;
(d) isopropyl alcohol.

Table 1: Physicochemical properties of chloroform and nonhalogenated solvents.

Chloroform n-
Hexane

Ethyl
acetate Acetone Isopropanol Methanol Diethyl

ether
Methyl
acetate Benzene

Polarity index 4.10 0.10 4.40 5.10 3.90 5.10 2.80 4.40 3.00
Solubility in water
(g/100mL) 0.82 0.00 8.70 Miscible Miscible Miscible 6.90 24.40 0.18

Viscosity (cP) 0.57 0.33 0.45 0.32 2.30 0.55 0.22 0.36 0.61
Vapor pressure (kPa) 25.90 17.60 9.73 30.60 6.02 13.02 58.66 23.06 12.70
Lecithin solubility S S S S S I S I S
Allowable concentration
(g/kg) Prohibited 0.01 0.05 0.03 0.05 0.05 Prohibition Prohibition Prohibition

S, soluble; I, insoluble.

Ethyl acetate 1 2 3 4 5
n-Hexane 1 1 1 1 1

(a)

Ethyl acetate 1 2 3 4 5
n-Hexane 1 1 1 1 1

(b)

Figure 3: Inverted micelles (a) (layer separation) and liposomes (b) (transparency) prepared using mixtures with different volumetric ratios
of ethyl acetate to n-hexane.
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hydrophobic materials are less affected by evaporation time
than that of hydrophilic materials.

4. Conclusion

Candidate solvents (acetone, isopropyl alcohol, n-hexane, and
ethyl acetate) were selected from among food-compatible and
nonhalogenated solvents based on their solvent properties
similar to those of chloroform, such as high polarity and high
vapor pressure. Individual nonhalogenate solvents did not
form stable inverted micelles when used alone. To obtain the
desired physicochemical properties, ethyl acetate and n-
hexane were combined in various ratios. A ratio of ethyl
acetate: n-hexane � 4 :1(v/v) was selected because it formed
stable inverted micelles without phase separation. 2is study
implies that combinations of nonhalogenated solvents could

be promising substitutes for chloroform, which may be
harmful to human health.
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Figure 4: Size distribution (a) and TEM visualization (b) of BCAA-loaded liposomes prepared using nonhalogenated solvent (ethyl acetate :
n-hexane � 4 :1 (v/v)).
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Figure 5: Size distribution (a) and TEM visualization (b) of curcumin-loaded liposomes prepared using nonhalogenated solvent (ethyl
acetate : n-hexane � 4 :1(v/v)).
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In this study, α-glucanotransferase from Bacteroides thetaiotaomicron was expressed in Escherichia coli and characterized.
Conserved amino-acid sequence alignment showed that Bacteroides thetaiotaomicron α-glucanotransferase (BtαGTase) belongs to
the glycoside hydrolase family 77. .e enzyme exhibited optimal catalytic activity at 60°C and pH 3.0. BtαGTase catalyzed
transglycosylation reactions that produced only glycosyl or maltosyl transfer products, which are preferable for the generation of
transglycosylated products with high yield. .e 1-deoxynojirimycin (DNJ) glycosylation product G1-DNJ was generated using
BtαGTase, and the inhibitory effect of G1-DNJ was analyzed. A kinetic study of inhibition revealed that G1-DNJ inhibited
α-glucosidase to a greater extent than did DNJ but did not show any inhibitory effects towards α-amylase, suggesting that G1-DNJ
is a potential candidate for the prevention of diabetes.

1. Introduction

Bacteroides thetaiotaomicron is a human colonic gram-
negative obligate anaerobe found in high numbers in the
human intestine that can ferment a wide diversity of
polysaccharides [1]. Members of this genus require carbo-
hydrates as a source of carbon and energy. Polysaccharides
are the essential source of carbohydrates for these bacteria in
the human intestine [2]. Carbohydrates are fermented by
Bacteroides and other intestinal bacteria, resulting in the
production of volatile fatty acids that are reabsorbed by the
large intestine and used by the host as an energy source;
these constitute a significant proportion of the host’s daily
energy requirements. B. thetaiotaomicron contains a system
that enables the broad utilization of starch and various genes

involved in starch binding and application [3]. Wexler re-
ported that its 172 glycohydrolases and 163 homologs of
starch-binding proteins enable this organism to utilize a
wide variety of dietary carbohydrates available in the gut [4].

.e glycoside hydrolase family GH77 is a monospecific
family consisting of 4-α-glucanotransferase (α-GTase, EC
2.4.1.25) and defined by an established classification system
based on the sequences of all active carbohydrate enzymes
from the Carbohydrate-Active Enzyme (CAZy) database
[5]. α-GTase catalyzes the transfer of α-1,4-glucan to an
acceptor, which is usually the 4-hydroxyl group of another
α-1,4-glucan or glucose [6]. In this reaction, hydrolysis of
the α-1,4 linkage and subsequent synthesis of a new α-1,4
linkage occur repeatedly within the same glucan molecule
or between different molecules [7]. Effective donors of
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maltooligosaccharides include amylopectin and soluble
starch, which together with glucose also serve as acceptors
[8]. .ese enzymes are found in microorganisms and
plants, in which they are involved in maltooligosaccharide
metabolism or glycogen and starch metabolism, re-
spectively [6]. While the Bacteroides thetaiotaomicron
GH77 family contains only one of these enzymes, other GH
families contain many carbohydrate-related enzymes.

α-GTase transglycosylation activity is useful in carbo-
hydrate chemistry. Starches that are modified by α-GTases
show novel rheological and nutritional properties, such as
thermoreversible gelation, fat-replacing properties, and
hypocholesterolemic and hypoglycemic effects [9]. α-GTases
from different bacteria have successfully modified the
properties of various food materials, including increased
water solubility, stability, functional effects, and taste [10]. In
addition, intramolecular glucan transferase produces cyclic
glucans (cycloamyloses) with a higher degree of polymeri-
zation compared with cyclodextrins [9]. 1-Deoxynojir-
imycin (DNJ), an aza-sugar, has structural characteristics
similar to those of cyclic monosaccharides; however, the
oxygen is substituted with a nitrogen atom. DNJ prevents
glucose from entering the bloodstream from the intestines
by inhibiting the activities of α-amylase and α-glucosidase
[11, 12]. Intestinal α-glucosidase is one of the glucosidases of
the small intestinal epithelium [13]. α-Glucosidase hydro-
lyzes α-1-4-linked D-glucose from the nonreducing end of
α-glucoside, which is the last step in the digestion of di-
saccharides and polysaccharides [14]. .us, inhibition of
intestinal α-glucosidases would prevent the rapid digestion
of carbohydrate and, consequently, the sharp postprandial
rise in blood glucose [13]. However, antidiabetic drugs that
prevent carbohydrate digestion have gastrointestinal side
effects, such as abdominal distention and flatulence. .ese
side effects may be caused by the inhibition of α-amylase,
which leads to the accumulation of undigested carbohy-
drates in the intestines [15, 16]. .erefore, antidiabetic drugs
that specifically inhibit α-glucosidase are required.

In this study, we cloned a novel α-GTase of the GH77
family from Bacteroides thetaiotaomicron (BtαGTase) and
examined its reaction pattern using diverse substrates.
Additionally, we applied the transglycosylation activity of
BtαGTase to DNJ to develop a prospective candidate for the
prevention of diabetes.

2. Materials and Methods

2.1. Chemicals and Reagents. Bacteroides thetaiotaomicron
VPI-5482 was obtained from the Korean Collection for
Type Cultures (KCTC). Luria-Bertani (LB) medium was
purchased from BD (Franklin Lakes, NJ, USA). NaCl was
purchased from GeorgiaChem (Suwanee, GA, USA).
Kanamycin monosulfate was purchased from Duchefa
Biochemie (Haarlem, the Netherlands). Escherichia coli
MC1061 (F±, araD139, recA13, D [araABCleu] 7696,
galU, galK, ΔlacX74, rpsL, thi, hsdR2, and mcrB) was used
as the parental strain for DNA manipulation and trans-
formation. α-Glucosidase from Saccharomyces cerevisiae,
α-amylase from porcine pancreas, glucose (G1), maltose

(G2), maltotriose (G3), maltotetraose (G4), maltopentaose
(G5), maltohexaose (G6), maltoheptaose (G7), DNJ,
Zn(C2H2O2)2, p-nitrophenyl-α-D-glucopyranoside (pNPG),
and ammonium hydroxide were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Soluble starch, MnCl2, and
CuCl2 were purchased from Showa Chemical (Showa, Japan).
Amylose (potato starch) was purchased from ICN Bio-
medicals (Tokyo, Japan). Co(NO3)2 and CaCl2 were pur-
chased from Junsei Chemical (Tokyo, Japan). FeCl2 and
MgCl2 were purchased from Shinyo Pure Chemicals (Tokyo,
Japan). EDTA was purchased from Promega (Madison, WI,
USA). p-Nitrophenyl-α-D-maltoside (pNPG2) was purchased
from Gold Biotechnology (Olivette, MO, USA).

2.2. Cloning and Sequence Analysis. .e gene encoding
bt_2146 was separated from the genomic DNA of B. the-
taiotaomicron, and the target DNA was amplified by poly-
merase chain reaction (PCR) using two primers (bt-F, 5′-
AAAACCATGGCCACTGTATCATTTAAC-3′ and bt-R, 5′-
AAAACTCGAGTTTCTTGGGAGCTCTGCC-3′) contain-
ing the NcoI and XhoI restriction enzyme sites, respectively.
.e PCR conditions were as follows: denaturation for 1min at
98°C, followed by 30 cycles of 10 s at 98°C, annealing for 30 s at
53°C, and extension for 1min 30 s at 72°C.

2.3. Expression and Purification of a Recombinant Protein.
E. coli transformants were cultured in LB medium (10 g/L
Bacto Tryptone, 5 g/L yeast extract, and 5 g/L NaCl) sup-
plemented with kanamycin (50 µg/mL) for 30 h at 30°C with
shaking at 150 rpm. .e cells were harvested by centrifu-
gation (7,000 ×g, 20min, 4°C) and suspended in lysis buffer
(300mMNaCl, 50mMTris-HCl buffer (pH 7.5), and 10mM
imidazole). Cells were disrupted using a sonicator in ice-cold
water (output 12, 5min, 4 times; XL-2000; Qsonica, LLC,
Newtown, CT, USA). .e cell extract was subsequently
centrifuged (7,000 ×g, 20min, 4°C) and the supernatant
collected. .e supernatant was purified by nickel-
nitrilotriacetic acid (Ni-NTA) affinity chromatography us-
ing washing (0.9M NaCl, 0.05M Tris-HCl buffer (pH 7.5),
and 0.02M imidazole) and elution (0.9M NaCl, 0.05M Tris-
HCl buffer (pH 7.5), and 0.25M imidazole) buffers. .e
purified enzyme, BtαGTase, was visualized by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). .e BtαGTase concentration was determined
from 2 µL drops of protein solution using the NanoDrop
2000c spectrophotometer (.ermo Fisher Scientific, Wal-
tham, MA, USA) at 280 nm with the appropriate extinction
coefficient for BtαGTase (227,128 cm−1M−1).

2.4. Sequence Analysis. .e characterized α-GTase se-
quences of GH77 family members were obtained from the
CAZy database (http://www.cazy.org/). Sequence alignment
was performed using the Alignment X software, a compo-
nent of Vector NTI Suite 5.5 (InforMax, Bethesda, MD,
USA). In addition, a phylogenetic tree was constructed using
MEGA6 software based on the neighbor-joining tree
method (1,000 bootstrap samples) [17].
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2.5. Enzymatic Assay. BtαGTase enzymatic activity was
measured in an amylose and maltose mixture (0.02% (w/v)
amylose solution and 0.05% (w/v) maltose solution in
50mM citric-NaOH (pH 3.0) at 60°C) as described pre-
viously by Lee et al. [7]. After preheating at 60°C for 5min,
the enzyme activity was measured using Lugol’s solution.
.e standard curve consisted of ∼0.000391–0.025% (w/v)
amylose solution, and one unit of BtαGTase activity was
defined as the amount of enzyme that hydrolyzed 1 µg/mL
reducing amylose 1min after transfer to G2. Absorbance was
measured at 620 nm using a spectrophotometer (Multiskan
FC; .ermo Fisher Scientific).

2.6. Effects of Temperature and pH on Enzyme Activity and
Stability. .e optimal temperature for BtαGTase activity
was determined using amylose and G2 as substrates in
50mM citric-NaOH (pH 3.0) buffer, and Lugol’s solution
was used to measure the activity at various temperatures
(40–70°C). Similarly, the effect of pH on BtαGTase activity
was measured at various pH values (2.5–6) using 50mM
citric-NaOH (pH 2.5–3.5) and 50mM sodium acetate (pH
3.5–6.0).

2.7. Effects of Metal Ions on Enzyme Activity. To evaluate the
effects of metal ions on the activity of the purified enzyme,
the reaction mixture was preincubated at 50°C for 10min at
5mM final concentrations of MgCl2, MnCl2, CaCl2, CoCl2,
CuCl2, FeCl3, ZnCl2, and EDTA. .e relative activity of
BtαGTase was measured under standard conditions (50°C,
pH 3.0) using Lugol’s solution. .e enzyme activity in the
absence of metal ions was considered to be 100%.

2.8. Analysis of the Reaction Products Using <in-Layer
Chromatography (TLC). .e TLC was performed using a
K5F silica-gel plate (Whatman, Maidstone, UK). After the
samples were spotted, the silica-gel plate was dried and placed
in developing solvent (n-butanol:ethanol:water, 5 : 5 : 3, v/v/
v). To analyze the reaction products, the TLC plate was dried,
saturated in dipping solution (0.33% w/v N-[1-naphthyl]-
ethylenediamine and 5% (v/v) H2SO4 in methanol), and
heated at 110°C for 10min.

2.9. Preparation of the Transglycosylation Product. For the
transglycosylation reaction, a substrate solution containing
1.5% (w/v) DNJ and 1% (w/v) soluble starch was prepared in
50mM sodium acetate buffer (pH 6.0). BtαGTase was added
to this substrate solution and was incubated for 7 h before
terminating the enzyme reaction by boiling the solution for
10min.

2.10. Purification of the Transglycosylation Product Using
Preparative-High Performance Liquid Chromatography
(Prep-HPLC). .e DNJ transglycosylation product was
purified using LC-Forte/R preparative-high-performance
liquid chromatography (prep-HPLC; YMC Korea, Seong-
nam, Korea) equipped with a Triart-C18 column (250 ×

20mm; YMC Korea) and an ultraviolet detector (200 and
210 nm). For the isocratic solvent system, 0.1% ammonium
in deionized water was used at a flow rate of 12.0mL/min at
room temperature, and 1mL of the sample was injected.

2.11. High-Performance Anion Exchange Chromatography
Analysis (HPAEC). .e HPAEC analysis was performed
using a CarboPac™ PA1 column (4 × 250mm; Dionex,
Sunnyvale, CA, USA) and a pulsed aerometric detector
(ED40; Dionex). For the analysis, 20 µL of the sample was
injected and eluted with multiple gradients of 600mM so-
dium acetate in 150mM NaOH at a flow rate of 1mL/min.
.e linear gradients of sodium acetate were as follows: 0–2%
for 0–20min, 2–40% for 20–58min, 40–100% for 58–68min,
100% for 68–70min, and 100–0% for 70–78min.

2.12. Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight (MALDI-TOF)Mass Spectrometry Analysis of G1-DNJ.
.e molecular mass of G1-DNJ was determined using the
MALDI-TOF mass spectrometer (Voyager DE-STR; Ap-
plied Biosystems, Foster City, CA, USA). .e sample in
methanol was mixed with the matrix, α-cyano-4-
hydroxycinnamic acid (CHCA), at a 1 :1 ratio. .e mix-
ture (1 µL) was applied to a MALDI-TOF mass spectrometry
probe and dried slowly at room temperature. An acceler-
ating voltage of 20,000V was used.

2.13. Inhibition Kinetics of α-Glucosidase and α-Amylase.
To determine the inhibition mechanism, a modified Dixon
plot was produced [18]. .e inhibitory mode of DNJ and the
DNJ transfer product (G1-DNJ) against α-glucosidase and
α-amylase were analyzed using the substrates pNPG and
pNPG2, respectively. .e increase in absorption due to the
hydrolysis of pNPG substrates was observed at 405 nm using
an enzyme-linked immunosorbent assay (ELISA) plate
reader (Multiskan FC; .ermo Fisher Scientific). .e re-
action mixture containing 100 µL of the substrate, 50mM
sodium acetate buffer (pH 7.0), 50mM potassium phosphate
buffer (pH 6.9, 40 µL), and various concentrations of in-
hibitor (0.1–1 µmol) dissolved in 20 µL distilled water was
preheated for 5min before adding the enzyme (40 µL).

3. Results

3.1. Cloning and Expression of Alpha-Glucanotransferase str.
IM2 in E. coli. .e α-glucanotransferase-encoding gene
bt_2146 was amplified successfully from B. thetaiotaomicron
using PCR (Figure S1 in Supplementary Data)..e amplified
gene (∼2.7 kb) was ligated into the pTKNd119 vector. .e
resulting recombinant plasmid, pTKNdBtαgtase, was
transformed into E. coliMC1061, and the expressed enzyme
was subsequently purified by Ni-NTA affinity chromatog-
raphy. .e expression of BtαGTase was analyzed by SDS-
PAGE (Figure S2 in Supplementary Data)..e predicted size
of the expressed enzyme was 105 kDa. Table 1 shows the
purification results.
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3.2.Characterization ofRecombinantBtαGTase. .e optimal
temperature and pH of BtαGTase enzymatic activity, mea-
sured using amylose and G2 as substrates, were 60oC and pH
3.0, respectively (Figure 1). BtαGTase showed trans-
glycosylation activity toward α-1,4 linked substrates in-
cluding G2, G3, G4, G5, G6, and G7 (Figure 2). As shown in
Figure 3, some metal ions, including Ca2+, Mg2+, and Cu2+,
increased BtαGTase activity; however, other metal ions in-
cluding Mn2+, Co2+, Zn2+, Fe3+, and EDTA decreased
BtαGTase activity.

3.3. Preparation of the DNJ Transfer Product. As shown in
Figure 4, DNJ and soluble starch were reacted with
BtαGTase, and the enzyme reaction was analyzed by
HPAEC. .e enzyme reaction product was purified using
prep-HPLC and analyzed by HPAEC and MALDI/TOF-MS
(Figures 5 and 6). With a molecular mass of 349.33Da, the
transfer product was identified as a glucosyl DNJ (G1-DNJ).

3.4. Kinetic Study of the Inhibitory Activity of DNJ and G1-
DNJ. .e inhibitory effects of DNJ and G1-DNJ against
α-glucosidase and α-amylase were analyzed in a kinetic
study. As shown in Figure 7(a), both the DNJ and G1-DNJ
plots showed a series of lines converging on the same point
above the x-axis, indicating that DNJ and G1-DNJ have
competitive inhibitory effects on α-glucosidase. .e Ki value
of G1-DNJ was lower than that of DNJ, suggesting that

G1-DNJ is a better inhibitor of α-glucosidase (Table 2). In
the α-amylase inhibition assay, the DNJ plot showed a
competitive inhibitory pattern, while the G1-DNJ plot did

Table 1: Purification of the BtαGTase enzyme.

Step Volume
(mL)

Enzyme
activity (U)

Protein concentration
(mg/mL) Protein amount (mg) Specific activity (U/mg) Yield (%) Purification fold

Cell extract 104 3.57 169.44 17621.76 0.20 × 10−3 100 1.00
Ni-NTA 1.5 2.03 2.26 3.39 0.59 56.8 2953.20
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Figure 1: Effect of temperature and pH on Bacteroides thetaiotaomicron α-glucanotransferase (BtαGTase) enzyme activity. (a) .e optimal
temperature and (b) pH were measured using 0.02% amylose and 0.05% maltose as substrates.
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Figure 2: .in-layer chromatography (TLC) analysis of the
transferred products of the BtαGTase reaction. TLC analysis of the
hydrolytic products generated by BtαGTase. S, standard (G1–G7);
lane 1, glucose (G1); lane 2, maltose (G2); lane 3, maltotriose (G3);
lane 4, maltotetraose (G4); lane 5, maltopentaose (G5); lane 6,
maltohexaose (G6); and lane 7, maltoheptaose (G7). a, before the
reaction; b, after the reaction. Hydrolysis was performed at 60°C at
pH 3.0 for 12 h.
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not demonstrate any convergence of lines, indicating that
G1-DNJ does not have an inhibitory effect on α-amylase
(Figure 7(b)).

4. Discussion

αGTase belongs to the α-amylase superfamily [8, 19]. .is
enzyme catalyzes disproportionation reactions, which hy-
drolyze α-glycosidic linkage and subsequently synthesize
new α-glycosidic linkage within the same or different glucan
molecules [7, 8]. Recently, the use of α-GTase has received

considerable attention, specifically for the development of
many starch products such as cycloamylose, cyclic cluster
dextrin, slowly digestible starch, and thermoreversible starch
[20–23]. In our study, a novel α-GTase from B. thetaio-
taomicron was cloned and characterized. An amino acid
sequence alignment indicated that BtαGTase contained
conserved regions and three catalytic sites that belong to the
GH77 family (Supplementary Data 4). Interestingly,
BtαGTase demonstrated low disproportionation activity,
resulting in only one or two types of transfer products using
various maltooligosaccharides as acceptor molecules
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Figure 5: High-performance anion exchange chromatography analysis (HPAEC) chromatograms of DNJ and the transglycosylation
product. (a) Before the reaction. (b) After the reaction. (c) .e purified transglycosylation product (G1-DNJ).
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(Figure 2). Although BtαGTase is not able to elongate several
glucosyl units, this low disproportionation activity could be
advantageous for the preparation of a single glucosyl-
transfer product and to enhance the availability of the ac-
ceptor molecule. In addition, the production of various
products from an enzyme reaction is not beneficial for the
purification of a specific product. .erefore, BtαGTase may
be a valuable enzyme for transglycosylation reactions.

Generally, antidiabetic drugs used to treat type II di-
abetes mellitus, such as acarbose and DNJ, inhibit the ac-
tivities of α-amylase and α-glucosidase [11]. Inhibition of
α-amylase leads to the accumulation of undigested carbo-
hydrates in the intestines, which may cause abdominal
distention and flatulence [15, 16]. In this study, the transfer
product G1-DNJ inhibited only α-glucosidase (Table 2,
Figure 7), which may reduce the side effects of other anti-
diabetic drugs.

In conclusion, we assessed the properties and industrial
applicability of BtαGTase. .is enzyme is a novel α-gluca-
notransferase of the glycoside hydrolase family GH77, and
its transglycosylation properties render it efficient in pre-
paring molecules with the transfer of single-glucosyl resi-
dues. G1-DNJ, prepared using BtαGTase, showed stronger
inhibitory effects than those of DNJ, but it did not affect
α-amylase activity, suggesting that this molecule may be a

potential drug candidate for the treatment of type II diabetes
mellitus.

Data Availability

.e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

.e authors declare that they have no conflicts of interest.

Acknowledgments

.is study was partly based on H.-J. Choi’s thesis (Hallym
University). .is research was supported in part by the Basic
Science Research Program (NRF-2017-R1D1A1A09000746)
of the National Research Foundation, funded by the Korean
Government and the Main Research Program (E0164800-
03) of the Korea Food Research Institute (KFRI), and funded
by the Ministry of Science and ICT. .e authors appreciate
the support provided by Hallym Research Fund (HRF-
201702-007).

Supplementary Materials

Figure S1: generation of the DNA construct for BtαGTase
expression. (A) .e bt_2146 gene was amplified by poly-
merase chain reaction (PCR). Lane S, DNA marker; lane 1,
amplified BtαGTase gene. (B) .e pKTNd_bt2146 con-
struct was generated by ligating bt_2146 into the pTKNd
vector. Figure S2: Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) of BtαGTase at each pu-
rification step. Lane S, protein size standards; lane 1, cel-
lular protein from the crude extract; lane 2, soluble fraction;
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Figure 7: Dixon plots showing the inhibitory effects of the DNJ transglycosylation product on α-glucosidase (a) and α-amylase (b) activity.
.e reaction rate of the enzyme was measured in the presence of DNJ (left) and G1-DNJ (right).

Table 2: Kinetic study of enzyme inhibition by DNJ and G1-DNJ.

Inhibitor Enzyme Ki (μM) Inhibition type

DNJ α-Glucosidase 1.1 Competitive
α-Amylase 4.4 Competitive

G1-DNJ α-Glucosidase 0.48 Competitive
α-Amylase — —
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lane 3, insoluble fraction; and lane 4, purified BtαGTase.
Figure S3: Lineweaver-Burk plots showing the inhibitory
effects of DNJ and G1-DNJ on the α-glucosidase (a) and
α-amylase (b) activity. Figure S4: sequence alignment of
conserved regions between BtαGTase and related glycoside
hydrolase family GH77 members. BtαGTase, α-glucano-
transferase from Bacteroides thetaiotaomicron; SpαGTase,
α-glucanotransferase from Streptococcus pneumoniae;
TsαGTase, α-glucanotransferase from<ermus scotoductus;
TbαGTase, α-glucanotransferase from<ermus brockianus;
TaαGTase, α-glucanotransferase from <ermus aquaticus;
Ss-αGTase, α-glucanotransferase from Synechocystis sp.;
SmαGTase, α-glucanotransferase from Streptococcus
mutans UA159; StαGTase, α-glucanotransferase from So-
lanum tuberosum; CbαGTase, α-glucanotransferase from
Clostridium butyricum; CrαGTase, α-glucanotransferase
from Chlamydomonas reinhardtii; AtαGTase, α-glucano-
transferase from Arabidopsis thaliana; Ac-11bαGTase,
α-glucanotransferase from Acidothermus cellulolyticus;
Ecs-k12αGTase, α-glucanotransferase from Escherichia coli
str. K-12; Tt-hb8αGTase, α-glucosidase from <ermus
thermophilus; and Sd2-40αGTase, α-glucanotransferase
from Saccharophagus degradans. Closed circles at the
conserved regions III, IV, and V represent the catalytic sites
in family GH77 members. (Supplementary Materials)
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In vitro biodegradation of Bombyx mori silk fibroin (SF) was studied using food-grade proteolytic enzymes to replace acid
hydrolysis. Based on the residual protein quantity and yield of amino acids (AAs) after enzymatic hydrolysis, we evaluated the
proteolytic enzyme process of SF. FoodPro and Alcalase that are classified as alkaline proteases are selected as two of the best
candidate enzymes for hydrolysis of SF. +e activity of these enzymes exhibits a broad range of pH (6.5 to 9.0) and temperature
(50°C to 65°C).+e single enzyme treatment of SF using FoodPro exhibited a hydrolytic efficiency of 20–25%, and >2 g/L AAs were
released after reaction for 3 h. A 2-stage enzymatic treatment using a combination of FoodPro and Flavourzyme in a sequence for
a reaction time of 6 h was developed to enhance the efficiency of the proteolytic process. +e yield of AAs and residual protein
quantity in the enzymatic hydrolysates obtained from FoodPro-treated regenerated SF in the 1st step was 2,040 ± 23.7mg/L and
70.6%, respectively.+e yield of AAs was > two-fold (4,519 ± 42.1mg/L), whereas the residual protein quantity decreased to 55.1%
after the Flavourzyme treatment (2nd step) compared to those of the single FoodPro treatment. In the mixed treatment by
simultaneously using FoodPro and Flavourzyme, approximately 45% of SF was degraded and 4.5 g/L of AAs were released within
3 h of reaction time. +e regenerated SF and its enzymatic hydrolysates were characterized by performing UV-visible spectra, gel
electrophoresis, and size-exclusion chromatography analyses. In the 2-stage treatment using FoodPro initially and subsequently
Flavourzyme, the aggregates and high molecular weight proteins of SF were dissociated and degraded into the low molecular
weight proteins/peptides (10–15 kDa and 27 kDa). SF hydrolysates as functional food might be enzymatically produced using the
commercial food-grade proteolytic enzymes.

1. Introduction

+e silk fibroin (SF) from Bombyx mori (silkworm) cocoons
present as a double-stranded fibroin fiber that is coated with
adhesive sericin proteins. +e raw silk fiber is composed of
20–30% sericin and 70–80% SF with trace amounts of waxes
and carbohydrates [1]. Pure SF is separated from sericin by
the degumming procedure [2], and a variety of aqueous or
organic solvent processing methods are used to generate silk
biomaterials for a wide range of applications [3–6]. +e
predominant protein of silk, i.e., fibroin, is a hydrophobic
structural protein that is insoluble in hot water and consists
of heavy and light chains with 390 kDa and 25 kDamolecular
weights (MW), respectively, linked by a disulfide bond [7, 8].
+e SF heavy chain is rich in hydrophobic β-sheets that form

blocks linked by small hydrophilic linkers or spacers. +e
predominant regions of SF primarily consist of approxi-
mately 76% of amino acids (AAs) with nonpolar side chains.
+e main AAs of SF are glycine (43.7%) and alanine (28.8%)
that form the dominant crystalline β-sheet regions that act as
reinforcements and contribute to the strength and stiffness
of silk [9, 10]. Although silk is defined as a nondegradable
material by the United States Pharmacopeia owing to
a negligible loss in tensile strength in vivo, the enzymatic
degradation behaviors of SF as biomaterials have been
reviewed for the medical application in vivo [11, 12].

+e in vitro biodegradation of B. mori SF was studied
using proteolytic enzymes (collagenase F, α-chymotrypsin
I-S, and protease type XXI) to degrade SF fibers and films
[13]. +e enzymatic hydrolysis of SF was performed using
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α-chymotrypsin, collagenase IA, and protease XIV in SF
yarns [14], protease XIV in porous SF sheets [15–17], col-
lagenase IA and protease XXIII in 3D-scaffolds SF [18–20],
proteinase K, protease XIV, α-chymotrypsin, collagenase,
and matrix metalloproteinase in SF hydrogels and films [21],
and actinase in SF solution [22]. Due to the unique chemical,
mechanical, and biocompatibility properties, B. mori SF was
investigated as a biomaterial and functional food source for
years. Fibroin-derived bioactive proteins/peptides and hy-
drolysates were developed as the functional components of
foods, cosmetics, pharmaceutical preparations, and alter-
native sources of food additives to improve human health
[23]. +e applications of SF in processed foods were pro-
posed, and currently, the three forms of SF (solution, gel, and
powder) are commercially available [24]. +e SF hydroly-
sates that are prepared by performing acid hydrolysis or
enzymatic hydrolysis consist of a mixture of AAs and oli-
gopeptides that are known to exhibit beneficial effects on
animal models. +e bioactive peptides derived from SF are
reported to reduce blood cholesterol level, increase anti-
genotoxicity, inhibit angiotensin-converting enzyme activ-
ity, enhance insulin sensitivity and glucose metabolism,
improve alcohol metabolism, and stimulate osteoblastic
differentiation [23, 25–28].

Fibroinase is a native silk digestion enzyme characterized
as a cysteine proteinase and digests fibroin and sericin
[29, 30]. Alcalase [25–27], actinase [22], and alkaline pro-
tease [31] were used to prepare the bioactive peptides and
enzymatic hydrolysates (EHs) from SF/silkworm powder.
+e fibroin solubilization conditions affected the MW dis-
tribution of EHs produced using Alcalase supplied from
Novozymes [32]. Additionally, actinase was introduced to
hydrolyze regenerated silk fibroin (RSF) at 37°C for 12 h
[22]. +e silkworm powder was modified by enzymatic
treatment using alkaline protease (FoodPro), and the MWof
silk protein was decreased [31]. To prepare SF hydrolysates,
enzymatic hydrolysis is more efficient than acid hydrolysis
with aspect to the recovery yield and quality of products.
However, very few previous studies reported the production
of SF hydrolysates using commercial food-grade enzymes.
+erefore, we performed the enzymatic hydrolysis of SF
using commercial food-grade enzymes and characterized
these EHs.

2. Materials and Methods

2.1. Materials. Degummed SF fiber acquired from a Korean
sericulture farm (Kimjae, South Korea) was provided by
SSBIO PHARM Co., Ltd. (Cheonan, South Korea). Com-
mercial food-grade proteolytic enzymes, FoodPro® and
Alphalase® (DuPont Industrial Biosciences, Brabrand,
Denmark), Collupulin™ MG (DSM Food Specialties, Al-
exander Fleminglaan, Netherlands), Alcalase®, Neutrase®,Protamex®, and Flavourzyme® (Novozymes A/S, Bagsvaerd,
Denmark), Promod™ 192P, 279MDP, and 278MDP (Bio-
catalysts Ltd., Wales, UK), and Bromelain (PT Bromelain
Enzyme, Lampung, Indonesia) were purchased and stored at
4°C until their use in experimental reactions. Anhydrous
citrate and Na2HPO4 to prepare citrate-phosphate buffer

(CPB) [33], CaCl2 and 95% ethanol to prepare SF solubi-
lization reagent, and other chemicals were of reagent-grade
and purchased from Samchun Pure Chemical Co., Ltd.
(Gyeonggi-do, South Korea). Standard protein, i.e., albumin
from bovine serum (BSA) and Folin and Ciocalteu’s phenol
reagent to perform quantification of protein concentration
and ninhydrin reagent and glycine to analyze the AAs were
purchased from Sigma-Aldrich (St. Louis, MO, USA). +e
Precision Plus Protein™ standards and Silver Stain Plus™ kit
to perform SDS-PAGE and silver staining, respectively, were
purchased from BIO-RAD Laboratories (Hercules, CA,
USA).

2.2. Preparation of RSF Solution. Degummed SF fiber was
dissolved in Ajisawa’s reagent [34] composed of CaCl2 :
ethanol : distilled water in 1 : 2 : 8molar ratio at 121°C for
15min, thus yielding a 20% (W/V) solution. +is solution
was dialyzed against deionized water using a cellulose
membrane dialysis tube (MW cut-off 14,000 kDa, Sigma-
Aldrich) for >3 days to remove excess salt and ethanol. +e
RSF solution was centrifuged to remove insoluble materials,
and final concentration was determined as 130–180 g/L
using the Lowry method [35] with 73–76% recovery yield.
RSF solutions at various pH levels were prepared using CPB.
+e pH-conditioned RSF solutions were stored at room
temperature for 48 h to achieve homogeneity.+e premature
precipitates in RSF solutions were removed by centrifuga-
tion at 13,000 rpm for 10min (Smart-R17, Hanil Scientific
Inc., Gimpo, South Korea).

2.3. Estimation of Specific Activities of Proteolytic Enzymes.
+e proteolytic activity of enzymes was determined using
casein as a substrate by performing Sigma’s nonspecific
protease activity assay [36] with a minor modification.
Casein solution (5mL; 0.65% (W/V)) was mixed with the
enzyme solutions (1mL) of various concentrations. After
10min incubation at 37°C, 0.4M trichloroacetic acid (5mL)
was added to terminate the reaction. +e reaction mixture
was incubated at 37°C for 30min and centrifuged to remove
insoluble precipitates. +e supernatant (1mL) was mixed
with 0.55M sodium carbonate (5mL) and subsequently
0.5mM Folin and Ciocalteu’s phenol reagent (1mL). After
30min incubation at 37°C, the absorbance at 660 nm was
measured using a spectrophotometer (Optizen POP,
Mecasys Co., Daejeon, South Korea). Based on the standard
curve obtained using L-tyrosine, the proteolytic activity was
determined in terms of units (U), that is, the quantity of
tyrosine equivalents in micromoles released from casein per
min. +e specific pH of each enzymatic reaction was reg-
ulated using 0.25M CPB at corresponding pH. +e protein
concentrations of proteolytic enzyme solutions were de-
termined using the Lowrymethod.+e proteolytic activity of
enzymes was expressed as specific activity in terms of U/mg-
protein.

2.4. Proteolytic Hydrolysis of RSF. Enzymatic reaction was
performed using RSF solution along with food-grade
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enzymes at specific conditions. Each sample acquired from
the reaction mixture was boiled at 100°C for 10min to in-
activate the enzyme and centrifuged at 13,000 rpm for
10min to remove the insoluble precipitate. +e supernatant
of each sample was used to measure the protein and AAs
concentrations by performing the Lowry method and nin-
hydrin reaction, respectively [37]. +e protein and AAs
concentrations were expressed in terms of BSA and glycine
equivalent, respectively. +e protein concentration of SF
solution used for enzymatic reaction was approximately
30 g/L. +e efficiency of protein degradation by enzymatic
hydrolysis was expressed as the percentage of remaining
protein using the following equation: residual protein (%) �

(Pf/Pi) × 100 where Pi is the initial concentration of the
sample and Pf is the protein concentration of reaction
mixture at a specific condition. To screen the proteolytic
enzymes to perform SF hydrolysis, each enzyme (6U) was
incubated with 330mg of RSF for 3 h. +e effects of tem-
perature and pH on the reactions involving the candidate
enzymes (FoodPro and Alcalase) were determined by per-
forming a combination reaction using enzyme (5U) and SF
(400mg) for 5 h. +e effect of substrate-to-enzyme ratio was
determined using the initially selected enzyme, i.e., FoodPro,
and an enzyme concentration of 5U was used during the
subsequent enzymatic treatment experiments. To enhance
the efficiency of enzymatic hydrolysis by performing the 2-
stage treatment, SF was initially allowed to react with
FoodPro and then with any other selected proteolytic
enzyme.

2.5. Gel Electrophoresis. +e MW of SF and its EHs were
determined by performing sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using 4–20%
Mini-PROTEAN® TGX™ precast protein gel (BIO-RAD).
+e total protein samples of RSF, initial EHs obtained using
FoodPro, and final EHs obtained using Flavourzyme were
loaded at protein concentration values of 28–84, 19–57, and
15–45 µg/well, respectively. +e samples were resolved in
SDS-PAGE with Precision Plus Protein standards as MW
markers and stained using a Silver Stain Plus kit (BIO-RAD).

2.6. Size-Exclusion Chromatography (SEC). +e high-
performance liquid chromatography system combined
with a photodiode array detector (Atlus™, PerkinElmer,
Waltham, MA, USA) and 5Diol-300-II size-exclusion col-
umn (COSMOSIL, 7.5mm ID × 300mm, 300 Å pore size,
Nacalai Tesque, Inc., Kyoto, Japan) was used to perform
SEC. +e protein quantities used during analyses were
700 µg RSF, 250 µg EHs obtained after 1st step using
FoodPro, and 200 µg EHs obtained after 2nd step using
Flavourzyme. 0.25M CPB (pH 6.0) was used as the mobile
phase at a flow rate of 1mL/min, and the eluted protein
concentration was measured at 280 nm at 30°C.

2.7. Statistical Analysis. All the experiments were performed
in triplicates, and results were represented as mean value ±
standard deviation. Analysis of variance was conducted, and

the mean variations were analyzed using Duncan’s multiple
range test (p< 0.05). +e statistical analyses were conducted
using the Statistical Package for the Social Sciences (SPSS)
for Windows 12.0 software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. pH Dependency of RSF Solubility in Aqueous Solution.
pH affects the charges of carboxyl as well as amino groups in
RSF, enables electrostatic interactions, and promotes
intramolecular or intermolecular interactions such as hy-
drophobic interactions and hydrogen bonding. +e effect of
pH on the RSF solubility in aqueous solution was de-
termined using 0.25MCPB solutions with pH range 3.0–9.0.
+e protein concentration of each sample equilibrated at
a specific pH for 48 h was determined before and after
centrifugation (Figure 1). +e protein concentration in RSF
solution prior to centrifugation was relatively stable (26.8 ±
0.81 g/L) at pH between 5.0 and 9.0. After centrifugation, the
stable protein concentration (26.7 ± 0.14 g/L) was obtained
at a narrow pH range 5.0–6.5. Some of the soluble RSF was
coagulated in alkaline condition; therefore, the soluble
protein concentration after centrifugation decreased at pH >
7. In pH < 5 condition, the soluble protein concentration
after centrifugation decreased owing to colloidal pre-
cipitation. +e stable protein concentration was maintained
at pH between 5.0 and 6.5 that might be associated with the
spinning process (decrease from 6.9 to 4.8 along the path) in
the silk glands [38]. A similar effect of pH on RSF solubility
was reported in a study that indicated pH dependency
between the shear sensitivity of SF and β-sheet crystalliza-
tion [39].

3.2. Screening of Candidate Proteolytic Enzyme to Hydrolyze
RSF. +e specific activities of food-grade proteolytic en-
zymes and results of enzymatic hydrolysis at particular pH
and temperature conditions are summarized in Table 1. +e
reaction conditions such as pH and temperature of each
enzyme were selected based on the manufacturer’s recom-
mendations. FoodPro and Alcalase are classified as endotype
and alkaline proteases that exhibit higher specific activity
values than other proteolytic enzymes. An equal unit of each
enzyme was used to screen the candidate proteolytic enzyme
to perform RSF hydrolysis. FoodPro, Alcalase, Protamex,
and/or Alphalase were potential candidates to efficiently
hydrolyze SF owing to the concentration of AA in the EHs
which was >2,000mg/L. Flavourzyme is classified as mixed
endotype/exotype and was not selected as the SF started to
precipitate after 1 h reaction time. With an increase in the
AA concentrations in EHs, the residual protein (%) de-
creased to approximately 80% in Alcalase-, FoodPro-,
Protamex-, and Alphalase-treated SF. +e AA concentra-
tions in EHs represent not only free AAs but also peptides
because the ninhydrin reaction is used to determine free
amino and amine groups in AAs, peptides, and proteins
[40]. Alcalase and FoodPro were selected as candidate
proteases to hydrolyze SF. +ese two enzymes are produced
by Bacillus strains, known as serine proteases, and classified
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as alkaline proteases. Although fibroinase is the native silk-
digesting enzyme, it was identified as a cysteine protease
[29, 30]; Collupulin and Bromelain are classified as cysteine
proteases, and they exhibited low activities in enzymatic
hydrolysis of SF in our study.

3.3. Effects of Temperature, pH, and Substrate-to-Enzyme
Ratio on RSF Hydrolysis. +e effect of temperature on the
candidate enzymes was determined by performing the re-
actions at range 50°C–65°C and pH 8.0 (Table 2). +e
proteolytic activities of Alcalase and FoodPro were efficient
at a broad temperature range between 50°C and 60°C and
drastically decreased at >65°C. +e optimal temperature to
conduct RSF hydrolysis was determined as 60°C. +e effect
of pH on the efficiency of enzymatic hydrolysis of SF was
determined at pH range 6.5–9.0 and 60°C (Table 3). +e
proteolytic activities of Alcalase and FoodPro were effective
at a broad pH range 6.5–9.0, and the optimal pH was de-
termined as 8.0. Finally, FoodPro was selected as the pro-
teolytic enzyme to perform the 1st step of 2-stage RSF
hydrolysis. To determine the efficiency of enzymatic hy-
drolysis, the substrate-to-enzyme ratio was estimated using
a fixed quantity of RSF (400mg) and FoodPro (1, 5, 10, or
25U) at pH 8.0 and 60°C (Figure 2). A decrease in residual
protein (%) and an increase in AAs of EHs were pro-
portional to an increase in FoodPro concentration ranging
from 1 to 10U per RSF (400mg).

3.4. Enhancement of Efficiency in Enzymatic Hydrolysis.
+e enzymatic hydrolysis using FoodPro was almost satu-
rated after 3 h of reaction and did not extend during
a prolonged reaction time. To improve the efficiency of
enzymatic hydrolysis in RSF, a 2nd enzyme (5U) was in-
troduced after 3 h of reaction initiation using FoodPro. +e
2nd enzymatic treatment was conducted for additional 3 h of
reaction time at specific conditions, and the results are
summarized in Table 4. +e AAs in the EHs obtained from
1st step FoodPro-treated RSF was 2,040 ± 23.7mg/L, and it
increased > two-fold (4,519 ± 42.1mg/L) during the

subsequent Flavourzyme treatment (2nd step). +e drastic
increase in AA concentration in EHs might be associated to
the characteristics of Flavourzyme that exhibits mixed ac-
tivities of endotype and exotype enzymes. +e residual
protein was 70.6 ± 5.39% after FoodPro treatment (1st step),
and it further decreased to 55.1 ± 5.28% during Flavourzyme
treatment (2nd step). +erefore, RSF was efficiently hy-
drolyzed by the 2-stage enzymatic treatment by sequentially
using FoodPro and Flavourzyme at the 1st and 2nd step,
respectively, within 6 h of reaction time. To reduce the
enzymatic reaction time, the AAs and protein yields of
mixed proteolytic enzyme treatment by simultaneously
using the combination of FoodPro and Flavourzyme were
compared to those of the 2-stage enzymatic treatment
(Figure 3). In the mixed proteolytic enzyme treatment, the
enzymatic hydrolysis was conducted at 60°C and pH 7.0.+e
residual protein and AAs concentration in EHs during the
mixed proteolytic enzyme treatment for 3 h were 54.4 ±
2.35% and 4,663 ± 23.0mg/L, respectively. Additionally,
enzymatic hydrolysis in the mixed proteolytic enzyme
treatment was not extended at prolonged reaction time up to
6 h. +erefore, the RSF in aqueous solution was hydrolyzed
by mixed proteolytic enzyme treatment which reduced the
reaction time compared to that by the 2-stage enzymatic
treatment by sequentially using FoodPro and Flavourzyme.

3.5. Characterization of RSF and Its EHs Using UV-Visible
Spectra. To characterize RSF and its EHs, UV-visible spectra
analysis was performed using the same concentrations of
samples, and results are presented in Figure 4. All the
samples with 2.0 g/L concentration exhibited a characteristic
protein absorption band in UV-visible spectra. +e ab-
sorption intensities at 280 nm increased after enzymatic
treatments, indicating that the hydrophobic and self-
assembled regimes in RSF protein were initially relaxed,
and subsequently the degradable protein/peptide content
increased compared to those of untreated RSF. Moreover,
similar changes were reported using alkaline protease-
treated silkworm powder in UV-visible spectra analysis [31].

3.6.MWDetermination of RSF and Its EHs Using SDS-PAGE.
+eMWs of RSF and its EHs were analyzed by performing
SDS-PAGE using 4–20% gradient gel (Figure 5). +e RSF
exhibited a broad MW distribution ranged from 60 to
150 kDa, and the protein bands were visible at approxi-
mately 10–22 kDa. +e broad protein bands of RSF at
approximately 100 kDa might be related to the in-
termolecular interaction between the SF molecules, and
similar results were reported in previous reports [2, 31].
After enzymatic treatment using FoodPro in the 1st step,
the broad protein bands of RSF disappeared and distinct
protein bands at 350–420 kDa and 60–70 kDaMW were
observed. In the EHs obtained from FoodPro-treated RSF,
a novel protein band at 27 kDa was detected and the
intensities of several bands at approximately 10–12 and
15 kDa were enhanced. In enzymatic treatment using
FoodPro at the 1st step, the RSF aggregates were disso-
ciated and gradually degraded into low MW proteins at
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Figure 1: Effect of pH on the solubility of regenerated silk fibroin in
0.25M citrate-phosphate buffer.
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10–27 kDa range. After Flavourzyme treatment (2nd
step), the protein bands at 420 kDa of EHs obtained from
FoodPro-treated RSF (1st step) gradually disappeared and

a novel band at 315 kDa was detected. +e intensities of
bands at 10–12, 15, and 27 kDa were enhanced after
Flavourzyme treatment (2nd step). +erefore, the SDS-

Table 1: +e specific enzyme activities of food-grade enzymes and the results of enzymatic hydrolysis of regenerated silk fibroin during 3 h
reaction.

Food-grade enzyme Specific activity (U/mg)
Conditions Enzymatic hydrolysis

pH Temperature (°C) Residual protein (%) Amino acid (mg/L)
Alcalase® AF 2.4 L 14.0 ± 0.66 8.0 60 71.8 ± 1.07b 2,209 ± 37.7ab
Alphalase® NP 4.86 ± 0.18 7.0 60 84.4 ± 0.53d 2,074 ± 25.8c
Bromelain BR1200 0.10 ± 0.00 7.0 50 98.2 ± 2.39h 580 ± 87.4f
Collupulin™ MG 2.09 ± 0.02 6.0 60 92.4 ± 0.71f 1,228 ± 40.8e
Flavourzyme® 500MG 2.38 ± 0.02 7.0 50 (1)54.0 ± 1.67a 2,011 ± 90.7c
FoodPro® alkaline protease 15.0 ± 0.80 8.0 60 78.0 ± 0.19c 2,271 ± 51.8a
Neutrase™ 0.8 L 1.72 ± 0.02 7.0 50 97.1 ± 0.16g 489 ± 69.6f
Promod™ 192P (2)0.59 ± 0.01 5.0 50 NA NA
Promod™ 278MDP 0.88 ± 0.01 7.0 60 90.8 ± 0.40f 1,461 ± 12.4d
Promod™ 279MDP (2)2.62 ± 0.05 5.0 60 NA NA
Protamex® 3.11 ± 0.03 7.0 50 81.8 ± 2.51e 2,118 ± 89.6bc
(1)+e silk fibroin started to precipitate during the enzymatic reaction with Flavourzyme. (2)Enzymatic reaction was performed at pH 7 instead of pH 5 as the
substrate precipitated at acidic pH 5. NA: enzymatic reaction was not observed as these enzymes are classified as exotype proteases. a–g: means in the same
column followed by different letters differ significantly (p< 0.05).

Table 2: Effects of temperature on the enzymatic hydrolysis of regenerated silk fibroin using FoodPro and Alcalase at pH 8.0.

Enzyme FoodPro Alcalase
Temperature (°C) Time (h) Residual protein (%) Amino acid (mg/L) Residual protein (%) Amino acid (mg/L)

50
0 100.0 ± 1.16d 62 ± 1.5h 100.0 ± 1.14f 62 ± 1.5h
3 86.1 ± 3.65c 2,456 ± 4.5e 86.9 ± 1.67e 2,417 ± 15.7e
5 86.3 ± 0.60c 2,671 ± 19.5a 87.3 ± 2.97e 2,662 ± 26.2c

55
0 100.0 ± 1.16d 64 ± 1.6h 100.0 ± 1.14f 64 ± 1.6h
3 80.5 ± 1.29b 2,441 ± 13.1e 84.5 ± 3.92d 2,426 ± 19.3e
5 80.9 ± 1.09b 2,602 ± 30.6c 83.1 ± 3.40c 2,536 ± 38.7d

60
0 100.0 ± 1.13d 62 ± 1.5h 100.0 ± 1.10f 62 ± 1.5h
3 77.2 ± 2.17a 2,537 ± 18.9d 75.8 ± 0.72b 2,769 ± 17.4b
5 75.9 ± 2.41a 2,645 ± 4.5b 74.2 ± 0.37a 2,891 ± 23.4a

65
0 100.0 ± 1.14d 67 ± 1.6h 100.0 ± 1.13f 67 ± 1.6h
3 98.0 ± 1.50d 1,843 ± 10.7g 100.5 ± 3.24f 1,787 ± 23.0f
5 98.2 ± 1.12d 1,876 ± 5.4f 99.2 ± 2.93f 1,750 ± 4.7g

a–h: means in the same column followed by different letters differ significantly (p< 0.05).

Table 3: Effects of pH on the enzymatic hydrolysis of regenerated silk fibroin using FoodPro and Alcalase at 60 °C.

Enzyme FoodPro Alcalase
pH Time (h) Residual protein (%) Amino acids (mg/L) Residual protein (%) Amino acids (mg/L)

6.5
0 100.0 ± 0.92c 27 ± 0.7i 100.0 ± 2.55c 27 ± 0.7f
3 84.9 ± 0.88b 1,857 ± 10.0h 86.4 ± 2.38b 1,826 ± 42.8e
5 83.4 ± 4.87b 2,058 ± 13.2g 87.2 ± 2.53b 1,895 ± 2.4d

7.0
0 100.0 ± 0.49c 27 ± 0.7i 100.0 ± 1.62c 27 ± 0.7f
3 80.6 ± 5.74ab 2,223 ± 2.4f 81.3 ± 0.69a 2,072 ± 16.4c
5 80.7 ± 2.30ab 2,254 ± 19.0e 82.0 ± 2.45a 2,156 ± 55.7c

8.0
0 100.0 ± 1.92c 27 ± 0.7i 100.0 ± 1.83c 27 ± 0.7f
3 79.7 ± 1.55ab 2,355 ± 10.0d 79.2 ± 2.59a 2,300 ± 50.8b
5 77.4 ± 0.20a 2,515 ± 25.5a 79.0 ± 1.83a 2,435 ± 6.4a

9.0
0 100.0 ± 1.51c 27 ± 0.7i 100.0 ± 3.18c 27 ± 0.7f
3 79.4 ± 4.45ab 2,372 ± 14.0c 79.5 ± 0.85a 2,291 ± 148b
5 76.2 ± 1.50a 2,442 ± 32.7b 80.2 ± 1.24a 2,397 ± 29.1a

a–i: means in the same column followed by different letters differ significantly (p< 0.05).
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Table 4: Selection of the second proteolytic enzyme to enhance the efficiency of enzymatic hydrolysis of FoodPro-treated silk fibroin.

Enzyme treatment Stage
Reaction condition

Residual protein (%) Amino acids (mg/L)
Time (h) Temperature (°C) pH

Silk fibroin — 0 60 — 100.0 ± 1.54c 17 ± 0.7j
1st step: FoodPro (FP) 1 3 60 8.0 70.6 ± 3.81b 2,040 ± 23.7i

2nd step

FP⟶ Alcalase 2 +3 60 8.0 65.5 ± 5.67b 2,611 ± 22.0d
FP⟶ Alphalase 2 +3 60 7.0 65.6 ± 6.83b 2,505 ± 28.7e
FP⟶ Bromelain 2 +3 50 7.0 68.7 ± 9.73b 2,455 ± 16.2fg
FP⟶ Collupulin 2 +3 60 6.0 68.5 ± 8.32b 2,227 ± 4.7h
FP⟶ Flavourzyme 2 +3 50 7.0 55.1 ± 2.91a 4,519 ± 42.1a
FP⟶ Neutrase 2 +3 50 7.0 65.4 ± 8.68b 2,453 ± 16.2fg
FP⟶ Pomod 192 2 +3 50 5.0 67.1 ± 7.39b 2,689 ± 54.7c
FP⟶ Promod 278 2 +3 60 7.0 67.7 ± 7.61b 2,438 ± 35.7g
FP⟶ Promod 279 2 +3 60 5.0 65.0 ± 7.38b 2,746 ± 18.7b
FP⟶ Protamex 2 +3 50 7.0 66.6 ± 6.11b 2,453 ± 25.7f

+3: additional reaction time. a–j: means in the same column followed by different letters differ significantly (p < 0.05).
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Figure 2: Effect of substrate (fibroin) : enzyme ratio on the proteolytic activity of FoodPro in 0.25M citrate-phosphate buffer.
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PAGE results indicated that the aggregates and high MW
proteins of RSF were dissociated and hydrolyzed in the 2-
stage enzymatic treatment using FoodPro initially and
then Flavourzyme.

3.7. MW Characteristics of RSF and Its EHs Using SEC.
RSF samples (700 µg) and EHs (200–250 µg) were effectively
separated using a 5Diol-300-II size-exclusion column with
a good resolution (Figure 6). +e untreated RSF exhibited

two peaks in the chromatogram. +e first peak might be
strongly associated to the intermolecular interaction,
whereas the second peak represented the SF molecules. A
previous report indicated that the elution profile of silk
obtained after SEC exhibits an early-eluted peak that might
represent the silk aggregates and the late-eluted peak rep-
resents the nonaggregated silk molecules [41]. +is previous
report suggested that Ajisawa’s reagent produces more
number of β-sheet structures and aggregates during dialysis
owing to the high exposure of hydrophobic residues com-
pared to the LiBr dissolution [41] and caused higher deg-
radation of the SF heavy chains than other solvents [42]. In
the SEC profile of EHs obtained from FoodPro-treated RSF,
the peaks that represented untreated RSF disappeared and
novel peaks were generated at low MW with enhanced
intensities. In this study, the variations in absorption in-
tensities during SEC were similar to those in UV-visible
spectra analysis. +ese results were well matched to those of
actinase-treated SF as the absorption intensity of the early
peak of aggregated SF decreased with an increase in the later
peak of nonaggregated SF molecules [22]. In the SEC profile
of EHs, several peaks at 12.5, 13.0, and 14.8min retention
time points were observed after FoodPro treatment (1st
step). After Flavourzyme treatment (2nd step), the peaks at
12.5 and 14.8min retention time points were decreased and
a novel peak at 13.5min retention time was generated. +e
variations in the elution profiles of soluble SF were similar to
those during the biodegradation of silk films using protease
from Streptomyces griseus [13].

4. Conclusion

B. mori SF and its hydrolysates were investigated as func-
tional materials in foods and alternative sources of food
additives. To prepare the SF hydrolysates, enzymatic hy-
drolysis using commercial food-grade enzymes can replace
the acid hydrolysis.+e RSF solubility was relatively stable at
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a narrow range of pH (5.0–6.5). FoodPro and Alcalase were
selected as two of the best candidate enzymes to hydrolyze
SF at pH range 6.5–9.0 and temperature between 50°C and
65°C. In a single enzyme treatment using either FoodPro or
Alcalase, approximately 20–25% of SF was hydrolyzed and
2 g/L AAs were released from SF. In the 2-stage enzymatic
treatment using the combination of FoodPro and Fla-
vourzyme in a sequence, approximately 45% of SF was
degraded and 4.5 g/L AAs were released within 6 h of re-
action time. +e RSF and its EHs were characterized by
performing UV-visible spectra, SDS-PAGE, and SEC ana-
lyses. In the 2-stage enzymatic treatment using FoodPro
initially and then Flavourzyme, the aggregates and highMW
proteins of SF were dissociated and biodegraded into the low
MW proteins/peptides (10–15 kDa and 27 kDa). SF hydro-
lysates that are used as functional food can be produced
through environment-friendly enzymatic hydrolysis using
commercial food-grade proteolytic enzymes.
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